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ABSTRACT
Controlling activelayer morphology during drying is pivotal for the simultaneous realization of high efficiency and durability
in Yseries organic solar cells (OSCs). Here, we uncover how the physical state of in situ removable (ISR) isomeric additives,
oDF (liquid), mDF (quasisolid), and pDF (solid), governs film formation, molecular ordering, and device stability in binary
OSCs. Among them, quasisolid mDF functions as a coldsublimating transient structuring agent: it widens earlystage solvent
removal window yet accelerates intermediate crystallization, tightens π–π stacking, enlarges coherence length, and programs
a favorable vertical phase separation, as resolved by in situ UV–vis, GIWAXS, and depthprofiled spectroscopy. mDF interacts
most strongly with L8-BO while fully evaporating from the film, minimizing nonradiative losses and avoiding the adverse impact
of residual additives on device stability. Consequently, PM6:L8BO devices reach 19.28% PCE with improved carrier mobility and
suppressed trapassisted recombination; applyingmDF to D18:L8BO yields 20.08%. Under 1sun illumination at 70 ◦C,mDF extends
operational stability to T80 = 477 h, outperforming oDF (58 h), pDF (279 h), and additivefree control (103 h). These results establish
physicalstateprogrammed ISR additives as a general route to cooptimize efficiency and stability in OSCs and provide mechanistic
guidance for scalable, residuefree morphology control.

1 Introduction

Organic solar cells (OSCs) integrate solution processability,
lightweight, semi-transparency, and mechanical flexibility, posi-
tioning them as a transformative technology for portable devices,
building-integrated photovoltaics, andwearable electronics [1–5].

Over the past decades, continuous advancements in active
layer materials, particularly the emergence of transformative Y-
series non-fullerene acceptors (NFAs), have propelled the power
conversion efficiency (PCE) of bulk-heterojunction (BHJ) OSCs
beyond the 20% benchmark in both single-junction and tan-
dem architectures [6–12]. These groundbreaking achievements
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firmly establish OSCs as a promising candidate for commer-
cialization, contingent upon overcoming challenges related to
long-term operational stability and scalable fabrication [13–16].
High-efficiency BHJ OSCs fundamentally rely on an optimized
interpenetrating donor-acceptor network that should simulta-
neously maximize donor/acceptor interfacial area for efficient
exciton dissociation while preserving continuous pathways for
efficient charge transport [17]. An optimal BHJ morphology,
characterized by well-controlled domain sizes, high crystallinity,
and uniform vertical phase distribution, is pivotal for achieving
exceptional device performance and ensuring long-term device
stability [18–21]. Various strategies have been devised to optimize
BHJ morphology, including thermal annealing, solvent vapor
annealing, and additive-assisted techniques [22–25]. Among
these, additive engineering has recently emerged as the most
prominent focus of research, recognized for its versatility and
exceptional effectiveness [26].

Additive engineering plays a crucial role in tailoring the
morphology of BHJ layers by modulating the phase separa-
tion dynamics and influencing the crystallization behavior of
donor and acceptor materials during spin-coating and/or post-
processing of the film [27–31]. Liquid additives (LAs), typically
high boiling point (bp.) solvents such as 1,8-diiodooctane (DIO)
[32] and 1-chloronaphthalene (CN) [33], have been extensively
utilized to regulate the drying kinetics of the BHJ solution. By
decelerating/regulating solvent evaporation, LAs facilitate the
formation of refined BHJmorphology, characterized by enhanced
molecular packing and greater domain purity, ultimately boosting
device performance [34]. However, these high b.p LAs require
additional vacuum extraction steps to be eliminated from the
active layers, which increases fabrication complexity and cost
for large-scale manufacturing. Moreover, these LA residuals
can induce photo-oxidative degradation of active layers under
light stress, compromising long-term device reliability [35]. In
response to these limitations, solid additives (SAs) have emerged
as a promising alternative [36, 37]. Representative small organic
molecules, such as diiodobenzene (DIB) [38–40], dithieno[3,2-
b:2′,3′-d]thiophene (DTT) [41], and 2-chloronaphthalene (2-CN)
[42], exhibit distinct advantages over LAs [43–45]. Unlike their
liquid counterparts, SAs can selectively interact with donor or
acceptor materials via noncovalent interactions, enabling precise
modulation of vertical component distribution and improved
film quality [46–49]. SAs can be categorized into volatile and
non-volatile types: volatile SAs can be removed completely out
of the active layer during processing, while non-volatile SAs
remain embedded in the film, causing the deterioration of
long-term performance [50]. Notably, volatile SAs have gained
significant attention due to their simple molecular structures,
wide commercial availability, and compatibility with large-scale
fabrication processes [51]. However, most SAs are removed via
high-temperature annealing (hot sublimation) to enable optimal
morphology [52, 53]. In situ removable (ISR) SAs address these
limitations by coldsublimating with the host solvent during film
drying, enabling residuefree morphology programming without
vacuum extraction or hot sublimation [10, 11]. Thus, no mass
transfer occurred during the subsequent thermal annealing pro-
cess, which can provide higher safety by preventing the spread
of SA in the environment and its inhalation by human beings.
Despite this promise, the role of the additive’s physical state (liq-
uid, quasisolid, solid) in dictating drying kinetics, crystallization

pathways, and longterm device stability remains insufficiently
resolved.

In this work, we introduce a physicalstateprogrammed ISR strat-
egy in PM6:L8BO based OSCs by utilizing three isomeric dibro-
modifluorobenzene additives, oDF (liquid), mDF (quasisolid),
and pDF (solid), to explore the influence of additives’ physical
states and thermal properties on the evaporation dynamics and
molecular interactions during film formation, thereby determin-
ing the morphology of the active layer and the overall device
performance. Through a complementary characterization combi-
nation of UV–vis absorption spectroscopy, X-ray diffraction, and
computational simulations, we clearly reveal the distinct effect of
these additives on the molecular packing, charge transport, and
film structure. Notably, quasi-solid mDF emerges as a transient
structuring agent that widens the early solventremoval window
yet accelerates intermediate crystallization, yielding tighter π–
π stacking, larger coherence length, and an optimized vertical
donor/acceptor distribution. Mechanistically, mDF exhibits the
strongest noncovalent interaction with L8BO while fully evapo-
rating from the film, thereby minimizing nonradiative losses. As
a result, PM6:L8-BO-based binary OSCs withmDF exhibit a PCE
of 19.28%, outperforming the control devices (17.72%), the oDF-
(17.28%), and pDF-processed devices (18.54%). Remarkably, when
applied to the D18:L8-BO system,mDF enables the binary devices
to surpass a PCE of 20%, highlighting its exceptional potential
for highly efficient devices. Additionally, mDF-treated devices
exhibit superior operational stability, maintaining a T80 value of
477 h (80% of the initial PCE) under equivalent 1 sun illumination
& 70◦C, significantly outperforming those with oDF (T80 = 58 h),
pDF (T80 = 279 h), and without any additive (T80 = 103 h).
These results establish physicalstateprogrammed ISR additives
as a residuefree route to cooptimize efficiency and durability in
OSCs.

2 Results and Discussion

Figure 1a presents the chemical structures of the oDF, mDF, and
pDF together with PM6 and L8-BO. The additives span distinct
physical states and thermal properties: oDF is a liquid (bp. 212◦C),
mDF is a quasi-solid (melting point, mp. 33◦C; bp. 203.1◦C),
and pDF is a solid (mp. 62◦C; bp. 209.2◦C). The differences
in phase and thermal behavior significantly influence the film
formation dynamics and molecular packing in active layers. In
addition, thermal gravimetric analysis (TGA) was performed
to investigate the evaporation behavior of mDF and pDF. As
illustrated in Figure S1, the thermal decomposition profiles reveal
early volatilization onsets (5% weight loss) at ∼65 ◦C for mDF
and ∼72 ◦C for pDF, with complete volatilization by ∼128 ◦C
(mDF) and∼109 ◦C (pDF), consistentwith facile cold sublimation
during drying. UV–vis absorption spectra provide an effective
method to characterize the aggregation evolution of PM6 and L8-
BO films. As shown in Figure S2, PM6 films exhibit onlymarginal
enhancement in their 0–0 peaks upon additive treatment. In
striking contrast, the three additives induce significantly more
substantial redshifts in L8-BO films, with the mDF-treated film
showing themost pronounced shift, as depicted in Figure 1b. This
sample also shows a suppression of the amorphous peak around
1.75 eV and the second-lowest allowed electronic transition near
2.0 eV.
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FIGURE 1 (a) Chemical structures of oDF, mDF, pDF, PM6, and L8-BO. (b) UV–vis absorption spectra (left); the variation of amorphous ratio
(χamA) and linewidth (σ) of the ordered A1 peak (right) of L8-BO films without or with additives. (c) FTIR spectra of three pure additives and PM6:L8-BO
blend films treated with different additives.

To elucidate the morphological evolution of L8-BO with different
additives, we further analyzed the absorption spectra using a
numerical model that assumes the spectra are composed of a
superposition of contributions from amorphous regions (A1, am),
ordered aggregates (A1, 0–0 transition), and the higher-energy
second-lowest allowed electronic transition (A2). Details of the
fitting procedure are described in Figure S3 and references [54–
59]. Each vibronic peak was modeled as a Gaussian function
defined by its linewidth (σ) and center energy. The fitting results
reveal a significant reduction in the amorphous fraction χamA
of L8-BO upon the addition of the quasi-solid additive mDF,
decreasing from0.52 in pristine L8-BO to 0.43.A similar reduction
in χamA is observed for the film processed with pDF; however,
the broader energy distribution of the A1 component indicates
stronger exciton coupling. In contrast, the linewidth of the
ordered A1 peak narrows from 84 meV in pristine L8-BO to
76 meV with mDF, indicating improved molecular ordering,
whereas oDF, as a high bp. liquid additive, but it exerts a relatively
minor influence on filmmorphology. These findings confirm that
the incorporation of quasi-solid additive, mDF, promotes more
ordered molecular packing and reduces exciton binding energy.

To gain an in-depth understanding of the intermolecular inter-
actions between L8-BO and various additives at the molecular
level, we performed density functional theory (DFT) at the
B3LYP-D3BJ/6-31G(d) level with the Gaussian 16 software pack-
age. For computational simplicity, alkyl chains were substituted
with methyl groups. The “interaction region indicator” (IRI)
analysis in Figure S4 reveals specific intermolecular interactions
between additives and L8-BO, including steric repulsion, van der
Waals forces, and hydrogen bonding. DFT calculations reveal

distinct binding energies (Eb) between L8-BO and the additives:
−15.42 kcalmol−1 (oDF),−16.87 kcalmol−1 (mDF), and−16.41 kcal
mol−1 (pDF), respectively. Notably, quasi-solid mDF exhibits
the strongest interaction with L8-BO, as evidenced by its most
negative Eb. These significantly enhanced intermolecular forces
between mDF and L8-BO suggest the exceptional capability
to tailor the vertical morphology of the active layer in OSCs.
Meanwhile, the evaporation behavior of the three additives
from the active layer was further investigated using Fourier-
transform infrared (FTIR) spectroscopy (Figure 1c). All tested
blend films were freshly prepared without any post-treatment.
All additives exhibit a characteristic transmission peak around
3085 cm−1, which is absent in the as-cast PM6:L8-BO active
layer. Similarly, no detectable characteristic peaks of oDF, mDF,
and pDF are observed in PM6:L8-BO films treated with either
additive, suggesting the three compounds belong to the ISR
additives.

The 2D grazing-incidence wide-angle X-ray scattering (GIWAXS)
patterns of neat PM6 and L8-BO films processed with or without
additives are shown in Figure S5, with the corresponding 1D cut-
line profiles presented in Figure S6 and detailed data summarized
in Table S1. The as-cast PM6 film exhibits a predominantly face-
on orientation, characterized by a (100) lamellar diffraction peak
at 0.28 Å−1 in the in-plane (IP) direction and a (010) π–π stacking
peak at 1.68 Å−1 in the out-of-plane (OOP) direction. Additive-
treated PM6 films retain this structural motif but exhibit slightly
reduced d-spacing and π–π stacking distances (denser packing),
as inferred from shifts in the (100) and (010) peaks. Notably,
the mDF-treated PM6 film demonstrates a refined molecular
structure, evidenced by the largest coherence length (CL) in the
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(010)π–π stacking peak. In contrast, the L8-BO films exhibitmore
substantial additive-induced structural modifications with the
incorporation of additives. Although all three additives produce
identical shifts in the (100) diffraction peak from 0.42 to 0.45
Å−1 in the IP direction, all contributing to tighter molecular
packing,mDF- and pDF-treated films display significantly larger
CLs (mDF: 73.05 Å; pDF: 83.49 Å) than oDF-treated films
(53.13 Å), reflecting the distinct influence of additive states on
molecular interactions. In the OOP direction, the quasi-solid
mDF-treated L8-BO film features a well-defined (010) peak at
1.80 Å−1, while the other two additive-treated films show an
identical peak at 1.75 Å−1. Additionally, the mDF-treated film
achieves the largest CL among all samples, underscoring its
superior structural refinement. All L8-BO films also exhibit (021)
lamellar peaks, though their intensity varies with additive type.
Compared to the as-cast film, the oDF-treated film shows a
weaker (021) signal, whereasmDF- and pDF-treated films exhibit
intensified lamellar features. Collectively, these results highlight
that additive processing enhances molecular packing and CL,
withmDF treatment yielding the most significant improvements
among the additives.

In situ UV–vis absorption spectroscopy was employed to investi-
gate the film drying mechanism. Figure 2a presents 2D contour
maps of the absorption spectra recorded during spin-coating. To
elucidate the impact of additives on film formation, we tracked
the temporal evolution of characteristic absorption peaks for PM6
(580 and 620 nm) and L8-BO (715 and 800 nm) (Figure 2b). The
results reveal four distinct stages occurring within 2 s. The first
three stages (gray, blue, pink) correspond to sequential solvent
removal, while the final stage (green) marks stabilization. In the
gray phase, a rapid intensity drop indicates chloroform (CF) evap-
oration as the system transitions from liquid to solid. The blue
phase, characterized by a slower decline, reflects film thinning
due to centrifugation. The pink phase is mainly dominated by L8-
BO aggregation. Additive incorporation significantly slows film
formation, promoting the development of high-crystallinity pure
domains and enhancing charge transport. All additives prolong
solvent evaporation and film thinning stageswhile shortening the
aggregation time, with the effect being most pronounced for the
quasi-solid mDF and solid pDF. In contrast, the liquid additive
oDF extends the aggregation time, as evidenced by a slight
increase in peak intensity at 800 nm during the final stage, likely
due to delayed oDFevaporation. Figure 2c further illustrates time-
dependent shifts in the L8-BO peak position, revealing distinct
additive-mediated crystallization kinetics. Without additives, the
peak shifts steadily and stabilizes early. In contrast, additives
prolong the early stage (blue), allowing greater peak shifts and
enhancingmolecular ordering. Notably,mDF and pDF accelerate
the intermediate stage (pink), whereas oDF extends it. Among
them,mDF facilitates the fastest andmost efficient film stabiliza-
tion, as evidenced by a sharp peak shift during the intermediate
stage and rapid stabilization in the final stage.

Next, conventional OSCs with a configuration of indium tin
oxide (ITO)/PEDOT:PSS/active layer/PDINN/Ag architecture
were fabricated to assess the impact of additives on photovoltaic
performance. PEDOT:PSS serves as a hole transport layer (HTL),
while PDINN functions as a small-molecule electron transport
layer (ETL). Figure 3a presents the current-voltage (J–V) curves
of OSCsmeasured under simulated AM 1.5G irradiation (100mW

cm−2), with the corresponding photovoltaic parameters summa-
rized in Table 1. The control device (without additives) achieves a
PCE of 17.72%with an open-circuit voltage (VOC) of 0.889 V, short-
circuit current density (JSC) of 25.63 mA cm−2, and a fill factor
(FF) of 77.81%. The incorporation of quasi-solid mDF and solid
pDF enhances both JSC and FF, albeit with a slight reduction in
VOC, while the pDF-treated device achieves an improved PCE of
18.54%, with corresponding values of 0.883 V, 26.91 mA cm−2, and
78.04%. Notably, the mDF-treated device attains a superior PCE
of 19.28%, featuring a VOC of 0.885 V, a JSC of 27.01 mA cm−2,
and an FF of 80.66%. In contrast, oDF treatment results in an
inferior PCE of 17.28%, attributed to a reduced VOC of 0.867 V,
JSC of 25.51 mA cm−2, and an FF of 78.37%. Figure 3b displays the
external quantum efficiency (EQE) spectra of the corresponding
devices, revealing a broad and robust photon response across
400–900 nm. The redshifted EQE profiles observed inmDF- and
pDF-treated devices correlate well with their absorption spectra,
contributing to enhanced JSC. Integrating the EQE spectra yields
JSC values of 24.30, 24.27, 25.57, and 25.46 mA cm−2 for the as-
cast, oDF-, mDF-, and pDF-treated devices, respectively, closely
matching those derived from J–V measurements, indicating
excellent consistency.

To gain further insight into charge transport properties, pho-
toinduced charge-carrier extraction by linearly increasing voltage
(photo-CELIV) was employed to evaluate themobilities of charge
carriers (Figure 3c). The calculated mobilities are 2.13 × 10−4,
2.02 × 10−4, 3.05 × 10−4, and 2.63 × 10−4 cm2 V−1 s−1 for
the as-cast, oDF-, mDF-, and pDF-treated devices, respectively,
indicating that mDF treatment facilitates more efficient charge
transport. Furthermore, charge recombination dynamics were
evaluated by analyzing the dependencies of Jsc and Voc on
light intensity (I), using the expressions 𝑉𝑜𝑐 ∝ 𝑛𝐾𝑇𝑞−1ln(𝑃𝑙𝑖𝑔ℎ𝑡)

and Jsc∝PlightS, respectively [57]. As shown in Figure S7a, the
nearly identical slope values for all devices suggest the additives
exert a negligible influence on charge dissociation. However,
devices show distinct extracted n values, being 1.16, 1.23, 1.03,
and 1.07 kT/q for the as-cast, oDF-, mDF-, and pDF-treated
devices, respectively. Notably, the lowest n value achieved with
mDF demonstrates its superior ability to suppress trap-assisted
recombination (Figure S7b). A comprehensive recombination
analysis was conducted by examining charge carrier lifetime
and density. Figure 3d illustrates transient photovoltage (TPV)
measurements, while Figure 3e displays charge extraction (CE)
results. The recombination exponent (λ) was determined utilizing
the equation τ= τ0(n0/n) λ, where τ and n represent charge carrier
lifetime and density, respectively, and τ0 and n0 are constants.
The recombination order (R) is given by R = λ + 1, where
R= 2 denotes ideal bimolecular recombination, and higher values
suggest trap-assisted recombination. The R values, derived from
integrated TPV and CE measurements (Figure 3f), are 2.32, 2.19,
2.03, and 2.07 for the as-cast, oDF-, mDF-, and pDF-treated
devices, respectively, indicating that the mDF-treated device
yields the lowest trap density. These findings are consistent with
light-intensity-dependent measurements.

Compared to the additive-free device, it is noted that those treated
with the three additives exhibit notable differences in VOC. As
commonly observed with high bp. Additives (e.g., DIO, CN), the
oDF-treated device shows a significantly lower VOC, whereas the
mDF- and pDF-treated devicesmaintain values comparable to the
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FIGURE 2 (a) 2D contourmaps of in situ UV–vis absorption spectra during spin-coating for PM6:L8-BO blend films treated at different conditions.
(b) Time-dependent peak intensity at 580 nm (PM6 0–0), 620 nm (PM6 0–1), 715 nm (L8-BO 0–0), and 800 nm (L8-BO 0–1). (c) L8-BO peak position
shifts over time in the in situ spectra.

control. To elucidate the underlying mechanism, we conducted
a quantitative analysis of energy loss (Eloss), which comprises
three components: ΔE1 and ΔE2 associated with radiative recom-
bination losses above and below the bandgap, respectively, and
ΔE3, the non-radiative recombination loss (Eloss,nr). Table 2 and
Figure 3h summarize the detailed Eloss parameters. As shown in
Figure S8, the bandgaps of the as-cast, oDF-, mDF-, and pDF-
treated devices are 1.462, 1.462, 1.450, and 1.451 eV, respectively.
Notably, ΔE1 and ΔE2 remain similar across all samples, indicat-
ing that radiative losses do not drive the observed differences.
However, ΔE3 varies significantly: 0.229 eV (w/o), 0.294 eV (oDF),
0.231 eV (mDF), and 0.237 eV (pDF), revealing that the higher
Eloss in the oDF-processed device stems from Eloss,nr. According to
the reciprocity principle, ΔE3 is inversely correlated with the elec-
troluminescence quantum efficiency (EQEEL), following Δ𝐸3 =

𝐸𝑙𝑜𝑠𝑠,𝑛𝑟 = − 𝑘𝑇

𝑞
lnEQEEL). A higher EQEEL corresponds to a lower

ΔE3. As shown in Table 2 and Figure 3g, the EQEEL of the oDF-
based device is significantly reduced by an order of magnitude
compared to the control device. In contrast, both the mDF-
and pDF-treated devices maintain EQEEL values comparable to
the control, with the quasi-solid mDF exhibiting particularly
well-preserved luminescence efficiency.

We further validated the effectiveness of mDF by incorporating
it into D18:L8-BO-based OSC devices. As shown in Figure 3i,
a champion device achieves a PCE of 20.08%, along with a
VOC of 0.908 V, a JSC of 27.09 mA cm−2, and an FF of 81.63%,
demonstrating the exceptional capability for highly efficient
OSCs. Additionally, the EQE spectra (Figure S9) demonstrated
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FIGURE 3 (a) J–V characteristics of the optimal PM6:L8-BO based OSCs. (b) EQE spectra of the corresponding OSCs. (c) Photo-CELIV curves of
the corresponding devices. (d) TPV measurements of the charge carrier lifetime over light intensity. (e) CE measurements of the charge carrier density
over VOC. The corresponding lines in (f) are linear fits of the measured data points, with the recombination orders R indicated in the graph. (g) EQEEL
plots of the devices under different current density. (h) Detailed Eloss values from radiative and non-radiative recombination. (i) J–V characteristics of
the optimal binary OSCs based onmDF-treated D18:L8-BO active layer.

TABLE 1 Detailed device parameters of PM6:L8-BO-based OSCs and average values with standard deviation obtained from 10 devices.

Additive VOC (V) JSC (mA cm−2) FF (%) PCE (%)

w/o 0.889 (0.887±0.001) 25.63 (25.74±0.11) 77.81 (77.03±0.45) 17.72 (17.68±0.08)
oDFa) 0.867 (0.864±0.002) 25.69 (25.67±0.13) 77.59 (76.92±0.57) 17.28 (17.16±0.15)
mDFa) 0.885 (0.884±0.001) 27.01 (26.76±0.16) 80.66 (79.90±0.42) 19.28 (18.99±0.16)
pDFa) 0.883 (0.882±0.001) 26.91 (26.33±0.32) 78.04 (78.54±0.43) 18.54 (18.28±0.17)

a)50% of the total mass of PM6 and L8-BO.

TABLE 2 Eloss data of the control, oDF,mDF, and pDF-processed devices.

PM6:L8-BO Eg (eV) 𝑽
𝑺𝑸

𝑶𝑪
(eV) 𝑽𝒓𝒂𝒅

𝑶𝑪
(eV) 𝑽𝒄𝒂𝒍

𝑶𝑪
(eV) ΔE1 (eV) ΔE2 (eV) ΔE3 (eV)

w/o 1.462 1.196 1.141 0.912 0.265 0.056 0.229
oDF 1.462 1.196 1.139 0.846 0.265 0.057 0.294
mDF 1.450 1.185 1.124 0.893 0.265 0.061 0.231
pDF 1.451 1.187 1.124 0.887 0.264 0.063 0.237
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FIGURE 4 (a) 2D color plot of TAS of PM6:L8-BO blend films. (b) TAS spectra of the films at different time delays. (c) TAS kinetic traces at 800 nm,
corresponding to the GSB of L8-BO. (d) TAS kinetic trace at 605 nm, corresponding to the GSB of PM6. (e) TAS kinetic lifetime summary. (f) TRPL of
the PM6:L8-BO blend films, excited at 783.3 nm and detected at 837.7 nm.

a broad and efficient photon response spanning 400–900 nm,
yielding an integrated JSC of 25.78 mA⋅cm−2.

Transient absorption spectroscopy (TAS) and time-resolved pho-
toluminescence (TRPL) were employed to probe the photophysi-
cal dynamics of the active layer, offering key insights into charge
carrier behavior. TAS measurements tracked charge generation,
separation, and recombination, with pristine PM6 and L8-BO
films excited at 575 and 770 nm, respectively (Figures S10 and
S11). Ground state bleach (GSB) signals were observed in the 550–
700 nm range for PM6 and 600–875 nm for L8-BO, leading to the
selection of 770 nm excitation in blend films to specifically probe
hole-generation and transfer. Figure 4a,b presents 2D TAS images
and spectra of PM6:L8-BO blends treated at different conditions
at various decay times. Upon excitation of the L8-BO, PM6 GSB
signals appeared almost instantaneously, indicating ultrafast hole
transfer. The decay kinetics at 800 nm (GSB of L8-BO, Figure 4c)
and 605 nm (GSB of PM6, Figure 4d) further confirm this
process with high temporal resolution. Kinetic analyses reveal
the sequential dynamics of exciton generation, dissociation into
free carriers (polarons), and subsequent recombination, with
detailed parameters summarized in Figure 4e and Table S2.
The presence of additives significantly modifies L8-BO exciton
behavior, prolonging exciton lifetimes in all treated films, with
the most pronounced effect observed for mDF. Specifically, the
mDF-treated blend exhibits the longest exciton lifetime (τ =
19.87 ps), indicating effective suppression of recombination. A
comparative analysis of polaron kinetics (Figure 4d) further
reveals that hole transfer reaches saturation fastest in the mDF-
treated film, highlighting its superior charge-transfer efficiency.

This enhancement directly correlates with the highest JSC and FF
observed inmDF-treated devices.Moreover, TRPLmeasurements
and corresponding fits (Table S3) confirm thatmDF facilitates the
most efficient exciton splitting, effectively reducing voltage losses.
Collectively, these findings underscore the pivotal role ofmDF in
optimizing charge dynamics and improving PM6:L8-BO device
performance.

To further elucidate the impact of additives on device perfor-
mance, we investigated the microstructure evolution of active
layers utilizing atomic force microscopy (AFM) [60]. As illus-
trated in the height images (Figure 5a), the w/o, oDF-, and
pDF-treated films exhibit similarly smooth surfaces with root-
mean-square (RMS) roughness values of 1.13, 1.10, and 1.14 nm,
respectively, whereas the mDF-treated film shows an increased
roughness of 1.24 nm. A rougher surface enhances interfacial
contact with the top ETL, potentially facilitating more efficient
charge extraction. AFM phase images (Figure S12) further reveal
a fibrillar network structure across all blends, with the mDF-
treated filmdisplaying amore defined fibril texture, characterized
by thinner, sparsely distributed fibrils.

GIWAXS analysis probed the crystalline packing of the active
layers. The 2D patterns (Figure S13) and corresponding in-plane
IP andOOP line profiles (Figure 5b) reveal key structural features,
with quantitative parameters summarized in Table S4. Across
all blend films, PM6 and L8-BO retain the strong crystalline
characteristics of their neat films, exhibiting a dominant face-on
orientation. The (100) peaks in the IP direction appear at 0.30 Å−1

for all blends, corresponding to an identical d-spacing of 20.95 Å.
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FIGURE 5 (a) AFM height images, (b) 1D GIWAXS cutline profiles of the optimized blend films. (c) Film-depth composition distribution from
depth-dependent absorption spectra.

FIGURE 6 Dynamic MPP tracking for the optimal OSCs under 70◦C heating and light.

However, the CLs differ markedly. ThemDF-treated film exhibits
the largest CL (58.44Å), derived from the narrowest FWHM, indi-
cating the highest degree of crystalline order. The additive-free
film shows the shortest CL (41.74 Å), whereas the oDF- and pDF-
treated films display intermediate CLs (both 53.13 Å), reflecting a
moderate improvement in crystallinity relative to the control but
still below that of the mDF sample. In the OOP direction, mDF
incorporation also optimizes π–π stacking, reducing the stacking
distance to 3.59 Å and yielding the longest CL (17.71 Å). By
contrast, the additive-free film shows the largestπ–π spacing (3.63
Å) and the shortest CL (14.25 Å), while the oDF- and pDF-treated
films give slightly reduced π–π distances (3.61 Å) and increased
CLs (16.70 and 17.19 Å), again lying between the control andmDF-
treated films. These results indicate that the quasi-solid additive
mDF significantly enhances molecular ordering by reducing π–π
stacking distance and increasing crystallite size. Such structural
optimizations are key to improving charge transport and overall
device performance.

Film-depth-dependent light absorption spectroscopy (FLAS,
Figure S14) was employed to further elucidate the impact of
various additives on the vertical phase separation morphology of
the active layer [61–64]. As shown in Figure 5c, the composition

profiles reveal that the addition of quasi-solid mDF and solid
pDF induces a more favorable vertical phase distribution than
oDF, promoting PM6 enrichment near the bottom of the active
layer and L8-BO accumulation toward the top, thereby facilitating
more efficient charge extraction and transport. In addition,mDF-
and pDF-treated blends exhibit flatter composition ratio curves,
suggesting improved miscibility between PM6 and L8-BO.

Long-term stability is a critical determinant of the practical
viability of OSCs. As illustrated in Figure 6, the stability of
PM6:L8-BO devices was assessed under dynamic maximum
power point (MPP) tracking at 70◦C and one-sun equiva-
lent illumination. After 1000 h of continuous tracking, the
impact of additives became evident. Compared with additive-
free devices (T80 = 103 h), those treated with mDF and pDF
exhibited significantly enhanced stability, with T80 values of
477 and 279 h, respectively. In contrast, liquid oDF-treated
devices showed a markedly reduced T80 of 58 h. The stability
ranking correlates with physical state and the structural metrics
above: mDF tightens π–π stacking, increases coherence length,
and avoids residualadditive penalties, collectively suppressing
nonradiative loss pathways and morphological drift during
stress.
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3 Conclusion

We systematically elucidate how the physical state of three iso-
meric, in situ-removable, cold-sublimating additives (oDF, mDF,
and pDF) dictates film formation,molecular ordering, and charge
transport in PM6:L8-BO binary OSCs. Among them, the quasi-
solid mDF functions as a cold-sublimating transient structural
agent during drying, enhancing molecular packing, shorten-
ing the π–π stacking distance, and increasing carrier mobility.
Consequently, quasi-solidmDF-treated PM6:L8-BO binary OSCs
achieve a PCE of 19.28%, surpassing the control (17.72%) and
devices treated with oDF (17.28%) or pDF (18.54%). When applied
to D18:L8-BO systems, quasi-solid mDF further enables a PCE
exceeding 20%. Comprehensive spectroscopy and computational
analyses confirm that mDF effectively modulates vertical phase
separation, prolongs exciton lifetimes, and suppresses recom-
bination losses. Moreover, mDF significantly enhances device
stability, achieving a T80 of 477 h under operational conditions,
far outperforming oDF (58 h) and pDF (279 h). These findings
underscore the potential of quasi-solid additives in optimizing
OSC morphology and performance. By providing new insights
into additive engineering, this study offers valuable strategies for
advancing the efficiency and long-term stability of OSCs, paving
the way for their commercialization.
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