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Sustainable eco-friendly printing of
high-performance large-area organic
photovoltaics via enhanced Laplace
pressure gradient

Siqi Liu1,8, Hanlin Wang2,8, Yongting Cui2, Shumin Zeng2, Chunlong Sun3,
Haojie Li2, Hongxiang Li4, Long Ye 3, Hao Yuan5, Haiming Zhu 6, Jinyang Yu7,
Hongzheng Chen 7, Xiaotian Hu 2,5 & Yiwang Chen 1,2,5

The coffee-ring effect during the green-printed process remains a significant
bottleneck hindering the scalable fabrication and practical deployment of
organic photovoltaics. Here, a fluorinated rheology modifier 1H,1H,10H,10H-
Perfluoro-1,10-decanediol is brought to fine-tune the rheological properties of
the active layer solution and the shape of the printed gas/liquid confined zone.
The Laplace pressure gradient generated by the rheology modifier along
printing direction effectively suppresses the coffee-ring effect. This results in
enabling the formation of highly uniform large-area active layer films. The gas/
liquid confined zone is qualitatively and quantitatively analyzed to understand
the function of the Laplace pressure gradient. Meanwhile, the clear fiber net-
work active layer morphology with high crystallinity and moderate phase
separation is obtained through the rheology modifier modulation of printing
fluid dynamics. Therefore, based on PM6:BTP-eC9:L8-BO (o-xylene), small-
area (0.04 cm²) devices achieve apower conversion efficiency of 20.49%.More
importantly, scalable module (16.94 cm²) harvests a high efficiency of 17.85%
with a nice efficiency retention rate of 87.1%. This study broadens the pro-
cessing window and the range of potential applications for high-throughput
green printing of large-area organic photovoltaics.

Organic solar cells (OSCs) hold unique promise for applications in self-
powered wearable electronics and building-integrated photovoltaics,
owing to their lightweight, compatibility with roll-to-roll manufactur-
ing processes, and ease of integration1–7. Currently, following the

accelerated advancement of Y-seriesmolecules anddevice techniques,
the power conversion efficiency (PCE) of small-area chloroform-based
OSCs has surpassed 20%, which is acceptable to meet the require-
ments for commercialization4,8–12. However, when scaling up frommm-
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sized laboratory devices to cm-sized modules, the macroscopic uni-
formity of printed large-area active layer films significantly deterio-
rates, and precise control over the microstructure becomes
increasingly challenging13–16. Then, the performance of most modules
always lags observably behind that of small-area devices13,17,18. Thus,
bridging the performance gap that arises as organic photovoltaic
devices scale up is a crucial challenge for their industrial advancement.

To facilitate the commercialization of organic photovoltaics,
environmentally friendly green solvent printing treatment processes
have been developed17,19. By contrast to halogenated solvents such as
chlorobenzene and chloroform, most green solvents such as toluene
and o-xylene (o-XY) usually have higher boiling points and poorer
solubility of organic photovoltaic materials15,20–23. Therefore, the fluid
behavior and the self-aggregation of donor/acceptor are usually dis-
ordered for green solvent-treated active layer solution during the
printing process19,22,23. This hinders the realization of high-perfor-
mance, uniform active layer films and devices. High-temperature
treatment processes19,21,23, such as hot solution and hot substrate
methods, along with vacuum-assisted thermal annealing24 or assisted
electricfield techniques25, have been successfully employed to achieve
the active layer films with desirable nanomorphology. These methods
facilitate moderate phase aggregation, controlled phase separation
and high phase purity, essential for enhancing the performance of the
films and devices. However, the research on microscopic modulation
of fluid motion to reduce the performance gap between small and
scaled devices is still relatively limited.

To achieve highly uniform thin films, the fluid dynamics during
the printing process should be finely engineered and controlled to
enable high-throughput production of large-area films. The blade-
coating process, which is widely used in the field of organic photo-
voltaic, has the advantages of good device reproducibility and high
film homogeneity17,26–28. And it applies a unidirectional shearing force
to spread the solution into a homogeneous wet film through the
relative motion of the fixed gap between the blade and the substrate,
followed by solvent evaporation to form the final dry film28,29.
Accordingly, the fluid dynamics during the printing process play a
crucial role in the formation of the films. And importantly, the rheo-
logical properties of the solution, including viscosity and surface ten-
sion, significantly influence the phase separation and crystallization
behavior of the final active layer film14,29–31. During the blade-coating
process, the evaporation rate of the solvent at the edge of the three-
phase contact line is higher than that in the bulk solution, inducing a
capillary force-driven compensatory flow towards the edge32,33. This
capillary flow leads to solute deposition and pinning at the periphery,
resulting in an uneven film at nano/micro scales with significant
aggregation, a phenomenon known as the coffee ring effect (CRE)34. In
this instance, larger polymer molecules are driven inward by the
internal forces at the wedge-shaped edge of the three-phase contact
line, leading to their preferential distribution in the interior. In con-
trast, smaller molecules tend to accumulate at the edge of three-phase
contact line on account of capillary flow35. To enhance the uniformity
and get controlled thickness of the printed films, Marangoni flow and
Laplace pressure gradient, which is related to surface tension, are
often established to homogenize solute deposition32,36–38.

The introduction of rheological modifiers, such as cosolvent or
surfactants, canestablish inwardMarangoniflows to suppress capillary
force-induced CRE, which indirectly achieve more even solute
deposition28,39. Similarly, Laplace pressure gradient within solution
that arises from surface tension at the curved interface is influenced by
the addition of rheology modifiers. Unlike Marangoni flows, which
regulate capillary flows, a moderately increased Laplace pressure
gradient directly opposes themovement and deposition of particles at
the edges from the force perspective38,40,41. This modulation directly
promotes the even distribution of solutes during printing37,39. More
concretely, the regulation of the Laplace pressure gradient within the

gas/liquid confined zone is beneficial to promote uniform spreading
over a larger area and eliminate the effect of surface defects in the
interfacial layer. In addition, optimization the Laplace pressure gra-
dient at the three-phase contact line can control the rate of solvent
evaporation during printing, which is conducive to reducing the film
defects such as pinholes and excessive solute aggregation caused by
rapid local evaporation38,40,42,43. Therefore, high-quality large-area
active layer films can be obtained by carefully modulating Laplace
pressure gradient within solution through the use of suitable rheology
modifiers.

Common rheology modifiers, predominantly surfactants, could
modulate the curvature of gas/liquid confined interface by reducing
solution surface tension and regulating viscosity during printing44–46.
Classified by ionization behavior, these include ionic, non-ionic, and
amphoteric ionic types (Supplementary Fig. 1 and Supplementary
Table 1). To regulate thewet film spreading rheological behavior of the
active layer solution during blade-coating, an effectivemodifier should
have a lower surface tension than the processing solvent46,47. More-
over, to enable precise characterization of rheological mechanisms,
the dried film must be devoid of residual rheology modifiers or asso-
ciated ions while preserving the active layer’s internal morphology
from being destroyed48. Accordingly, ionic or amphoteric rheology
modifiers are not selected. Also, polymericmodifiers are unsuitable, as
their large size hinders diffusion and complicates their complete
removal49. Consequently, low-surface-tension, non-ionic, small-
molecule rheology modifiers are selected for modulating the
active layer solution. Furthermore, general requirements for the
rheology modifiers also should be fulfilled, such as the stability and
safety of the material itself in the process environment.

In this work, we incorporate a non-ionic fluorinated small-
molecule rheology modifier, 1H,1H,10H,10H-Perfluoro-1,10-decane-
diol (FDDO), into the active layer solution to enable the printing of
high-quality large-area films. The FDDOmeeting selection principle of
rheology modifier can significantly enhance the rheological behavior
of the gas/liquid confined zone especially at three-phase contact lines,
improving the wettability, the interfacial curvature and the solvent
evaporation rate during the blade-coating process. The addition of
FDDO in the solution enhances the Laplace pressuregradient along the
printing direction. The enhanced Laplace pressure gradient counter-
acts the capillary force, reducing the movement of small molecules
toward the three-phase contact line. Thus, the CRE caused by edge
capillary flow is suppressed. Meanwhile, due to changes in wetting
property and contact angle at the three-phase contact line, the
increase in vertical component force is conducive to the crystallization
of polymers. The disordered aggregation and distribution of internal
molecules are mitigated, thereby eliminating inhomogeneity in the
active layer film during area expansion. Consequently, the PM6:BTP-
eC9 binary system optimized by FDDO exhibits a high module PCE of
16.55% and a good PCE retention rate of 88.7% as the active area scaled
up from 0.04 cm2 to 16.94 cm2. Besides, the photostability and damp-
heat stability of the devices are significantly improved. Furthermore,
FDDO exhibits broad compatibility with diverse active layer solutions
due to its inertness toward photovoltaic materials in the active layer
and complete ethanol elution. ThePM6:BTP-eC9:L8-BO ternary system
is successfully utilized for the universal validation. The advanced PCE
and the corresponding PCE retention for the modules are 17.85% and
87.1%, respectively. In summary, this strategy is applicable to the
scalable printing of organic photovoltaics.

Results
The chemical structures of the non-halogenated solvent (o-XY), the
rheology modifier (FDDO) and the organic photovoltaic materials
(PM650, BTP-eC951 and L8-BO52) are shown in Fig. 1a. The non-ionic
small molecule rheology modifier FDDO has a lower surface tension
(18.9mNm−1) than the processing solvent o-XY (28.7 mNm−1). And the
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thermal decomposition temperature of FDDO is 130 °C at 5% degra-
dation, ensuring stable operation at high printing temperature
(approaching 100 °C), as displayed in Supplementary Fig. 2. Also, the
ethanol solubility of FDDO is up to about 3 g/ml, which facilitates
subsequent alcohol elution for removing operations (Supplementary
Fig. 3). Thus, FDDO exhibits a combination of good rheological prop-
erties, nice thermal stability at experimental temperatures, and facile
removal characteristics, which match the printing of the active layer.
More significantly, a comprehensive description of the advantages of
FDDOamong various rheologymodifiers based on rheologymodifiers’
selection principle and deeper device tests is provided in Supple-
mentary Note Ⅰ. The diagram of the device structure (ITO/PEDOT:PSS/
Active layer/PDINN/Ag) employed in this study is illustrated in Fig. 1b,
with an emphasis on themodulation of the printed gas/liquid confined
zone especially at three-phase contact lines. Herein, bringing in FDDO
primarily homogenizes the distribution of donor/acceptor through
fluidic fine-tuning during blade-coating process, thereby preventing
inhomogeneous deposition in large-area (25 cm2) active layer films.
And the films, both un- and FDDO-optimized, are prepared by using

hot blade-coating process. The corresponding digital images are
shown in Supplementary Fig. 4. The un-optimized active layer film
displays pronounced vertical striations and numerous, albeit lighter,
horizontal striations. These features primarily arise from the CRE and
stick-slip phenomena, induced by disordered fluid dynamics during
the thermal printing process. Themovement of small molecules in the
solution toward the three-phase line due to capillary flow is the main
cause of the CRE. In contrast, the optimized film exhibits a continuous,
defect-free homogeneous morphology. Afterwards, to further illus-
trate the positive impact of the rheological regulation strategy onhigh-
quality large-area film formation, the thickness distribution and optical
microscopy (OM) images and surface profile lines of the correspond-
ing films are presented in Fig. 1c and Supplementary Fig. 5. The
thickness of the o-XY-based active layer film varies from 128nm to
86 nm along the blade-coating direction, with a difference of 42 nm.
Conversely, the o-XY:FDDO-based film displays a more uniform
thickness variation, ranging from 117 nm to 103 nm, with a difference
of only 14 nm. Additionally, optical microscopy images of the opti-
mized active layer films exhibit a more uniform morphology with the
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Fig. 1 | Materials, photoelectric properties of green-printed devices. aChemical
structures of PM6, BTP-eC9, L8-BO, FDDO and o-XY. b Schematic illustration of the
devices structure. cThickness distributionof large-area (5 cm× 5 cm)printedactive
layer films based on PM6:BTP-eC9 without and with FDDO, where the blade moves
from length 0 cm to length 5 cm. d J–V characteristics of OSCs based on PM6:BTP-
eC9 binary system without/with FDDO. e PCE versus area of the OSCs based on

PM6:BTP-eC9 binary system without/with FDDO. f J–V characteristics of OSCs
based on PM6:BTP-eC9:L8-BO ternary system without/with FDDO. g PCE versus
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h Summary of PCE versus area of the active layer for the green-printed OSCs in
other literature and in the present work. Source data are provided as a Source
Data file.
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slighter coffee ring effect pattern, compared to the control samples
(Supplementary Fig. 5a). More deeply, the surface profile scanning of
the OM images is carried out to quantitatively evaluate morphological
homogeneity (Supplementary Fig. 5b). The dark and bright areas in the
OM images represent high and low thickness states of films, respec-
tively. The FDDO-optimized film exhibits smoother profilefluctuations
(~4 nm) compared to the control (~11 nm) film, consistent with the
results of the OM images. Besides, to further display themanifestation
of CRE on film-forming homogeneity, three-dimensional (3D) micro-
scopy images of the active layer filmswithout/with FDDOoptimization
are recorded, and the extracted two-dimensional (2D) images and one-
dimensional (1D) profile lines are analyzed (Supplementary Fig. 6). The
optimized samples exhibited a smoother, streak-free uniform mor-
phology than the control samples, verifying the results of the OM test
(Supplementary Fig. 6a). Meanwhile, the fluctuation of the 2D image
and 1D contour lines of FDDO-optimized sample is smaller than the
control sample both in the horizontal and vertical directions, revealing
the inhibition effect of FDDOonCRE (Supplementary Fig. 6b–g). Based
on above results, FDDO can significantly enhance the macroscopic
uniformity of large-area active layer films during printing, mitigating
morphological discrepancies as the film area increases.

To investigate the relationship between morphological variations
and device performance across different film areas, the devices and
modules based on PM6:BTP-eC9 binary system with varying active
areas are fabricated, as shown in Fig. 1d, e. And the corresponding
photograph of the scalable large-area devices and modules is dis-
played in Supplementary Figs. 7 and 8. First, Supplementary Figs. 9–13
and Supplementary Tables 2–6 present the photovoltaic performance
of small-area (0.04 cm²) OSCs based on the PM6:BTP-eC9 system
fabricated by using the green blade-printing process. During these
series of blade-coating parameters exploration experiments of OSCs,
the optimal content of FDDO is first established as 3wt% (optimal
weight percentage according to photovoltaic materials). Afterwards,
to obtain better photovoltaic performance, various blade-coating
parameters are systematically investigated based on the active layer
solution with FDDO (3wt%). Among them, the optimal substrate
temperature, blade speed and blade-substrate angle are established to
be 95 °C, 45mms−1 and 25°, respectively. And the detailed and sys-
tematic description of exploration processes of blade-coated printing
process parameters for PM6:BTP-eC9-based devices is provided in
SupplementaryNote II. Ultimately, the devicewithout FDDO treatment
exhibits a PCE of 17.84%, with a short-circuit current density (JSC) of
26.78mA/cm², anopen-circuit voltage (VOC) of 0.854 V, and a fill factor
(FF) of 78.1%. Comparatively, the performance of OSCs optimized with
FDDO (3wt%) is significantly enhanced, achieving ahighPCEof 18.66%,
a JSC of 27.53mA/cm2, and an FF of 79.4%. Additionally, the external
quantum efficiency (EQE) response is enhanced in both the PM6 (350-
500 nm) and BTP-eC9 (830-900 nm) absorption regions for the FDDO-
optimized devices, consistent with the J-V characteristics.

While the improvement in the performance of small-area OSCs is
favorable, it is even more crucial to minimize performance gap when
expanding the device area. Figure 1d, e and Supplementary Figs. 14, 15
demonstrate the J–V curves and the corresponding retention rates of
PCE of the scalable OSCs (active areas of 1, 1.44, 3, 4 and 16.94 cm2,

respectively) based on PM6:BTP-eC9 system. And the corresponding
photovoltaic parameters of the modules are summarized in Table 1
and Supplementary Table 7, 8. In PM6:BTP-eC9 system, the optimal
module (16.94 cm2) exhibits higher performance with a PCE of 16.55%,
a JSC of 3.739mA/cm2, a VOC of 5.796 V and an FF of 76.4% than the
control sample with a PCE of 13.49%, a JSC of 3.343mA/cm2, a VOC of
5.709V and an FF of 70.7% (Fig. 1d). More deeply, upon increasing the
active area of devices from 0.04 cm2 to 16.94 cm2, the PCE of the
control samples decrease from 17.84% to 13.49%, corresponding to a
PCE retention of 75.6%. And the FDDO-optimized OSCs exhibit a PCE
reduction from 18.66% (0.04 cm2) to 16.55% (25 cm2), achieving an
advanced PCE retentionof 88.7% (Fig. 1e, Supplementary Table 7-8 and
Table 1). Besides, as device area scales continuously, the degradation
of the photoelectric performance of the devices slows down after
FDDO optimization (Supplementary Fig. 15). The good module per-
formance is attributed to the low JSC loss and FF loss, primarily due to
the effective control of the active layer film morphology upon area
expanding.

To elucidate the advantages of FDDO rheology modifier, two
alternativemodifiers Carvone and Dimethylsiloxane are systematically
evaluated. These modifiers meeting the rheology modifier selection
principle, and the corresponding devices are fabricated under differ-
ent active areas (0.04 cm² and 1 cm²) (Supplementary Figs. 16, 17 and
Supplementary Tables 9 and 10). The corresponding PCE retention
rates are calculated and summarized in Supplementary Fig. 18. In
small-area (0.04 cm2) devices, the performance of the Carvone-based
devices (PCE of 15.88%, a JSC of 25.82mA/cm2 and an FF of 73.5%)
lagged behind the control devices (PCE of 17.84%, a JSC of 26.78mA/
cm2 and an FF of 78.1%), potentially resulting from the lower flash point
characteristic mismatching the high-temperature blade-coating pro-
cess (Supplementary Fig. 16). Whereas, the Dimethylsiloxane-based
devices have exceedingly poor performance than the control devices.
The challenging removal of Dimethylsiloxane compromises film mor-
phology and device performance, as evidenced by the observed Ag
surface roughness (Supplementary Fig. 17). More significantly, the
large-area (1 cm2) FDDO-based devices exhibits the best performance
(PCE of 17.84%) and high PCE retention (94.3%) compared to the
Carvone-based (PCE of 13.32% and PCE retention of 83.9%) and
Dimethylsiloxane-based (exceedingly poor PCE of 0.354%) devices,
demonstrating the advantages of FDDO as a suitable rheology modi-
fier. And themoreprofound expression is presented in Supplementary
Note Ⅰ. Furthermore, to thoroughly assess the universality of FDDO in
green solvents, the performance of devices treated with Toluene (Tol)
and Carbon disulfide (CS2) based on the PM6:BTP-eC9 system are
carried out, respectively (Supplementary Figs. 19, 20 and Supple-
mentary Tables 11, 12). The same performance decreasing pattern is
kept (Supplementary Fig. 21). In small-area (0.04 cm2) devices, the
PCEs of both Tol-treated devices (18.24%) and CS2-treated devices
(14.38%) are improved after FDDO optimization, better than the per-
formance of the corresponding control (17.48% for Tol-based devices
and 12.21% for CS2-based devices, respectively). While in large-area
(1 cm2) devices, the PCE retention of the FDDO-optimized Tol-treated
devices (93.1%) and CS2-treated devices (88.6%) is increased compared
to the control devices (86.5% for Tol-based devices and 77.6% for

Table 1 | Photovoltaic parameters of OSC modules under different conditions under simulated solar illumination (AM 1.5G,
100mW/cm2)

System Processing method VOC (V) JSC (mA/cm2) FF (%) PCEmax (PCEa) (%) PCE ret. rateb) (%)

PM6:BTP-eC9 Control 5.71 3.34 70.7 13.49 (12.81 ± 0.61) 75.6

W/ FDDO 5.80 3.74 76.4 16.55 (15.82 ± 0.56) 88.7

PM6:BTP-eC9:L8-BO Control 5.77 3.38 71.2 13.87 (13.12 ± 0.63) 73.6

W/ FDDO 5.96 3.87 77.3 17.85 (17.21 ± 0.54) 87.1
aThe average PCEs are obtained from 6 independent modules.
bThe PCE ret. rate reflects the retention of PCE in large-area (16.94cm2) modules when the device area is extended from 0.04 cm2 to 16.94 cm2.
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CS2-based devices, respectively). To thoroughly explore the generality
of FDDO in multiple active layer systems with different aggregation
dynamics, corresponding performance validations of the devices
based on PTQ10:BTP-eC9 and PM6:IT-4F systems are analyzed,
respectively (Supplementary Figs. 22, 23 and Supplementary Tables 13,
14). The results indicate that appropriate FDDO doping can improve
the performance of small-area devices while eliminating performance
discrepancies that arise as the device area scales up. A more specific
description is placed in Supplementary Note III. Also, the PM6:BTP-
eC9:L8-BO ternary system is used to verify the universal validity of the
pattern (Fig. 1f-g). When the active layer system is extended to ternary
blend film based on PM6:BTP-eC9:L8-BO, the same regularity is
maintained in the ternary scalable OSCs (Supplementary Figs. 24, 25
and Supplementary Table 15). Following FDDOmodulation, the small-
area (0.04 cm2) ternary devices obtain a PCE of up to 20.49% with a JSC
of 28.75mA/cm2, a VOC of 0.873 V and an FF of 81.7%, which is one of
the highest PCEs for green-printed OSCs devices so far, in comparison

to the low PCE (18.85% with a JSC of 27.34mA/cm2, a VOC of 0.874 V and
an FF of 78.9%) of the control devices. More importantly, the FDDO-
optimized ternary modules still achieve a high module efficiency of
17.85% (with a JSC of 3.873mA/cm2, a VOC of 5.961 V and an FF of 77.3%)
and maintain nice PCE retention (87.1%), in contrast to the inferior
module performance (13.87% with a JSC of 3.379mA/cm2, a VOC of
5.766 V and an FF of 71.2%) and low PCE retention (73.6%) observed in
the control samples (Fig. 1f, g, Supplementary Table 15 and Table 1).
Moreover, the PCE of various green-printed organic photovoltaics
across different area scales are summarized in Fig. 1h and Supple-
mentary Table 16 to further validate the feasibility of preparing high-
performance modules by using rheology modifier strategies. The
results after comparison show that these FDDO-optimized OSCs
modules achieved one of the highest efficiencies and PCE retentions
reported to date.

To address the critical issue of non-uniformmorphology in green-
printed active layer films, it is essential to provide a comprehensive
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Fig. 2 | Regulation and analysis of fluid mechanics behavior of blade-coating
process. a Summary of forces, gradients, and fluid mechanical phenomena during
the blade process basedon o-XY ando-XY:FDDO solvents, showing the discrepancy
between the shapes of the left and right three-phase interfaces. b, c Photographs of
gas/liquid confined zones based on high-speed camera recordings of printed large-
area (5 cm× 5 cm) active layer films based on PM6:BTP-eC9 without/with FDDO at

different times. d, e Contact angle of PM6:BTP-eC9-based active layer solution on
PEDOT:PSS substrate without/with FDDO. f Curvature variation of the left interface
in printed gas/liquid confined zone. g Curvature variation of the right (evaporated)
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the interfaces in printed gas/liquid confined zone. Source data are provided as a
Source Data file.
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explanation of the movement and the spatial stacking situation of
internal solutes based on fluid dynamics. Figure 2a displays the forces,
gradients, and hydrodynamic phenomena during the printing process
without/with the rheology modifier FDDO. Primarily, the distribution
of solutes and molecular packing in the confined region are affected
and subject to various forces, mainly including shear force (FS),
capillary force (FC) driving capillary flow, and self-driving force (FL)
from Laplace pressure. The shear force generated by the blade
shearing active layer solution influences the boundary-driven Couette
flowwithin the solution, driving the solution to spread into awet film28.
And small molecules and polymers align and aggregate in response to
the shear flow. Besides, the capillary force towards edge is induced by
the significant evaporation rate difference between the evaporation
three-phase contact line and the bulk solution. And the resulting
capillary flow drives internal solutes to move and deposit at the per-
iphery, leading to non-uniform solute deposition29,32. The movement
and deposition of small molecule materials along the capillary flow
towards the three-phase line is the main cause of CRE.

In addition, the actual printed gas/liquid interface parameters,
including curvature and cross-section shape, are influenced and
maintained by the Laplace pressure gradient resulting from the dis-
parity in surface tension between the solution and the atmosphere53.
Laplace pressure gradient plays an important role in the directed
motion of liquid droplets, which has significant application value in
fields such as fog water collection, microfluidics, and self-
cleaning37,38,41,43. Moreover, it also performs an effective function in
the self-assembly of nanostructures on curved surfaces and the
directional transport of liquids42,54. The corresponding equation is
presented in Eq. (1):

ΔPðxÞ=Pair � PðxÞ= σ � kðxÞ ð1Þ

Where ΔP(x) represents the Laplace pressure gradient at air/liquid
interface, P(x) is the Laplace pressure at position x in the gas/liquid
confined interface, Pair is the pressure of air, σ is the surface tension of
a droplet of liquid in air at the printing temperature, and kðxÞ denotes
the curvature of interface at position x. Also, the printing process gives
rise to a Laplace pressure gradient within the solution, which is
dependent on the shape and opening direction of the left and right
interfaces. And the formula describing the Laplace pressure gradient
within the gas/liquid confined zone during printing is presented in
Eq. (2):

FL / ðPR � PLÞ= σ kL � kR

� � ð2Þ

Where FL denotes the self-driving force induced by the Laplace
pressure gradient within the solution. PR and PL represent the mean
values of Laplace pressure at the evaporation interface and the left
interface in gas/liquid confined zone, respectively. And kR and kL are
the corresponding mean curvatures of these interfaces. Based on this,
by modulating the appropriate shape of the gas/liquid interface, it
facilitates the construction of a suitable FL within the solution against
capillary force to uniform the solute distribution. To sum up, the
resultant total driving force FP that counteracts capillary force FC and
mitigates disordered particle stacking during the printing process is
influenced and regulated by the shear force FS, and the self-driving
force FL driven by the Laplace pressure gradient. The implementation
of an appropriate FP enables the high-throughput printing of high-
quality large-area films.

To validate the efficiency of FDDO in homogenizedfilms, the high-
speed camera is employed to record the entire printing process of the
active layer solution, both before and after optimization with FDDO,
on 5 cm×5 cm PEDOT:PSS substrates (Fig. 2b, c). After optimization
with FDDO, the contact angles at the left and right (evaporation) three-
phase contact lines are significantly reduced from 63.1° and 23.6° to

49.6° and 16.8°, respectively. More importantly, a qualitative analysis
of the curvature at the gas/liquid confined interfaces on both sides
during blade-coating can be obtained from the results. The macro-
scopic confined zone stability is governed by the whole interfacial
curvature, distinguishing it from the three-phase line contact angle
which solely dictates local curvature. In the control solutions, the
curvature on the left side of the gas/liquid confined interfaces is bigger
than that on the right side, and both are concave interfaces. This result
indicates that the atmospheric pressure is higher than the solution
pressure at the right interface, which in turn is higher than the solution
pressure at the left interface, thus creating a net driving force from
right to left. The disparity between the curvature at the left interface
and that of the evaporation interface indicates little Laplace pressure
gradient across the solution. And the resultant driving force cannot
completely offset the disordered aggregation of donor/acceptor pairs.
After optimization, owing to the surfactant properties of FDDO, the
discrepancy in curvature between the two sides increases, leading to a
stronger intrinsic driving force, which facilitate a relatively homo-
geneous distribution of solutes during printing.Moreover, as shown in
Fig. 2d, e, the contact angle of the FDDO-optimized active layer solu-
tion on the PEDOT:PSS substrate is 7.7°, which is lower than the 10.0°
of the control samples. The smaller contact angle indicates that the
FDDO-optimized solution spreads more extensively and can form a
more uniform and controllable film.

Furthermore, to quantify the self-driving force induced by the
internal Laplace pressure gradient, the ImageJ software is used to
measure the curvatures of both interfaces (Fig. 2f–h and Supplemen-
tary Table 17). Additionally, the surface tension of the active layer
solution and the viscosity of the processing solvent at the printing
temperature are tested (Supplementary Figs. 26 and 27). To reduce the
variability in the results, the mean curvature for the calculation is
adopted. The difference in curvature between the left and right
interfaces after FDDO optimization is 0.069 μm-1, which is significantly
higher than that of the reference sample (0.014 μm-1). Moreover, the
surface tension of the FDDO-optimized active layer solution decreased
from 24.71 mN/m to 24.08 mN/m, deriving from the surfactant prop-
erties of FDDO. Besides, the viscosity is only slightly increased from
0.413 mPa·s to 0.419 mPa·s after adding a small amount of FDDO (3wt
%) into o-XY solvent, no significant viscosity change is observed. And
the corresponding calculated value of FL for the FDDO-optimized
solution is approximately 4.8x that of the reference sample according
to Eq. (2). Therefore, the FDDO-optimized solution has an intense
Laplace pressure gradient in the same direction as the blade move-
ment, resulting in more significant weakening of the capillary force.
Small molecules moving toward the three-phase line with the capillary
flow are more effectively inhibited. Consequently, the increase in
Laplace pressure gradient reduces CRE, leading to a uniform active
layermorphology. The higher FL can reduce the disordered stacking of
molecules and promote the homogeneous printing of the films.
Additionally, the blade-substrate angle influences the interfacial shape
in the gas-liquid confined region. To verify the reliability of results,
FDDO-optimized active layer solutions are printed on full-ITO sub-
strates under gradient blade-substrate angles (Supplementary Fig. 28).
And the changes in interfacial curvatures during blade-coating process
are statistically analyzed (Supplementary Fig. 29 and Supplementary
Table 18). The results show that the Laplace pressure gradient at the
corresponding gas/liquid confined zone is largest when the contact
angle is almost 25°, consistent with the earlier results on device
performance.

The phenomenon of high uniformity shown in digital photo-
graphs and the corresponding high performance of associated mod-
ules havebeen integratedwithbothqualitative theoretical analysis and
quantitative computational results. The effect of the enhanced Laplace
pressure gradient is effective in suppressing the CRE, thus eliminating
the performance loss during the organic photovoltaic area expansion.
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Simultaneously, to explore the corresponding crystallization and
stacking behaviors during actual printing, the various forces on the
polymer PM6 at printing gas/liquid confined zone are specifically
analyzed anddemonstrated in Fig. 3a. In contrast to the smallmolecule
BTP-eC9, which can easily flow and deposit under the influence of
various fluid dynamics such as capillary flow, the large-diameter
polymer PM6 ismore resistant to extensivemovement under the same
flow conditions. During the actual blade-coating process, the polymer
PM6 molecules at the gas/liquid confined zone especially at evapora-
tion three-phase contact line experience a series of forces. These
mainly include shear force FS, capillary force FC, self-driving force FL
from Laplace pressurewithin the solution, and interfacial driving force
FP. These forces collectively act on the gas/liquid confined zone,
influencing the crystallization behavior andmolecular packing of PM6.
Combining qualitative and quantitative analyses of high-speed camera
results, FL within the FDDO-optimized active layer solution is equiva-
lent to 4.8 times that of the control solution. This enhanced FL effec-
tively suppresses the movement and deposition of the active layer
solutes towards the three-phase line, leading to a more homogeneous
distribution of the solutes. Further qualitative analysis revealed the

changes in the FP experienced by the polymer PM6 at the wedge-
shaped evaporated three-phase contact line following FDDO optimi-
zation. More obviously, the optimal active layer solution has a smaller
contact angle θ in the gas/liquid confined zone and a flatter curvature
of the wedge-shaped three-phase line of evaporation. This leads to a
larger FPY, which favors the promotion of the directional alignment of
polymer PM6 during the printing process. The optimal active layer
solution has a smaller contact angle θ in the gas/liquid confined zone
and a flatter curvature of the wedge-shaped evaporation three-phase
line, allowing the PM6 to be subjected to greater forces. Accordingly,
thepolymermaterials in theFDDO-optimized solution are subjected to
a strong vertical component of force, thus enhancing their crystal-
linity. Basedon the test results and forces analysis, the incorporationof
FDDO can order the stacking behavior of PM6, enhance the crystal-
lization of the active layer, ultimately homogenize the component
distribution and film-forming quality of the active layer films.

To gain deeper insights into the critical details of how the rheol-
ogy modifier FDDO influences the nucleation and film formation
kinetics of the blend film during the blade-coating process, in-situ
ultraviolet-visible (UV-vis) spectrophotometer is employed. Figure 3b,
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Fig. 3 | Schematic diagram of forces on polymer PM6 during printing and
analysis of film formation kinetics. a Force analysis and crystalline stacking
behavior of polymer PM6 during blade-coating process. Where FS represents the
shear force from machine settings. FP represents the internal push force on the
large-diameter polymer PM6due to the edgeof the gas/liquid confined interface of
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the blade-coating process. d, e Time evolution of UV–vis absorption line profiles
without/with FDDOduring theblade-coatingprocess. fThepeakposition evolution
as a function of time of PM6 in films without/with FDDO during the blade-coating
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Source Data file.
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c presents the 2D time-resolved absorption spectra of the active layer
films fabricated with o-XY and o-XY:FDDO, respectively. The results
show a clear increase in the phase transition time and the absorption
intensity of the donor and acceptor of the FDDO-modified active layer,
which is beneficial to obtain high-purity phases and proper phase
separation morphology. Moreover, the corresponding 1D absorption
line profiles are demonstrated in Fig. 3d, e. Although the final PM6
absorption peak of the FDDO-modulated film is only red-shifted by
about 1.5 nm compared to the control sample, the intensity of the BTP-
eC9/PM6 peak in the final film increased, both reflecting an enhanced
phase purity. And Fig. 3f, g illustrates the evolution of the absorption
peak positions for both types of films at representative time points.

Clearly, the film formation process can be divided into three distinct
stages: an initial solution state characterized by a slow redshift in the
absorption peak position as the solvent evaporates, a rapid film for-
mation state marked by a swift redshift, and a final stable film state. In
all three phases, the absorption peak positions of PM6 and acceptor
(BTP-eC9) changed significantly. In the control samples, initially, the
PM6 absorption peak stabilizes around 594.6 nm, and the intensity of
this peak decreases and then increases, with a drastic redshift from
594.6 nm to about 623 nm, and finally stabilizes at about 623 nm.
Compared to the control blend films, the FDDO-based blend films
exhibit a longer phase transition time (1.00 s) than the standard sam-
ple (0.75 s) and red-shifted PM6 peak position. This extended phase
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Fig. 4 | Analysis of the morphology and crystallization of printed active layers.
a–c AFM phase image and fiber size distributions of PM6:BTP-eC9 blend films
treated without FDDO. d–f AFM phase image and fiber size distributions of
PM6:BTP-eC9 blend films treatedwith FDDO. g,h 2DGIWAXSpatterns of the active
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Source data are provided as a Source Data file.
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transition time is primarily attributed to the ability of FDDO to
homogenize the dissolution and dispersion states of PM6 and the
acceptor, while simultaneously restricting small molecular mobility
through the perspective of fluid dynamics. This process facilitates the
formation of more uniform phase separation and a more ordered
molecular stacking microstructure, while simultaneously making the
morphologyof large-areaprinted active layersmore controllable. Also,
the UV-vis absorption spectroscopy of pure films shows enhanced
crystallinity of both PM6 and BTP-eC9, in agreement with the in-situ
UV-vis results (Supplementary Fig. 30).

To further validate the role of the rheologymodifier FDDO on the
morphology evolution in printing, the presence exploration of FDDO
in the dried active layer films are specifically explored by means of
X-ray photoelectron spectroscopy (XPS) and Fourier transform infra-
red spectroscopy (FT-IR) tests (Supplementary Figs. 31, 32). In previous
studies, surfactants generally inhibited CRE by regulating surface
tension to form inwardMarangoni flow or by interacting with particles
through electrostatic interactions32,39,55. Supplementary Fig. 31. shows
the XPS test results of PM6:BTP-eC9 films processed with different
ratio of FDDO. The original peak shifts of the PM6:BTP-eC9 films with
moderate (3wt%) and excessive (10wt%) FDDO addition after alcohol
elution donot change comparedwith the controlfilm andnonewpeak
appear. Therefore, there is no interaction between the FDDO and the
photovoltaic materials in active layer. To further verify that the FDDO
is eluted cleanly in the films, the FT-IR spectra of FDDO and PM6:BTP-
eC9 (without FDDO addition, with 3wt% FDDO addition and with
10wt% FDDO addition) in solution and film states are displayed in
Supplementary Fig. 32. In the FT-IR spectra of the FDDO solutions, a
broad and strong vibrational peak located at 3285 cm−1 is observed,
which corresponds to the stretching vibration of the hydroxyl groups
(–OH) onboth sides of FDDO.More importantly, two vibrational peaks
appeared at 1144 and 1200 cm−1, representing o-XY solvent-con-
strained –CH₂–OH in-plane rocking and proximal –CF₂– symmetric
telescoping, respectively. After the incorporation of 3wt% and 10wt%
FDDO into the PM6:BTP-eC9 solution, the vibrational peaks located at
1144 and 1200 cm−1 are continuously enhanced, indicating that FDDO is
successfully introduced. While in the FT-IR spectra of the FDDO dried
film, two peaks appeared at 1124 and 1253 cm−1, representing –CF₂–
chain symmetric stretching and C–C coupling vibration, and terminal
−CF₂− asymmetric stretching vibration, respectively. After washing
with alcohol, the corresponding characteristic peaks disappeared in
the FDDO-incorporated PM6:BTP-eC9 films, while the peak shifts and
intensities remained unchanged in the films with different FDDO
additions, confirming the complete removal of FDDO in the dry films.
This elution removal behavior aiming at FDDO arises from the syner-
gistic combination of thermodynamically driven surface segregation
during film deposition and high ethanol affinity. In short, the result
indicates that there is no molecular interaction but pure rheological
modulation between FDDO and the active layer components, con-
firming the reliability of the removal by alcohol elution, which differs
from the previously reported surfactant selection and mechanism of
action.

To investigate the positive effects of fluid control on the active
layer morphology during the blade-coating process, atomic force
microscopy (AFM) and transmission electron microscopy (TEM) are
adopted. The AFM images of printed pure films and blend films, both
un- and treated with FDDO, are demonstrated in Supplementary
Figs. 33–37. After FDDOoptimization, the crystallinity of pure PM6and
BTP-eC9 films is enhanced, and the fibrillated network morphology of
PM6 is more pronounced, corroborating the conclusions of the pre-
vious enhanced forces analysis of polymer PM6. In comparison to the
control film with excessive phase aggregation morphology (1.24 nm),
theblendfilmbasedonPM6:BTP-eC9with 3wt%FDDOexhibits amore
pronounced fibrous structure and shows stronger crystalline behavior
(1.56 nm). Upon rising the FDDO content to 10wt%, the roughness of

active layer film also increased (1.63 nm). Afterwards, the profiles and
distributions of cross-sectional fiber sizes along the arrow direction in
the AFM phase images are extracted and analyzed (Fig. 4a–f and
Supplementary Figs. 36–38). More importantly, the blend films opti-
mizedwith FDDOdisplay larger andmore evenfibril sizes (42 nm) than
those of the control films (34 nm), primarily due to the optimized
restricted behavior of interfacial edge, which can enhance the orien-
tationof polymer PM6. This behavior is consistentwithprevious in-situ
UV-vis spectra of blend films, favoring the reduced trap-assisted
recombination and enhanced charge transport. The TEM images of
printed active layer films, both un- and treated with FDDO, are
demonstrated in Supplementary Fig. 39. Similarly, the TEM results
demonstrated that the phase separation of the FDDO-optimized
blended films is more pronounced. Moreover, the effect of FDDO on
the surface energy of pure film is investigated by contact angle test
(Supplementary Fig. 40). And the Flory-Huggins interaction parameter
(χ) is calculated from the surface energy of films to explore the mis-
cibility between the photovoltaic materials (Supplementary Table 19).
After FDDOoptimization, the surface energy of PM6 andBTP-eC9pure
films decreased from 31.47mN/m and 39.27mN/m to 29.22mN/m and
38.46 mN/m, respectively, demonstrating the rheological modulation
effect of FDDO. The χ value of the blend film treated by o-XY:FDDO
(χ =0.634) is higher than that of the film treated by o-XY (χ =0.431),
which favored the enhanced phase separation and high-purity phase
domain formation of PM6 and BTP-eC9.

In order to deepen the understanding of the molecular stacking,
phase separation and crystallization behaviors of the active layer films
under different treatment conditions, the grazing incidencewide angle
x-ray scattering (GIWAXS) and grazing incidence small angle X-ray
diffraction (GISAXS) techniques are employed. Supplementary Fig. 41
and Fig. 4g–i show 2D and 1D GIWAXS images of pure PM6 and blend
films treated without/with FDDO, respectively. And the relevant para-
meters of the (010) scattering peak in out-of-plane (OOP) direction are
summarized in Supplementary Tables 20 and 21. The GIWAXS results
for pure films indicates that FDDO suppresses the edge-on stacking of
PM6 and optimizes the crystal orientation (Supplementary Fig. 41). For
blend films, the o-XY:FDDO-treated film displays a more intense (010)
π–π stacking peak at q ≈ 1.74 Å−1 in OOP direction, indicating a more
pronounced face-on orientation in the film. The crystalline coherence
lengths (CCL) of the blend films, extracted from the (010) diffraction
peak in OOP direction, are 29.45 Å and 50.94Å for the o-XY- and o-
XY:FDDO-optimizedfilms, respectively. The greaterCCL value of the o-
XY:FDDO-treated films indicate the tightest molecular stacking and
strongest crystallinity, facilitating effective charge carrier separation
and transport. In addition, the 2D and 1D GISAXS images of the blend
films treated by o-XY and o-XY:FDDO are shown in Supplementary
Fig. 42. And the corresponding parameters are displayed in Supple-
mentaryTable 22. The coherence length (ξ) represents the domain size
of the donor-rich PM6 phase, while η and 2Rg correspond to the
coherence length and crystallite size of the acceptor BTP-eC9,
respectively. Upon optimal amount of FDDO incorporation, the ξ and
2Rg values of the active layer film increase from22.9 nmand 13.4 nm to
25.6 nm and 15.2 nm, respectively, representing the enhanced phase
separation and crystallinity. The introduction of FDDO is directly
confirmed by GIWAXS and GISAXS characterizations, resulting in an
active layer morphology with high crystallinity, high purity molecular
phase domains and improved phase separation. The results are con-
sistent with the AFM morphology of FDDO-optimized blended films
with enhanced fibrillated interpenetrating networks.

The time-resolved confocal imaging system (TRCIS) is employed
to assess the homogeneity and investigate the internal carrier
dynamics of active layer films. The 2D PL images of the blend films
without/with FDDO optimization under 523 nm laser excitation are
shown in Fig. 4j, k and Supplementary Fig. 43a. Compared to the
control films, the active layer films optimized by FDDO exhibit a
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weaker PL intensity, which suggests a more efficient dissociation of
electron-hole pairs into free carriers upon photoexcitation. Further-
more, the control blend films demonstrate more pronounced spatial
PL intensity variations, attributed to non-uniformmaterial deposition,
including disordered molecular aggregation and defects. Figure 4l, m
and Supplementary Fig. 43b and illustrates the corresponding 2D
fluorescence lifetime images, and the specific lifetime distributions are
placed in Supplementary Fig. 44. Clearly, compared to the original
blend films, the lifetime images of the FDDO-optimized active layer
film aremorehomogeneous and focused indistribution, in accordance
with the fluorescence intensity results. In addition, the moderate
FDDO-optimized active layer films exhibit a shorter average exciton
lifetime (0.78 ns) compared to theoriginalfilms (1.09 ns) and excessive
FDDO-treated films (0.93 ns). This phenomenon can be ascribed to the
fact that fluidic modulation optimizes the distribution of photovoltaic
materials and reduces the defects and trap sites in blend films.

Additionally, the effect of FDDO treatment on the exciton and
polariton dynamics of large-area (25 cm2) blend films is investigated by
using transient absorption spectroscopy (TAS)56,57. The transient
absorption data recorded for the blend films based on PM6:BTP-
eC9 system with no FDDO (control, 0wt%), moderate FDDO (3wt%),

and excessive FDDO (10wt%) under excitation at 800 nm are shown in
Fig. 5a–f. And the kinetic data for the increase in the intensity of the
ground state bleaching (GSB) peak at 634.1 nm are extracted and fitted
by a double exponential function to estimate the characteristic time
constants τ1 and τ2 (Fig. 5g, h), where τ1 represents the dissociation
time of the exciton at the donor/acceptor interface, τ2 denotes the
duration of exciton diffusion into the interface. The study demon-
strates that the active layer film optimized with moderate amount of
FDDO has the smallest values of both τ1 (0.665 ps) and τ2 (10.04 ps),
when compared to the control film (a τ1 of 0.706 ps and a τ2 of
10.92 ps) and excessive FDDO-treated blend film (a τ1 of 0.692 ps and a
τ2 of 11.46 ps). This indicates that the exciton separation and carrier
transport processes are enhanced after the incorporation of 3% FDDO,
benefiting from the clear fiber network morphology obtained by the
proper fluid modulation effect of FDDO. Subsequently, the trap den-
sity of states (tDOS) of the devices are evaluated by thermal admit-
tance spectroscopy (Fig. 5i). The tDOSof the FDDO-optimizeddevice is
reduced, which is consistency with the results of TAS, favoring the
performance of the devices. Besides, the photoluminescence (PL)
spectroscopy is recorded under excitation at 580 nm to study the
performance discrepancies in exciton dissociation and charge
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Fig. 5 | The kinetics of the exciton diffusion and hole transfer process. a–c 2D
transient absorption spectra of the PM6:BTP-eC9 films processed by o-XYwith0wt%,
3wt%, 10wt% of FDDO.d–f 1D transient absorption spectra of the PM6:BTP-eC9 films
processed by o-XY with 0wt%, 3wt%, 10wt% of FDDO. g Kinetic traces probing at

634.1 nm for PM6:BTP-eC9 films processed by o-XY with 0wt%, 3wt%, 10wt% of
FDDO. h Comparisons of τ1 and τ2 of different blend films. i Trap density of states
(tDOS) spectra of PM6:BTP-eC9 devices processed by o-XY with 0wt%, 3wt%, 10wt%
of FDDO. Source data are provided as a Source Data file.
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transport (Supplementary Fig. 45a). After FDDO optimization, the
more efficient charge transfer in the blend film is found, indicating that
the most efficient charge transfer occurs between donor/acceptor.
And the transient fluorescence (TRPL) spectral curves are displayed in
Supplementary Fig. 45b. As compared to the control film (89.8 ps) and
the film treated by 10wt% FDDO (105.4 ps), the lowest exciton lifetime
(69.3 ps) is obtained in the film optimized by 3wt% FDDO, indicating
that the optimized films produced the highest photo-induced charge.
Supplementary Fig. 46 shows the dark J–V curves of PM6:BTP-eC9-
based devices treated with different concentration of FDDO. The
results show that the device treated by 3wt% FDDO has lower leakage
current under reverse bias voltage and smaller series resistance (RS)
under positive bias voltage, in favor of improving JSC, FF andPCE. Then,
the Nyquist plots of electrochemical impedance spectra (EIS) of the
devices treated with different concentrations of FDDO are measured
(Supplementary Fig. 47). Experimental results exhibit that the charge
transfer resistance (Rct) of the 3wt% FDDO-optimized devices is sig-
nificantly reduced, illustrating fewer defects in the active layer film,
which effectively improved the charge transfer efficiency. And the
exciton dissociation and charge extraction behavior of device opti-
mized by 3wt% FDDO ismore effective in saturation photocurrent test
(Supplementary Fig. 48). In addition, the charge recombination
behavior in the devices is further explored by studying the relationship
between JSC, VOC and light intensity (Supplementary Fig. 49). The
results show that the FDDO-optimized devices exhibit the slightest
bimolecular recombination and trap-assisted recombination, attri-
buting to the reduced defect density of the printed films by the
rheology modulation strategy. Subsequently, the carrier lifetime (τrec)
and charge extraction time (τ) of the devices treated with different
concentrations of FDDO are characterized by using transient photo-
voltage (TPV) and transient photocurrent (TPC) techniques. The
devices optimized by 3wt% FDDO have faster charge extraction time
(τ =0.39 μs) and longer carrier lifetime (τrec = 272.8 μs) among them
(Supplementary Fig. 50). Thus, the space charge-limited current
(SCLC) test shows that the 3wt% FDDO-optimized devices have higher
hole mobility (μh) and electron mobility (μe). And the ratio of hole
mobility to electron mobility (μh/μe) is closer to 1 for the 3wt% FDDO-
optimized devices, demonstrating more efficient and balanced carrier
transport behaviors (Supplementary Fig. 51). Based on the above test
results, the incorporation of FDDO can improve the exciton dissocia-
tion and carrier transport behaviors in the OSCs, thus corroborating
the improved photovoltaic performance of the devices.

Stability stands as a key factor in assessing the industrialization
potential of photovoltaic technology. Significantly, the fluidic mod-
ulation ability of the rheology modifier FDDO combined with the
alcohol elution property also contributed to the device stability.
Enhanced polymer crystallization and weakened CRE both improve
device stability. First, unencapsulated devices are subjected to con-
tinuous heating at 85 °C in the N2-filled atmosphere to investigate the
effect of thermal aging environment on device performance (Supple-
mentary Fig. 52a). After 50 days of aging, the PCE of control devices
decay to 72.2% of the original value, while the FDDO-optimized devices
still maintain 81.9% of the initial value, benefiting from the optimized
film morphology obtained through the fluid modulation effect of
FDDO in blade-coating process. Moreover, the encapsulated devices
are continuously heating at 85 °C/85% RH to test the damp heat sta-
bility (Supplementary Fig. 52b). The control devices experienced a
rapid degradation with an almost 80% drop in initial efficiency after
20 days. By contrast, the FDDO-treated device maintains an initial
efficiency of 59.9%. Supplementary Fig. 53 demonstrates the variation
of PCE of unencapsulated devices with the maximum power point
(MPP) tracking test time under nitrogen environment at 25 °C. After
optimization, the T90 and T80 lifetimes of the PM6:BTP-eC9-based
devices are significantly improved, from 84h and 282 h to 401 h and
986 h, respectively.

Discussion
In conclusion, we obtain large-area uniform films with enhanced face-
on orientation and high crystallinity by doping the rheology modifier
FDDO to optimize the fluid behavior within the active layer solution
during blade-coating process. From the perspective of printed fluid
mechanics, the FDDO-optimized solution exhibits a 4.8-fold increase in
the Laplace pressure gradient along the printing direction compared
to control solution, which directly suppresses the movement of
solutes towards the edges. The reduction in small molecules moving
toward the three-phase line is conducive to CRE inhibition. Moreover,
the enhanced internal driving force within the solution and intensive
vertical component force in the printed FDDO-optimized gas/liquid
confined zone promote polymer crystallization. The introduction of
FDDO leads to enhanced crystallinity and face-on orientation of PM6,
which facilitates the formation of high-purity crystalline phases and
proper phase separation, thus promoting exciton dissociation and
charge transport. Therefore, the effects of the Laplace pressure gra-
dient effectively inhibit the inhomogeneous distribution of active layer
components, which facilitates the preparation of high-quality, large-
area active layer films. Furthermore, based on the PM6:BTP-
eC9 system, when the device area is expanded from 0.04 cm2 to
16.94 cm2, the PCE of the OSCs decreased from 18.66% to 16.55%,
demonstrating a high PCE retention rate of 88.7%. In addition, the
successful application in the PM6:BTP-eC9:L8-BO system validates the
universality of this strategy. FDDO-optimized small-area (0.04 cm2),
large-area (1 cm2) devices and modules (25 cm2) achieve advanced
PCEs of 20.49%, 19.32% and 17.85%, respectively. Since FDDO has no
interaction with the photovoltaic materials in active layer and can be
completely eluted by ethanol, it performswell inmany different active
layer solutions. The universality of FDDO has also been verified
through its successful application in various systems. Under MPP
testing conditions, the FDDO-optimized device exhibits great photo-
stability, achieving a T80 of 986 h. Simultaneously, the device main-
tains nearly 60% of its initial efficiency after 20 days of continuous
aging at 85 °C and 85 RH%. The proposed strategy aims to improve the
film homogeneity of active layer by modulating the rheological beha-
vior during the printing process. This approach is expected to expand
the processing window for industrial production of large-area organic
photovoltaics.

Methods
Materials
PM6, BTP-eC9, L8-BO, IT-4F, PTQ10 and PDINN are purchased from
Solarmer Materials Inc. Indium-tin oxide (ITO) glass is gained from
South China Science & Technology Company Limited, whereas PED-
OT:PSS (Clevios P VP Al4083) is obtained from Heraeus. o-Xylene (o-
XY), Carbon disulfide (CS2) and 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-Hex-
adecafluoro-1,10-decanediol (FDDO) are purchased from Macklin
Reagent Inc. And Toluene is purchased from Xilong Scientific Co., Ltd.
Ag is obtained from Zhong Nuo Advanced Material Technology Co.,
Ltd. Other chemicals and solvents are purchased from Sigma-Aldrich
Co., Ltd. and used without further purification.

Devices fabrication
Organic solar cells are constructed on ITO glass substrates. The device
structure comprise ITO/PEDOT:PSS (30nm)/PM6:BTP-eC9 or
PTQ10:BTP-eC9or PM6:IT-4F or PM6:BTP-eC9:L8-BO/PDINN (10nm)/Ag.
The ITO-coated glass substrates are sequentially cleaned with deionized
water, acetone and isopropyl alcohol using ultrasonication, then dried
with N2. Then, the substrates underwent a 20-min ultraviolet-ozone
treatment. A PEDOT:PSS layer is spin-coated at 4000 rpm for 40 s
onto the ITO substrates and annealed at 150 °C for 20min in ambient
atmosphere. Silicon wafer is treated with UVO for 10min and then uti-
lized as the blade. The active layers are blade-coated from o-XY solution
with the optimal donor/acceptor weight ratios of 1:1.2 with a total
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concentration of 17mgmL−1, with a thickness control of 110nm. The
rheologymodifier FDDO is introduced approximately 45minprior to the
printing process, with an optimal concentration of 3wt.% (MFDDO:-
Mactive layer materials = 3%). The blade is moved at the speed of
45mms−1 in air with the RH of 30%-60%. After that, the active layer films
are annealed by printing using hot ethanol solvent. The solutions are
blade-coated onto the substances with areas of 2.25, 9, 16 and 25 cm2

for small-area and large-area OSCs, respectively. And the effective
areas of the corresponding OSCs devices or modules are 0.04, 1, 1.44, 3,
4 and 16.94 (2.42*7) cm2. After that, active layer films are transferred to
the N2-filled glovebox. Then, PDINN is dissolved at the concentration of
1mgmL-1 in methanol and coated at 3000 rpm (30 s). Finally, 100nmAg
is deposited by vacuum evaporation under high vacuum (~5 × 10−4 Pa).
TheOSCmodules are fabricated by successively etching the ITO, PDINN,
and Ag layers with P1, P2, and P3 lines using a femtosecond laser to
connect the subcells in series.

Optical characterizations
The current-voltage (J–V) characteristics are measured by a Keithley
2400 Source Meter in N2-filled glovebox under simulated solar light
(100mW/cm2, AM 1.5 G, Abet Solar Simulator Sun2000). The standard
silicon solar cell is corrected fromNREL and the currents are detected
under the solar simulator. The effective area of devices is determined
by the calibrated apertures (0.04 cm2, 1.00 cm2, 1.44 cm2, 3.00 cm2 and
4.00 cm2). The scan range is from −0.2 V to 1.0 V, with a scan rate of
0.2 V/s, a delay time of 30ms and the each step of 20mV. The EQE
spectra are recorded on a commercial EQE measurement system
(Enlitech, QE-R3011) in N2-filled glovebox. The UV-vis absorption
spectra are recorded on a PerkinElmer Lambda 750 spectro-
photometer. The steady state photoluminescence (PL) spectrum is
achieved by a Shamrock sr-303i-B spectrometer from Andor Tech. PL
spectra are excited by a Xe flash lamp. And the time-resolved photo-
luminescence (TRPL) is measured by using an Edinburgh Instruments
FLS920 spectrometer.

OM, 3D microscopy, AFM, TEM and GIWAXS characterizations
Opticalmicroscopy (OM) images are takenwith aKCC-REM-HVZ-HRM-
300 optical microscope at OM magnification of 50.0x. Three-dimen-
sional (3D) microscopy images are obtained by ContourGT-K 3D
microscope. Atomic force microscopy (AFM) images are measured by
a MultiMode 8-HR (Bruker). Transmission electron microscopy (TEM)
images are taken by a JEOL-2100F transmission electron microscope
and an internal charge-coupled device (CCD) camera. The TEM films
are fabricated with ITO/PEDOT/PSS/active layers, float on the water
surface and collected on a copper mesh. The GIWAXS data are
obtained at 1W1A Diffuse X-ray Scattering Station, Beijing Synchrotron
Radiation Facility (BSRF-1W1A). Samples areprepared by blade-coating
under device conditions on the Si substrates. The energy of incidence
is 10 keV and the X-ray wavelength of the sample is 0.124 nm.

Surface energy characterization
The value of χ is computed from the equation:

χ1, 2 / ffiffiffiffiffi
γ1

p � ffiffiffiffiffi
γ2

p� �2 ð3Þ

Where γ is the surface tension of samples. In addition, we test the
surface tension of the solution of the active layer at printing tempera-
ture by using the hanging drop method, which is based on the Young-
Laplace equation. The contact angle, surface tension, and surface free
energy are performed at a Krüss DSA100s Drop Shape Analyzer.

Blade-coating machine
Large-area modules are prepared by desktop multi-functional and
high-precision coating equipment (SSL-BCM-002, Nantong Rollshine
Photoelectric Technology Co., Ltd.).

Space Charge Limited Current (SCLC) characterization
Electron and hole mobilities are measured by using the SCLCmethod.
Electron-only (ITO/ZnO/active layer/PDINN/Ag) devices and hole-only
(ITO/PEDOT:PSS/active layer/MoO3/Ag) devices are fabricated. The
mobilities are obtained by taking current-voltage curves and fitting the
results to a space charge limited form, where the SCLC is described by:

J =9ϵrϵ0μV
2=8L3 ð4Þ

Where ε0 is the permittivity of free space (8.854 × 10−12F−1m−1), V is the
difference of applied voltage (Vapp) and offset voltage (Vbi), εr is the
relative permittivity of thematerial (assumed to be 3), μ is the electron
or hole mobility and L is the thickness of the film. From the plots of J1/2

vs V, electron and hole mobilities can be deduced. The thickness of
blend films is determined by a BRUKER DektakXT Surface
Profilometer.

Transient absorption spectroscopy (TAS) characterization
For femtosecond transient absorption spectroscopy, the total output
of the Yb:KGW laser (1030 nm, 220 fs Gaussian fit, 100 kHz; Light
Conversion Ltd) is separated into two beams of light. One beam is
brought to NOPA (ORPHEUS-N, Light Conversion Ltd). One beam is
introduced to the NOPA (ORPHEUS-N from Light Conversion Ltd) to
produce a specific wavelength for the pump beam (here, 800 nm is
used). The other beam is focusedonto a YAGplate to formawhite light
continuum probe beam. The pump and probe overlap at a slight angle
of less than 10° on the sample. A linear CCD array collects the trans-
mitted probe light from the sample. For all TAmeasurements, samples
are kept in an N2-filled cell at 25 °C. Subsequently, this equation is
utilized to obtain a transient differential transmission signal:

ΔT
T

=
Tpump�on � Tpump�off

Tpump�off
ð5Þ

Devices stability tests
Maximum Power Point (MPP) testing is conducted in a nitrogen
atmosphere at 25 °C. The light sources are calibrated against standard
reference solar cells to ensure spectral accuracy. Moreover, the ther-
mal stability at 85 °C are tested in a nitrogen atmosphere. To examine
thermal and humidity stability, the device is placed in a dark envir-
onment with a temperature of 85 °C and a humidity of 85% relative
humidity.

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 from the
corresponding authors upon request. Source data are provided with
this paper.
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