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The commercialization of organic solar cells (OSCs) requires eliminating
halogenated solvents. However, the disordered molecular aggregation of
nonfullerene acceptors (NFAs) in nonhalogenated solvents hinders achieving
high power conversion efficiencies (PCEs). Herein, this problem is addressed
using an external physical field modulation strategy involving the sonication of
NFA solutions to induce a transformation from disordered molecular aggre-
gation to ordered J-aggregation via microstreaming and shear stress. The
aggregation is effectively preserved within films, enhancing -t stacking
interactions. Moreover, sonication promotes the conversion of localized
excitons to intra-moiety delocalized excitons and suppresses molecular
vibrations. The PCEs of PM6:L8-BO-based binary and ternary devices fabri-
cated using o-xylene are 19.43% and 20.41% (certified 19.84%), ranking among
the highest values reported for nonhalogenated solvent-processed OSCs. The
binary devices also exhibit high thermal stabilities (Tgo lifetime >10000 h).
This universally applicable strategy effectively controls disordered aggrega-
tion in NFA solutions, thus paving the way for practical industrial applications.

Owing to their intrinsic flexibility, semitransparency, and remarkable
cost-effectiveness, organic solar cells (OSCs) hold promise for next-
generation photovoltaic technologies'. Rapid advancements in
material synthesis, molecular modification, and device engineering
have resulted in single-junction OSCs with power conversion effi-
ciencies (PCEs) exceeding 20%, which represents an important mile-
stone on the road to industrial production®’°. However, these PCEs are

strongly affected by spin-coating processes that rely on highly toxic
halogenated solvents (such as chloroform) incompatible with large-
scale production ™. In contrast, the low solubility of numerous non-
fullerene acceptors (NFAs) in ecofriendly nonhalogenated solvents
leads to substantial aggregation during processing*™", with dis-
ordered molecular orientations severely hindering exciton dissocia-
tion and charge transport. Consequently, a substantial efficiency gap
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exists between OSCs processed using halogenated and non-
halogenated solvents'®?, which highlights the importance of control-
ling NFA preaggregation in nonhalogenated solvents for achieving
high photovoltaic performance? .

The disordered aggregation state of NFAs in nonhalogenated
solvents is typically transformed into more ordered H- or J-aggregation
through deliberate induction to eliminate its adverse effects. Com-
pared to H-aggregation (face-to-face stacking), J-aggregation is formed
through intermolecular sliding packings, exhibiting distinctive pho-
tophysical properties in terms of expanding light absorption and
enhancing charge transport®. Various approaches have been explored
to induce the formation of J-aggregation to improve the PCEs of OSCs.
For example, Zhang et al. optimized the m-1t stacking and refined the
phase separation by promoting donor J-aggregation with highly vola-
tile additives®. Li et al. employed molecular modification to weaken
the interaction between acceptor molecules and the solvent. This
helps to facilitate pronounced J-aggregation, thereby enhancing
charge extraction and inhibiting charge recombination®. Despite the
progress enabled by these approaches, the additive- and molecular-
modification-based strategies involve complex synthesis and precise
chemical control®*. These simplicity- and adaptability-related chal-
lenges hinder widespread practical applications of OSCs. External
physical fields, such as heat, light, and electric stimuli, enable precise
modulation of material solution state, film-formation process, and
post-deposition metastable phases through straightforward
processing®®?, Ultrasound emerges as a uniquely powerful tool to
selectively cleave noncovalent interaction networks via physical shear
effects at the molecular scale by harnessing tunable acoustic cavitation
energy*>*. Concurrently, ultrasound-induced microstreaming can
orchestrate molecular rearrangement, offering exceptional control
over aggregation pathways. This efficient, ecofriendly approach that
remains largely uncharted in organic photovoltaics holds significant
potential to address the detrimental preaggregation of NFAs in non-
halogenated solvents. Elucidating the physical mechanism underlying
the sonication-induced regulation of NFA aggregation is therefore
essential for achieving high-performance OSCs processed by non-
halogenated solvents.

Herein, we use sonication to manipulate the preaggregation of
NFAs in nonhalogenated solvents. The results of molecular dynamics
simulations, quantum chemical computations, and multiple experi-
ments demonstrate that sonication induces a transition from amor-
phous aggregation to ordered J-aggregation because of the effects of
microstreaming and shear stress generated during the sonication
process. Morphological studies reveal that sonication enhances inter-
molecular interactions in neat and blend films and thus promotes
ordered molecular stacking. A global fitting model is developed to
analyze transient absorption (TA) data to quantify the contributions of
different charge separation (CS) pathways, and that of the pathways
dominated by intra-moiety delocalized excitons is shown to markedly
increase after sonication, which indicates a concomitant exciton dis-
sociation enhancement. Sonication is also shown to inhibit molecular
vibrations and thereby hinder nonradiative recombination. The binary
and ternary OSCs prepared using sonication feature PCEs of 19.43 and
20.41% (certified 19.84%), respectively, along with high thermal stabi-
lities (Tg lifetime >10,000 h). The sonication strategy is applicable to
other small-molecule and polymer acceptor systems, offering unique
insights into the development of high-performance OSCs based on
nonhalogenated solvents.

Results

Mechanism of sonication-regulated NFA aggregation

Figure 1a shows the chemical structures of the donor (PM6) and
acceptor (L8-B0), and illustrates the sonication-assisted film fabrica-
tion processes based on the sequential deposition of these species.
Initially, a PM6 layer is constructed on an indium tin oxide (ITO)

substrate, and a sonicated solution of L8-BO in o-xylene (0-XY) is
deposited onto the PM6 layer. For numerous organic materials,
amorphous aggregate formation due to nanoscale precipitation is
observed in low-solubility solvents (such as 0-XY), unlike in the case of
high-solubility solvents (such as chloroform)**. This problem is solved
by using ultrasound filed. Sonication causes cavitation, i.e., the for-
mation of tiny bubbles that can rapidly grow and collapse under the
periodic pressure changes caused by ultrasonic waves® (Supplemen-
tary Fig. 1). The cavitation effect could alter molecular aggregation
states via microstreaming and shear stress. We performed in-situ
photoluminescence (PL) spectroscopy measurements of L8-BO solu-
tion (0-XY) to monitor the change in aggregation state during sonica-
tion (Fig. 1b and Supplementary Figs. 2-5). Combined with device data
(which will be discussed subsequently), the optimal sonication con-
dition was identified at 40 kHz, 720 W and 3 mins, as detailed in the
Supplementary Information. However, sonication is typically accom-
panied by physical and chemical effects®***’. In order to rule out the
destructive on the material structure from chemical effects, we tested
the Raman spectra of L8-BO solution before and after sonication, as
shown in Supplementary Fig. 9. The unaltered peak positions after
sonication suggest that no chemical reaction have occurred, but only
physical effects exist.

Upon sonication, the emission peak of L8-BO shifted to sub-
stantially longer wavelengths, moving from 793 to 805 nm within three
minutes (Fig. 1b), which indicated a concomitant increase in the extent
of solution-phase J-aggregation®. Notably, J-aggregation was well
maintained in the solution within ten days after sonication was stop-
ped (Supplementary Fig. 10), which was sufficient for spin-coating
preparation of films and industrial production. Molecular dynamics
simulations (see detail in Supplementary Information) were used to
verify the effects of sonication on L8-BO molecules dissolved in 0-XY
(Fig. 1c). Without sonication (in the control system), the L8-BO mole-
cules formed a dispersed state, with the radius of gyration (Rg) and
solvent-accessible surface area (SASA) fluctuating around their mean
values. Conversely, in the case of sonication, the Ry and SASA values
notably decreased before stabilizing, suggesting that sonication
increased the degree of aggregation (Fig. 1d and Supplementary
Fig. 11). Root mean square deviations (RMSDs) were calculated to
observe the overall conformational changes relative to the initial
structure throughout the simulation period (Fig. 1e). In both systems,
the RMSD initially increased before reaching equilibrium, which
reflected rapid convergence toward a stable equilibrium state. The
local magnification of simulation snapshots revealed that the control
system contained some amorphous structures and H-aggregates,
while a marked increase in the number of J-aggregates was observed
after sonication, in line with the in-situ PL spectroscopy results.

Quantum chemical computations were performed to clarify the
mechanisms underlying the sonication-induced J-aggregation (Sup-
plementary Figs. 12a, b). An extended version of the
Su-Schrieffer-Heeger tight-binding model was utilized, with a com-
prehensive description of the calculation process provided in the
Supplementary Information®. J-aggregation can be categorized into A-
to-A and A-to-D types. Supplementary Fig. 12c shows the band gaps of
different aggregation modes. The redshift of the PL spectrum is con-
sistent with a reduction in band gap, suggesting a transformation into
the A-to-D type J-aggregation. Hence, we focused exclusively on this
type of J-aggregation in subsequent analyses. The results (Supple-
mentary Figs. 12d, e) indicated that under various conditions, the
aggregation energy of J-aggregation consistently exceeded that of H-
aggregation, i.e., the latter aggregation was energetically preferred*’.
Hence, NFAs tended to form H-aggregates in the absence of sonica-
tion. Cavitation bubbles are generated during the sonication process.
As depicted in Supplementary Fig. 13, the periodic contraction and
expansion of cavitation bubbles create a marked velocity gradient
between the bubble surface and the surrounding solvent. This gradient
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Fig. 1| Mechanism underlying sonication effects probed by simulations, cal-
culations and experiments. a Chemical structures of different materials and
schematic of sonication-based processing. b Evolution of the photoluminescence
(PL) spectra of the L8-BO solution during sonication (inset shows the PL changes at
1 min after stopping sonication). ¢ Effects of sonication on the molecular dynamic
behavior of L8-BO in 0-XY. d Effects of sonication on the change in the radius of

gyration (Rg) with time. e Root mean square deviation-time plots obtained with and
without sonication. f Temperature-dependent PL spectra of the sonicated L8-BO in
0-XY. g Peak intensity ratio extracted from (f). h, i Two-dimensional (2D) grazing-
incidence wide-angle X-ray scattering (GIWAXS) patterns of the L8-BO films
obtained without and with sonication. Source data are provided as a Source

Data file.

drives the generation of microstreaming and shear stress (a pair of
parallel reaction forces)*. Microstreaming pushes L8-BO molecules to
aggregate on the bubble surface. Then the disordered molecules will
be oriented and arranged under the effect of shear stress*’, and sub-
sequently become ordered J-aggregation. Meanwhile, the
H-aggregation can overcome the energy barrier after acquiring energy
and sliding to ordered J-aggregation.

The aggregation behavior of sonicated L8-BO in 0-XY was inves-
tigated using temperature-dependent PL spectroscopy (Fig. 1f and

Supplementary Fig. 14). The long-wavelength shoulder peak (855 nm)/
main peak (805nm) intensity ratio (/o./lo-0) obtained through the
double-peak fitting analysis of the PL spectra was employed to quantify
the effects of sonication on the aggregation state at different tem-
peratures (Fig. 1g and Supplementary Table 1)*’. Sonicated L8-BO
exhibited more pronounced /y.1/lo.¢ variations, along with a stronger
dependence of this ratio on the solution temperature compared with
the untreated sample, which manifested the enhanced intermolecular
interactions and an increased tendency for aggregation. As mentioned
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above, J-aggregation was well maintained in the solution phase, further
influencing the film morphology. Subsequently, we analyzed the
ultraviolet (UV)-visible absorption and PL spectra of the correspond-
ing films (Supplementary Figs. 15 and 16). Sonication induced red shifts
in the absorption and PL peaks of the L8-BO film, while predictably
enhancing its crystallinity**. This effect was quantitatively assessed
using grazing-incidence wide-angle X-ray scattering (GIWAXS) mea-
surements (Fig. 1h and i, Supplementary Fig. 17, and Supplementary
Table 2). Prominent -t stacking peaks of the control (1.753 A) and
sonicated (1.769 A) L8-BO films were observed in the out-of-plane
(OOP) direction®. The decrease in d-spacing from 3.584 to 3.552 A after
sonication indicated a closer intermolecular packing. The calculated
crystal coherence length (CCL) increased from 23.46 A in the control
film to 25.13 A in the sonicated film. Thus, the sonicated L8-BO film
exhibited a higher crystallinity and more ordered molecular stacking
than its nonsonicated counterpart. Time-resolved photoluminescence
(TRPL) measurements revealed that sonication increased the exciton
lifetime of the L8-BO film from 471 to 641ps, possibly by favoring
ordered J-aggregation®’,

Blend film morphology

Sonicated L8-BO was combined with PM6 via sequential deposition to
construct layer-by-layer (LBL)-type devices and thus assess the role of
sonication in determining blend film morphology. According to the
corresponding two-dimensional (2D) GIWAXS patterns (Fig. 2a, b),
both PMé6 and L8-BO exhibited a preferential face-on orientation in
blend films, which favored charge transport, as evidenced by promi-
nent (100) lamellar stacking peaks in the in-plane (IP) direction and
strong (010) tt-Tt stacking peaks in the OOP direction. After sonication,
the CCL of the blend films increased from 24.48 to 27.32 A, and the d-
spacing decreased from 3.588 to 3.550 A (Fig. 2c and Supplementary
Table 3). These results suggested that sonication facilitated crystal-
lization and ordered molecular stacking within the active layers.
Grazing-incidence small-angle X-ray scattering (GISAXS) measure-
ments were performed to characterize the donor and acceptor
domain sizes in the blend films and thus investigate phase
separation behavior at the nanoscale (Supplementary Fig. 12). The
Debye-Anderson-Brumberger and fractal models were used for
fitting"’. The relevant fitting steps are presented in the Supplementary
Information, and the relevant fitting parameters are summarized in
Supplementary Table 4, with {, 5, D, and 2R, representing the average
correlation length of the PMé6 phase, correlation length, fractal
dimension of L8-BO clusters, and size of clustered L8-BO domains,
respectively. After sonication, the 2R, value of the blend films
increased, indicating the expansion of acceptor-enriched domains,
which facilitated the formation of an optimized morphology and sui-
table phase separation.

To further elucidate the potential mechanisms underlying the
effect of sonication on active layer growth, we conducted in-situ
UV-visible absorption spectroscopy to monitor the film-formation
process of the PM6:L8-BO blends. The characteristic peaks of PM6 and
L8-BO were observed within the ranges of 400-660nm and
660-950 nm, respectively (Supplementary Fig. 19), and peak position
changes were analyzed (Fig. 2d, e). Based on peak evolution, the film-
formation process was divided into three stages: (i) solvent evapora-
tion and crystal nucleation, (ii) crystallization, and (iii) film formation*s,
Ordered aggregation in the sonicated L8-BO solution allowed the first
stage to begin earlier, thus benefiting the prolonged molecular stack-
ing in the second stage. The red shift of the L8-BO molecular peaks
after the film- formation stage further corroborates the formation of
J-aggregates. Additionally, during the film-formation process of L8-BO,
the peak position of PM6 exhibited a notable blue shift, which was
attributed to the immediate deposition of the L8-BO layer. The swel-
ling effect resulted in the dissolution of a part of the donor layer during
acceptor deposition, thus inducing additional mutual diffusion

between them. Importantly, the ordered J-aggregation of the L8-BO
molecules markedly reduced the secondary film-formation time of the
PM6 molecules, thus minimizing the diffusion from the acceptor layer
into the donor layer and thereby hindering unnecessary mixing.

The effects of sonication on the surface morphology of thin films
were probed by atomic force microscopy*’. Both the neat L8-BO and
blend films exhibited increased root mean square (RMS) roughness
values after sonication (Supplementary Fig. 20). The more refined fibril
network structure in the blend films facilitated the formation of high-
speed pathways for electron and hole transport. To distinguish donor
and acceptor domains, the stretching of characteristic bonds was
analyzed using photoinduced force microscopy (PiFM) (Supplemen-
tary Figs. 21-22, Fig. 2f, g). The line profiles extracted from the corre-
sponding localized near-infrared images are presented in Fig. 2h, i.
After sonication, the acceptor domains in the blend films exhibited
fibrillar structures with an approximate diameter of 23 nm. The
increase in the amount of small fibril structures indicated the forma-
tion of a fibril network between the donor and acceptor phases. The
overlaid PiFM images of PM6 and L8-BO were used to further explore
the sizes of the different phases (Supplementary Figs. 23)*°, revealing
that sonication prevented excessive donor-acceptor mixing. This is
beneficial for reducing geminate recombination and increasing the fill
factor (FF), which will be discussed below.

Film-depth-dependent light absorption spectroscopy was con-
ducted to analyze the effects of sonication on the vertical phase
separation of the thin films (Supplementary Fig. 24)*. Sonication
increased the acceptor concentration near the cathode, resulting in an
optimized vertical gradient distribution within the blend films (Fig. 2j).
This optimization was conducive to the rapid transfer of excitons to
the acceptor phase after dissociation. The effects of sonication on the
morphological evolution of the L8BO molecular aggregates were
rationalized as follows (Fig. 2k). Without sonication, the L8-BO mole-
cules spontaneously formed H-type and amorphous aggregates in the
solution. This disordered aggregation contributed to an irregular dis-
tribution within the solid film and adversely affected charge transfer
(CT). Conversely, upon sonication, the L8-BO molecules formed
ordered J-type aggregation in the solution. This preconstructed
ordered aggregation was effectively retained during subsequent
crystal growth stages, which promoted ordered molecular stacking
and considerably enhanced m-Tt stacking interactions among mole-
cules. Meanwhile, the sonication strategy optimized the phase
separation of blend films and facilitated the formation of a fibril net-
work. This sonication-induced morphological optimization can be
expected to improve exciton and charge behaviors.

TA analysis of exciton delocalization

Femtosecond TA spectroscopy measurements were performed to
probe the impact of the sonication-optimized microstructure on
exciton and charge dynamics. The L8-BO acceptor was selectively
excited at 800 nm. The 2D color maps of the TA spectra of the blend
films produced from non- and sonicated solutions are presented in
Fig. 3a and Supplementary Fig. 25a. The ground-state bleaching (GSB)
signal of the PM6 donor at 580 nm was extracted and analyzed using
exponential fitting to track hole transfer kinetics (Supplementary
Fig. 26a and Supplementary Table 5)*>. The decrease in lifetime of the
sonicated films from 0.34 to 0.24 ps indicates a concomitant increase
in the rate of hole transfer®. The signal of the localized exciton (LE)
state of the acceptor was extracted at 880nm (Supplementary
Fig. 26b). Sonication-induced morphology tuning considerably accel-
erated excited state decay (i.e., the lifetime decreased from 3.89 to
2.28ps) and thus increased the efficiency of exciton dissociation
(Supplementary Table 6)**. In addition, the extended lifetime of the
polaron signals observed at 960 nm revealed that bimolecular
recombination was suppressed in the sonicated film* (Supplementary
Fig. 26c). Supplementary Fig. 26d showed the kinetic curves of the
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Fig. 2 | Morphological analysis of blend films. a,b 2D GIWAXS patterns of fresh
PM6:L8-BO (0-XY) blend films obtained without and with sonication. ¢ Out-of-plane
and in-plane extracted line-cut profiles of the corresponding films. d,e UV-vis
absorption peak locations of the acceptor and donor for the PM6:L8-BO films
prepared without or with sonication. f-i Photoinduced force microscopy images
acquired using wavenumbers of 1532 cm™ (representing L8-BO) and 1648 cm™

(representing PM6) and line profiles recorded along the white arrows to obtain the
fibril width for the PM6:L8-BO blend film prepared using sonication. j Film-depth-
dependent composition profiles extracted from the depth-dependent light
absorption spectra of blend films. k Schematic illustrating the regulation of film-
formation process and crystallization kinetics for the PM6:L8-BO films prepared
without or with sonication. Source data are provided as a Source Data file.

intra-moiety delocalized excitons (i-DE) extracted from TA spectra at
1500 nm*. This signal was related to the exciton delocalization and will
be discussed in detail below.

Global fitting was used to explore the effects of sonication on the
contributions of different exciton dissociation pathways (Fig. 3b). The
CS process is governed by competition between the LE > i-DE > CS and

LE > CT »> CS pathways. The former pathway involves a rapid (within
~0.2 ps) transformation of LE states into i-DE states in the acceptor
domain owing to strong intermolecular interactions among con-
jugated units. The i-DE states subsequently transform to CS states™.
The latter pathway resembles traditional models, with LE states dif-
fusing to the donor/acceptor (D/A) interface, transforming to CT
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Fig. 3 | Global fitting analysis of exciton and charge dynamics. a Transient
absorption (TA) spectral plot of the sample prepared using sonication. b Model
used in TA global fitting. k, rate of evolution towards different states. ¢ TA spectra
with fitting curves obtained at different time delays for the sonicated sample.

d,e TA dynamics and related fitting curves obtained for visible and infrared regions.
f.g Localized exciton (LE), intra-moiety delocalized exciton (i-DE), charge transfer
(CT), and charge separation (CS) signals extracted from TA spectra by global fitting,

along with the corresponding lifetime. h Lifetime of all signals in PM6:L8-BO films
prepared without or with sonication. i Pump-fluence-dependent TA kinetics probed
at 880 nm using L8-BO films prepared without or with sonication (The excitation
intensity is 0.5 and 30 pJ cm?, respectively). T, exciton lifetime; D, exciton diffusion
coefficiency; Lp, exciton diffusion length. Source data are provided as a Source
Data file.

states, and further dissociating into CS states. TA spectra recorded
using different time delays were analyzed to extract the dynamic
evolution signals corresponding to the LE, i-DE, CT, and CS states
(Fig. 3c-f and Supplementary Figs. 25b-e), with the associated con-
tributions shown in Fig. 3g. For both the control and the sonicated
samples, the transient spectral features evolved on similar time scales.
Under 1ps, GSB features matching the steady-state absorption spec-
trum of the blend film were prominent in the visible region between
550 nm and 780 nm. A positive excited-state absorption (ESA) feature
between 450 nm and 550 nm corresponding to the extracted spectrum
of the i-DE state suggested the ultrafast formation of this state within
the coherence time (-200 fs). This ESA returns to a negative GSB after
tens of ps, indicating a progression of the system from the i-DE states
to new intermediates (CT/CS). On the timescale of tens of hundreds of
ps, whilst the GSB features were still present, the transient spectra
adopt broad ESA features spanning from 650 to 1500 nm. This is
similar to the CT/CS state ESA spectral features observed in PM6/Y6

systems®. The spectrum of the CS state was similar to that of the CT
state but with a more flattened ESA feature extending into the NIR
region with an absence of a positive peak at ~ 660 nm. On a~-200 fs
timescale, the sharp ESA of the LE state in the NIR region around
850 nm developed a more prominent shoulder around 960 nm, indi-
cating the ultrafast formation of polarons upon formation of the CT
state. The intensity of the NIR signal from 1000 to 1500 nm decayed
much more slowly compared to the signal at 850-900 nm in the first
10 ps, and through global analysis, this signal was mainly attributed to
the LE and the CT states.

After sonication, the contribution of the pathway dominated by
i-DE states substantially increased (0.54 > 0.6), which indicated that
the resulting morphology in the sonicated films facilitate exciton
delocalization. It can effectively reduce the dependence of exciton
dissociation on the D/A interface® ™. Figure 3h shows the fitted life-
time for each stage of the two pathways. The lifetime for all three
stages after sonication (1;=0.23ps, 7,=2.99ps, 13=156 ps) were

Nature Communications | (2025)16:10458


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65447-y

notably shorter than those observed in the control system (z; = 0.36 ps,
7, =6.11ps, 173=248 ps). Accordingly, the rates of evolution towards
successive states in the sonicated film (k;=4.35ps™, k,=0.33ps?,
k3 =0.0064 ps™) were faster than that in the control film (k;=2.78 ps™,
k,=0.16 ps™, k3=0.0040 ps™). These results suggested that the soni-
cation strategy promoted efficient exciton dissociation in both path-
ways. In addition, the lifetime of the CS state markedly increased after
sonication (from 8.6 to 10.6 ns), which indicated suppressed charge
recombination.

Exciton diffusion length (Lp) plays a crucial role in the CS pathway
dominated by the CT state. To investigate the influence of sonication
on Lp, we recorded the pump-fluence-dependent TA spectra of the L8-
BO neat films (Supplementary Fig. 26e, f)*', revealing that the exciton
decay rate increased with increasing excitation intensity. Two primary
quenching pathways were considered, characterized by the intrinsic
exciton decay rate coefficients (k) at any given excitation flux and
bimolecular decay rate coefficients (y) for exciton-exciton annihila-
tion at high pump fluences*’. The following diffusion equation was
used to globally fit the TA decay curves of the L8-BO acceptor:

dn(t) _ 1,
S T kn(t) — Sy @

Based on this equation, we derived a function describing the
variation in singlet exciton density distribution n with time &

n(0)ekt

(@3]

where y=8nRD (D is the exciton diffusion coefficient, and R is the
annihilation radius of the singlet excitons (assumed to equal 1nm)).
The fitted parameters are listed in Supplementary Table 7. The exciton
diffusion length (L, =+/Dt) increased from 29.66 to 36.56 nm after
sonication (Fig. 3i), indicating efficient exciton transport to the D/A
interface and supporting the subsequent conversion to CT states. This
agrees with the efficient CT suggested by the global fitting results,
which is an essential prerequisite for achieving high-efficiency OSCs*.

Molecular vibration and nonradiative recombination

Based on the aforementioned insights into exciton and charge
dynamics, transient infrared (TRIR) spectroscopy was used to further
examine the effects of the optimized morphology induced by sonica-
tion on molecular vibration (Fig. 4a, Supplementary Figs. 27a-c). We
extracted the polaron dynamic curve within the 1700-1800 cm™
range, where the contributions from molecular vibrations were mini-
mal (Fig. 4b). The blend films prepared using sonicated solutions
demonstrated accelerated charge generation (i.e., the polaron signal
rise time decreased from 9.17 to 6.64 ps) and slightly slowed charge
recombination, in line with the TAS results. To analyze the transient
vibrational spectra and dynamic changes precisely, we used a cubic
polynomial function to fit the polaron background and deconvolute its
contributions (Supplementary Fig. 28), as illustrated in Fig. 4c and
Supplementary Fig. 27d*°. According to the FTIR spectra (Supple-
mentary Fig. 21), the double-peak GSB absorption feature between
1500 and 1550 cm® corresponds to L8-BO vibration (C=C bond in
ring). These features were sharp at early times and broaden after 10 s of
ps. The derivative-type feature with a positive peak at 1485cm?
(~10 cm™ downshift from the main absorption peak) can most likely be
attributed to hot ground states (So) or hot LE (with minimal structural
distortion from the So).

This derivative signal decayed more rapidly in the sonicated
sample (8.3 ps) compared to the control blend (10.7 ps, Fig. 4d) and
was likely due to the faster heat dissipation in more structurally
ordered molecular solids which allowed efficient propagation of
phonons. Another noticeable difference was the vibrational peak

widths in the TRIR spectra. Figure 4e compares the GSB feature around
1533 cm™ at 850 ps for the control and the sonicated blend. The peak
widths of the control were broader than the sonicated blend, hinting to
the existence of a wider variety of relative molecular orientations, thus,
a greater degree of disorder. Therefore, it was evident that the struc-
tural tuning via sonication successfully reduced the disorder in the
film, allowing for efficient propagation of both thermal energy and
charge. This result is further discussed with TRPL experimental results
in a later section.

The removal of the polaron background allowed us to isolate the
vibrational mode of PM6 at 1649 cm™ (see FTIR spectra in Supple-
mentary Fig. 21a). The recovery of this GSB feature was faster in the
sonicated blend (5.84 ps), whereas for the control blend (7.13 ps), a
small ESA signal at 1670 cm® slowly emerged after 10s of ps. This
subtle difference suggested that when CT/CS states formed, in the
more structurally ordered sonicated film, the PM6 did not undergo
much geometry change. However, in the control film, the PM6 was
structurally disturbed in the CT/CS states, inducing a frequency shift.
Another subtle difference was at 1750 cm™. In the control film, an ESA
feature was observed after the pulse duration -300fs and slowly
recovered during the scan window. In the sonicated film, this ESA
decayed into a clear bleach signal after several hundreds of ps. The
FTIR of the sonicated L8-BO neat film compared to the untreated L8-
BO hinted that this vibrational mode was likely associated with the
presence of J-aggregated L8-BO (m-Tt stacked geometry). Given that the
enhancement of this signal appeared at early times in both films, a
possible explanation can be the formation of i-DE states within ~200 fs
enhanced neighboring L8-BO coupling through m—t stacking.

Temperature-dependent PL and TRPL spectra were recorded to
further evaluate the effects of sonication on exciton-vibration cou-
pling and thermally activated processes. With increasing temperature,
the PL spectra shifted to shorter wavelengths and broadened (Sup-
plementary Fig. 29). The interactions between excitons and molecular
vibrations can be inferred from the peak positions®, which are quan-
titatively described by:

2a
EN=EO) - ooy~ 3)
where E(0) is the bandgap energy at absolute zero (0K), « is the
intensity of the exciton-vibration interaction, and 0 is the average
phonon temperature. The sonicated films demonstrated reduced a
from 151.2 to 113.3 meV (Fig. 4g and Supplementary Table 8) and was
therefore concluded to inhibit exciton-vibration coupling and pro-
mote exciton diffusion and polaron transport. By fitting a series of
temperature-dependent TRPL spectra (Supplementary Fig. 30), we
obtained the temperature dependence of the nonradiative recombina-
tion rate, K, (Fig. 4h). In high-temperature regions, K, was more
sensitive to temperature changes than in low-temperature regions
because of the increase in molecular vibrations induced by thermal
energy®’. Moreover, a thermally activated process occurred between
the S and excited states (S;)®* (Fig. 4i). Molecular vibrations led to the
formation of an overlapping surface between Sy and S;, which
introduced an additional pathway for internal conversion processes®.
As discussed previously, sonication-induced structural tuning with
ordered J-aggregate geometry allows for rapid thermal energy re-
distribution and dissipation®, which deactivates the thermally-
activated non-radiative recombination of excitons.

Photovoltaic characteristics

To substantiate the benefits of the ordered J-aggregation induced by
sonication, we fabricated LBL-type OSCs with an ITO/PEDOT:PSS/
active layer/PDINN/Ag structure and tested the device performance
under different sonication frequencies, power and duration (Supple-
mentary Figs. 31-33 and Supplementary Tables 9-15). Details on the
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Fig. 4 | Excited-state dynamics revealed by transient infrared (TRIR) spectro-
scopy. a 2D color plots of TRIR data for the PM6:L8-BO films prepared using
sonication. b TRIR spectra obtained after deconvoluting the signals of polarons for
the PM6:L8-BO films prepared using sonication. T, decay time. ¢ TRIR profiles
recorded at 1700-1800 cm™. d TRIR profiles obtained at 1485 cm™. T, decay time.
e TRIR spectra extracted from 850 ps. f TRIR profiles obtained at 1649 and 1750 cm’

Temperature (K)

%, 1, decay time. g Gaussian-fitted peak position as a function of temperature in L8-
BO films prepared without or with sonication. «, intensity of the exciton-vibration
interaction. h Nonradiative recombination rate as a function of temperature in the
PM6:L8-BO films prepared without or with sonication. i Schematic of sonication
modulating the thermally activated process between the ground (So) and excited
states (S;). Source data are provided as a Source Data file.

preparation and optimization are provided in the Supplementary
Information. The J-V curves and photovoltaic parameters of the opti-
mized devices are presented in Fig. 5a and Table 1. The control device
achieved a PCE of 17.50%, an open-circuit voltage (Voc) of 0.878V, a
short-circuit current (Jsc) of 2536 mAcm™, and a FF of 78.56%, in
agreement with previously published results®*. By controlling the
sonication condition, we achieved a notably increased PCE of 19.43%, a
Voc of 0.881V, a Jsc of 27.05 mA cm™, and a FF of 81.53%. Compared
with that of the control, the external quantum efficiency (EQE) spec-
trum of the sonication-processed device was shifted to longer wave-
lengths. Similar to internal quantum efficiency (IQE), it also exhibited a
higher full-spectrum response (Fig. 5b and Supplementary Fig. 34), as
evidenced by more efficient exciton dissociation and charge extrac-
tion (Supplementary Fig. 35 and Supplementary Table 20). Subse-
quently, we fabricated ternary PM6:D18:L8-BO devices with different
active layer thicknesses. The device with a 100 nm-thick active layer
featured an increased PCE of 20.41% (certified as 19.84% by the
National Institute of Metrology, China) (Fig. 5c and Supplementary

Fig. 36),a Vpc0f 0.899 V, a Jsc 0f 27.43 mA cm?, and a FF of 81.19%; this
PCE is one of the highest values reported for OSCs prepared using
nonhalogenated solvents (Fig. 5d, Supplementary Tables 21 and 22).
The 300 nm-thick device demonstrated a satisfactory PCE of 18.29%,
with the FF (76.19%) ranking among the top values reported for an
active layer thickness of 300 nm. The corresponding EQE spectra are
presented in Supplementary Fig. 37. All Jsc values extracted from the
J-V curves differed from the integrated current density of the EQE by
<5%, thereby confirming the reliability of the photovoltaic
performance.

To explore the potential of the sonication strategy for scalable
industrial application, we fabricated flexible devices (1 cm?) using the
roll-to-roll technique in air. The devices were fabricated using an
inverted structure of PET/Ag-grid/PH1000/Zn0O/active layer/MoO,/Ag.
The detailed fabrication process is presented in the Supplementary
Information. The J-V curves and device parameters are shown in Sup-
plementary Fig. 38 and Supplementary Table 23. The control devices
exhibited a PCE 0f12.06%, a Voc0f 0.826 V, aJscof 21.71mA cm2, and a
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Fig. 5 | Photovoltaic properties of organic solar cells. a,b/-V curves and external
quantum efficiency spectra of the devices prepared without or with sonication.
c/-Vcurves of the devices with ternary active layers of different thickness prepared
using sonication. d Positions of different binary and ternary systems in the FF-PCE
space relative to those of previously reported systems. e Carrier mobilities of the
control and sonication-processed devices obtained using space charge limited
current (SCLC) measurements. f Density of trap states of the blend films and cor-
responding Gaussian fitting results. N, total density; 5, disorder parameter; E,,

center of DOS. g Measurements of light-intensity-dependent Voc under different
conditions. h,i, Normalized PCEs obtained for the PM6:L8-BO devices prepared
without or with sonication during thermal stability evaluation at 80 °C and pho-
tothermal stability evaluation under continuous illumination (100 mW cm2, white
light-emitting diode) at 50 °C-60 °C. Error bars, centered on the mean, represent
standard deviation for ten independent devices. Source data are provided as a
Source Data file.

FF of 67.28%. After sonication, the device performance was improved,
with a PCE 0f 14.04%, a Voc of 0.828 V, a Jsc of 23.89 mAcm?, and a FF
of 71.00%. The corresponding EQE spectra are shown in Supplemen-
tary Fig. 38b, with the integration current error controlled within 5%.
The significant improvement in device performance indicates that the
sonication strategy is also effective for devices prepared by the roll-to-
roll technique, which holds critical implication for their industrial
production.

The space charge limited current method was used to evaluate the
charge transport which is related to the FF between the devices pre-
pared under control and sonication conditions (Supplementary
Fig. 39). The calculated hole and electron mobilities are presented in
Fig. 5e and Supplementary Table 24. Sonication increased hole mobi-
lity (up,) from 6.27 x10™* cm?V's™ t0 8.59 x 10* cm? V' s and electron
mobility (i) from 543 x10*cm? Vs to 819 x10*cm? V! s™. The
higher mobility and lower u./u. ratio observed for the devices pre-
pared under sonication conditions indicated more efficient and
balanced charge transport®. The density of trap states (N, was

calculated using frequency-dependent capacitance spectra recorded
under dark conditions (Fig. 5f). The decrease in N, from 2.02 x 10 cm™
eV to 0.98 x10"cm™ eV indicated that sonication effectively pre-
vented trap state generation®®. The relationship between Jsc and light
intensity (Pigno) was fitted as Jsc = (Piigh)” (Supplementary Fig. 40a).
Sonication increased a from 0.988 to 0.994 and thus effectively
inhibited bimolecular recombination processes®’. The lower slope of
the Voc-In(Piigne) plot observed for the sonicated film (Fig. 5g) signified
the suppression of trap-assisted recombination, thereby enhancing
charge transport in the OSCs®®. The increase in carrier lifetime from
5.83 to 7.44 ps revealed by transient photovoltage (TPV) tests sup-
ported this observation (Supplementary Figs. 40b-c). Transient pho-
tocurrent (TPC) tests revealed accelerated charge extraction (i.e.,
fitting lifetime decreased from 0.35 to 0.26 pis) in the devices prepared
under sonication conditions. Energy loss was evaluated based on the
measurements of the electroluminescence (EL) spectra, the external
quantum efficiency of electroluminescence (EQEg, ), and the sensitive
external quantum efficiency (sEQE) measured by Fourier transform
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Table 1| Photovoltaic parameters of PM6:L8-BO-based OSCs (prepared under different conditions using o-XY) under AM 1.5 G/

100 mW cm 2 illumination

Active layer Jsc (mA cm™) Jsc© (mA cm?) Voc (V) FF (%) PCE® (%)
PM6:L8-BO 25.36 24.98 0.878 78.56 17.50 (17.28 £ 0.19)
PM6:L8-BO-sonicated 27.05 26.24 0.881 81.53 19.43 (19.22+0.16)
PM6:D18:L8-BO-sonicated 27.88 26.55 0.904 81.00 20.41(20.28 £0.12)
PM6:D18:L8-BO-sonicated 27.54° - 0.889° 81.04° 19.84°
PM6:D18:L8-BO-sonicated-300 nm 27.51 26.64 0.885 76.19 18.29 (18.12+0.11)

%lIntegrated Jsc values obtained using external quantum efficiency measurements.
2Average PCEs with standard deviations determined using ten individual devices.
PCertified by the National Institute of Metrology, China.

photocurrent spectroscopy (FTPS-EQE) (Supplementary Fig. 41 and
Supplementary Table. 26). It was concluded that sonication slightly
suppressed the energy loss, especially non-radiative recombination
loss AE; (from 0.243 to 0.239 eV). Meanwhile, the extracted Urbach
energy decreased from 24.16 to 23.57 meV, suggesting a concomitant
reduction in energy disorder®, which is aligned with the decrease of
radiative recombination loss AE, (from 0.076 eV to 0.074 eV). These
results confirm that sonication can be used to improve OSC
performance.

Given that sonication can improve OSC efficiency, one can rea-
sonably anticipate that it may also increase device stability. To mini-
mize the adverse impact of organic interfacial layers on stability, we
fabricated inverted devices with an ITO/ZnO/active layer/MoO5/Ag
configuration. Thermal stability was assessed upon continuous
annealing in dry nitrogen atmosphere at 80 °C (Fig. 5h). Compared
with the control devices, the sonication-processed devices (ten inde-
pendent cells) exhibited a markedly reduced burn-in loss and an
improved thermal stability. PCE decay was subjected to linear fitting,
and the results indicated that the Tgg lifetime of the optimized devices
markedly exceeded 10000 h. We also tested the photothermal stability
of OSCs under continuous illumination at 100 mW cm (50 °C-60 °C),
revealing that sonication also increased resistance to photothermal
stress (Fig. 5i).

To elucidate the mechanism by which sonication improved mor-
phological stability, we extracted the normalized photovoltaic para-
meters (Voc, Jsc and FF) over aging time for PM6:L8-BO-based devices,
as shown in Supplementary Fig. 42. The control devices remained
relatively stable Voc and Jsc, whereas FF showed a marked decline. In
contrast, the sonicated devices exhibited robust FF, indicating that
sonication could suppress the degradation in mixed amorphous
regions’®”., Additionally, the sonicated films showed slight attenuation
of CCL values (from 27.32 to 26.93 A) after continuous thermal aging
for 200 h compared to that (from 24.48 to 23.08 A) of controls (Sup-
plementary Fig. 43 and Supplementary Table. 27), suggesting the
better stability in crystalline regions. Further thermodynamic analysis
was conducted on neat L8-BO films and PMé6:L8-BO blend films
through the glass transition temperature (T;) measurements (Sup-
plementary Figs. 44 and 45). The sonicated samples displayed higher
T, than the controls, indicating that sonication reduced the diffusion
coefficient of material in mixed amorphous region and enhanced the
kinetic stabilization of film morphology®’>. The results demonstrate
the advantages of the sonication-improved active layer morphology
for improving device stability.

Application scope of the sonication strategy

To explore the application scope of the ultrasound-field-based reg-
ulation of ordered J-aggregation in NFAs, we recorded the in-situ PL
spectra of other PM6:NFA systems, including BTP-eC9, PY-IT, and PY-
DT, during the sonication process (Fig. 6a—c). In addition to the con-
tinuous red shift of the PL spectra, we observed the continuous

intensification of the long-wavelength shoulder peaks of the PY-IT and
PY-DT polymer acceptors, which suggested a concomitant increase in
the extent of J-aggregation. We also recorded the temperature-
dependent PL spectra of these systems (Supplementary Fig. 47) and
extracted the corresponding /y.1/lo.0 peak intensity ratios (Fig. 6d-f
and Supplementary Table 28). The results showed enhanced tem-
perature dependence, indicating intermolecular interaction and
aggregation enhancement. Subsequently, solar cells based on these
three systems were fabricated using a conventional device structure
(Supplementary Fig. 48). The corresponding /-V curves are shown in
Fig. 6g-i, and the device parameters are summarized in Supplemen-
tary Table 29. The sonication-processed PM6:BTP-eC9, PM6:PY-IT, and
PM6:PY-DT devices achieved improved PCEs of 19.31, 18.32, and 18.71%
compared to control systems, respectively. These results demonstrate
the broad application scope of the sonication strategy.

Discussion

The NFA aggregation state in a nonhalogenated solvent was modu-
lated using sonication. The combined results of simulations, compu-
tations, and experiments demonstrate that sonication induced the
formation of ordered J-aggregates within the NFA solutions and films
through microstreaming and shear stress. Morphological character-
izations revealed that sonication improved phase separation during
film formation, enhancing m-mt stacking interactions and optimizing
the molecular arrangement. The global fitting of TA data indicated that
sonication increased the proportion of CS pathways dominated by i-DE
states, thereby enhancing exciton dissociation. TRIR data showed the
structural tuning effect on heat and carrier transport in the system, and
together with temperature-dependent TRPL data further validated the
inhibitory effect of sonication on nonradiative recombination. The
PM6:L8-BO devices exhibited a high PCE of 19.43% and superior ther-
mal stability (Tgo lifetime > 10000 h). The addition of D18 to the
PM6:L8-BO system resulted in a remarkable PCE of 20.41% (certified
PCE of 19.84%), which is among the highest efficiencies reported for
OSCs prepared using nonhalogenated solvents. The developed soni-
cation strategy was demonstrated to have a broad application scope,
as exemplified by its applicability to small-molecule and polymer
acceptor systems. Thus, our work provides a practical approach to the
fabrication of efficient, stable, and ecofriendly OSCs, facilitating their
large-scale industrial production.

Methods

Measurements of PL and TRPL spectra

The PL spectra and TRPL experiments were performed using a con-
focal optical microscope, specifically the Nanofinder FLEX2 from
Tokyo Instruments, Inc. This setup was equipped with a time-
correlated single-photon counting (TCSPC) module, the Becker &
Hickl SPC-150. For all PL spectrum measurements, a charge-coupled
device (CCD) sensor, model DU420A-OE from Andor, was utilized. The
excitation wavelength was consistently set at 400nm, and the
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Fig. 6 | Photovoltaic characterization of other sonicated systems. a-c Evolution
of the PL spectra of BTP-eC9, PY-IT and PY-DT solutions during sonication, with
inset illustrating the changes in PL spectra at 1 min post sonication. d-f Peak ratios

extracted from the temperature-dependent PL spectra of BTP-eC9, PY-IT and PY-DT
prepared without or with sonication. g-i/-V curves of different systems prepared
without or with sonication.

excitation power for both PL spectra and TRPL experiments was
maintained at 1 pyW. The laser spot had an approximate diameter of 8
u1m, resulting in an area calculated as S=5.02 1077 cm?2.

Measurements of AFM and PiFM Images

AFM measurements were performed on a Bioscope Resolve AFM
(Bruker) in a tapping mode under ambient conditions. Photo-induced
Force Microscopy (PiFM) measurements were performed by employ-
ing Anfatec Instruments AG (Oelsnitz, Germany).

Measurement of TA spectra

Femtosecond TA spectra were recorded using an optical setup that
incorporated a Ti:sapphire femtosecond laser (from Coherent) in
conjunction with an optical parametric amplifier (OPA) system. The
800 nm pulse emitted by the laser was divided into two beams via a
beam splitter. One of these beams was directed into the optical para-
metric amplifier (TOPAS, Coherent) to generate pump pulses at
600 nm. The second beam was focused onto both sapphire and YAG
plates to produce a white light supercontinuum, which served as the
probe beams with a spectral range of 750-1600 nm. The initial pulses

were also split into two paths; one path led to the OPA for generating
400 and 750 nm pump pulses utilized in this study, while the other
path produced a broad spectrum of probe light spanning from
520-800 nm (visible) and from 850-1300 nm (NIR).

Measurement of TRIR spectra

TRIR spectra were acquired using pump and probe beams generated
through nonlinear optical processes utilizing the 1030 nm funda-
mental output from a Ytterbium-based laser oscillator (Pharos, Light
Conversion). An optical parametric amplifier (OPA, Orpheus, Light
Conversion), in conjunction with difference frequency generation
(DFG, Lyra, Light Conversion), produced pump pulses with highly
tunable wavelengths across the UV-NIR spectrum (210-2660 nm,
~150 fs temporal FWHM, -5 nm bandwidth), operating at a base repe-
tition rate of 100 kHz. The laser output was pulse picked to 10 kHz and
a mechanical chopper (Thorlabs, MC1F60) was employed to reduce
the pump repetition rate to 5 kHz while maintaining a probe rate of
10 kHz. The pump beam traversed a mechanical delay stage (Newport
ESP300) to achieve optical delay times ranging from -50 to 900 ps and
was subsequently focused to attain an approximate spatial diameter of
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FWHM - 420 pm at the sample location. Linear polarization devices
were utilized to control the relative polarization between the pump
and probe beams at the magic angle. The mid-infrared probe spanning
wavelengths from 4000 to 13000 nm with a temporal FWHM of less
than 180 fs, was generated by an OPA and DFG system (ORPHEUS
TWINS, Light Conversion). Given that atmospheric moisture and par-
ticulate matter significantly absorb mid-infrared radiation, all compo-
nents of the probe pathway were enclosed under nitrogen within
sealed boxes and conduits. TRIR spectra were captured using a
polychromator-based IR spectrometer cooled with liquid nitrogen
during experiments (Horiba iHR320 integrated with an FPAS 128-
element MCT detector; Infrared Systems; spectral acquisition rate:
10 kHz; bandwidth: ~300 cm™!). The sample was affixed to an X-Z
translation stage controlled by two stepper motors for raster scanning
purposes.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available within the
article and its Supplementary Information/Source Data file. Source
data are provided with this paper.
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