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Broader context

Organic solar cells (OSCs) have the advantages in solution printability, light weight, and intrinsic 

flexibility, which promotes its widely deployable in photovoltaic building integration and self-

powered flexible electronics. However, for the upscaling fabrication of green solvent-processed 

OSCs toward commercialization, the uncontrollable temperature-dependent fluid mechanics and 

solvent evaporation kinetics lead to the deteriorated uniformity of active layer, resulting in a huge 

scaling lag in module efficiency. In this study, we proposed a rapid solidification strategy to 

accelerate the evaporation of green solvent toluene at room temperature. This strategy solves the 

issues of molecular aggregation and Marangoni effect simultaneously in the green solvent blade-

coating process, allowing the formation of a nano-scale phase separation active layer with uniform 

morphology. The resultant large-area OSC module achieve record power conversion efficiencies 

of 16.03% (15.64-cm2; certified: 15.69%) and 14.45% (72.00-cm2), showing a weak scale 

dependence.
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Abstract

Enabling green-solvent-processed large-area organic solar cells (OSCs) is of great 

significance to their industrialization. However, precisely controlling the temperature-

dependent fluid mechanics and evaporation behavior of green solvents with high-

boiling points is challenging. Controlling these parameters is essential to prevent non-

uniform distribution of active layer components and severe molecule aggregation, 

which collectively degrade the power conversion efficiency (PCE) of large-scale 

devices. In this study, we revealed that the temperature gradient distribution across a 

wet film is the root of notorious Marangoni effect, which leads to the formation of a 

severely non-uniform active layer on large scale. Thus, a rapid solidification strategy 

was proposed to accelerate the evaporation of toluene, a green solvent, at room 

temperature. This strategy simultaneously inhibits the Marangoni effect and suppresses 

molecular aggregation in the wet film, allowing the formation of a nano-scale phase 

separation active layer with uniform morphology. The resultant toluene-processed 

15.64-cm2 large-area OSC module achieves an outstanding PCE of 16.03% (certified: 

15.69%), which represents the highest reported PCE of green-solvent-processed OSC 

modules. Notably, this strategy also exhibits a weak scale dependence on the PCE, and 

we successfully achieved a state-of-the-art PCE of 14.45% for a 72.00-cm2 OSC 

module.
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1. Introduction

Benefiting from the rapid development of A-DA’D-A-type small molecule acceptors, 

the power conversion efficiency (PCE) of small-area organic solar cells (OSCs) has 

skyrocketed to 19.6%, reaching the threshold of commercialization.1 However, the PCE 

drops significantly upon upscaling of device areas owing to uniformity deterioration of 

the active layer.2-4 In addition, these active layers are usually processed from a toxic 

solvent chloroform (CF), which incompatible with industrial production.5-7 Therefore, 

developing highly efficient large-area OSC modules using green solvents is necessary.

An ideal large-area active layer of OSC module should exhibit a uniform and nano-

scale phase-separated morphology.8, 9 However, the boiling points of green solvents, 

such as commonly used toluene (PhMe) and o-xylene (o-XY), are usually significantly 

higher than that of the toxic solvent CF. The related slow evaporation rate of the solvent 

can interfere with the molecular crystallization process and prolong film solidification 

time, finally resulting in the formation of an oversized domain or excessive phase 

separation in the active layer.10, 11 The resultant OSCs show large non-radiative 

recombination losses and an inferior photovoltaic performance.12-14 Vacuum-assisted 

annealing significantly accelerates solvent evaporation, leading to the formation of a 

smooth surface morphology with close molecular stacking.15 However, application of 

this method in large-area production is hindered by the challenges associated with the 

realization of a high vacuum degree. Instead, a hot substrate, which is a simple and 

efficient strategy, can accelerate the evaporation of solvents like o-XY in blade-coated 

PM6:Y6 active layer, which shows nano-scale phase separation with suppressed Y6 

aggregation.16 Although high-temperature (HT) processing can efficiently mitigate 

molecular aggregation, it will bring a new issue in regulating the fluid mechanics of 

active layer solution.

Fluid mechanics commonly governing large-scale printing processes are determined 

by solution viscosity, shear rate, and especially substrate temperature.17-19 Generally, 

the solvent molecules at the gas-liquid interface, called the meniscus, are subjected to 
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interaction forces of other solvent molecules directed toward the liquid interior, thus 

generating surface tension (Supplementary discussion 1). And an elevated temperature 

can create a gradient temperature distribution along the meniscus from the substrate to 

the top, i.e., gas-liquid-solid three-phase contact line (TCL) is much higher than that on 

the solution top surface. Then, the temperature-dependent interaction force of the 

solvent molecules leads to the formation of a temperature/surface tension gradient along 

the meniscus. In this case, the Marangoni flow occurs at the meniscus from the low 

(near substrate)-to-high (top surface) surface tension region.20, 21 During the film 

forming process, the organic solutes continuously move away from the TCL along the 

Marangoni flow, leading to a heterogeneous distribution of molecules and non-uniform 

film. Therefore, tremendous efforts have been devoted to solvent and substrate 

engineering for suppressing the Marangoni effect during large-area printing.20, 22, 23 For 

example, Chan et al.24 proposed the use of mixed solvents (m-xylene and o-

dichlorobenzene) to change the direction of the Marangoni flow. o-dichlorobenzene 

could accumulate near the TCL owing to its lower volatility than that of m-xylene. 

Benefiting from the higher surface tension of o-dichlorobenzene, the organic solutes at 

the mixed solvent region are pulled to the TCL, leading to the formation of a continuous 

and uniform film. Zhao et al.25 demonstrated that moderate heating can reduce the 

temperature gradient, thus alleviating the Marangoni effect. However, the above-

mentioned strategies cannot completely eliminate the adverse Marangoni effect. 

Therefore, developing a simple strategy to inhibit molecular aggregation while 

eliminating the Marangoni effect is imperative to enhance molecular crystallinity and 

ensure the formation of a uniform film morphology on large scales.

In this study, we revealed that the Marangoni effect induced heterogeneous 

components distribution and non-uniform film can be triggered at a heated substrate 

even as low as 40°C. For the films processed with high-boiling point green solvents, 

we proposed a rapid solidification (RS) strategy at room temperature (RT), which could 

precisely control the solvent evaporation rate by modulating the airflow velocity over 
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the wet film. This RS strategy accelerates solvent evaporation without heating and 

effectively suppresses molecular aggregation. In addition, the RT processing could 

avoid temperature/surface tension gradient, thus inhibiting the Marangoni effect. These 

advantageous features of the RS strategy contributed to the formation of a continuous 

film with nano-scale phase-separated morphology and preferred face-on orientation. 

The resultant small-area OSCs exhibited a champion PCE of 18.22% when using a 

green solvent PhMe, and maintained 88.5% of its initial PCE after maximum power 

point (MPP) tracking for 1000 h. Notably, a 15.64-cm2 OSC module delivered an 

outstanding PCE of 16.03% (certified 15.69%), which is the highest efficiency of green-

solvent-processed large-area OSC modules reported thus far. Furthermore, a 72.00-cm2 

large-area OSC module, fabricated using the RS strategy, also exhibited a remarkable 

PCE of 14.45%.
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2. Results and Discussion

A representative high-efficiency PM6:D18:L8-BO ternary system was selected as 

the active layer in this study, in considering its good film-formation characteristics in 

PhMe green solvent (Figure 1a), and the blade-coating technique in ambient condition 

with a relative humidity ~40% was employed.26, 27 However, the solvent evaporation 

rate of PhMe, which has a high-boiling point of ~110°C, needs to be increased using a 

HT process for suppressing oversized domain or excessive phase separation.28, 29 Here, 

a finite element model was constructed to simulate the temperature distribution across 

the film (Figure 1b), and the substrate temperature was maintained at 40°C.30, 31 The 

region near the TCL shows a higher temperature and gradually decreases along the 

meniscus from the bottom to the top, resulting in an increased surface tension gradient. 

Moreover, the simulated results of the solution flow velocity distribution across the wet 

film, where the flow velocity in the top meniscus exceeds that near the TCL (Figure 

1c), confirm the occurrence of the Marangoni flow. It would make organic solute move 

away from TCL (Figure S1, Supporting Information (SI)), thus causing heterogeneous 

component distribution.22 

To reveal the influence of temperature gradient on the Marangoni effect, the 

Marangoni number (Ma), which quantitatively reflects the strength of the Marangoni 

effect along the meniscus, was calculated using the following equation:25, 32

a d TLM
dT





 

where γ is the surface tension, ΔT is the temperature difference across the wet film, L 

is the thickness of the wet film, μ is the dynamic viscosity, and α is the thermal 

diffusivity. The surface tension of the PM6:D18:L8-BO film under different substrate 

temperatures is determined via contact angle measurement (Figure S2, SI),33 and the 

calculated surface tension coefficient dγ/dT is -0.059 mN·m-1·K-1 (Figure S3 and Table 

S1, SI). The values of ΔT, L, μ, and α at different substrate temperatures were measured 

and listed in Table S2, SI. The calculated Ma values for the PM6:D18:L8-BO system 
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are 0, 103, 422, and 1332 for substrate temperatures of 25, 40, 60, and 80°C, 

respectively. Notably, Ma = 80 is a critical value indicating the appearance of the 

Marangoni effect34 and suggesting that the substrate temperature for triggering the 

Marangoni effect is even lower than 40°C (Figure 1d). Additionally, the photographs 

of active layer films were observed at different substrate temperatures using a digital 

camera with macro-lens.35 All films exhibit a similar surface free from ripple-like 

patterns (Figure S4, SI), indicating that the locations of the TCL are nearly identical 

and unaffected by substrate temperature changes.

Figure 1. a) Chemical structures of the polymer donor PM6, D18, and small molecular 
acceptor L8-BO. b) Simulation of the temperature distribution along the meniscus. 
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Inset: schematic illustration of the surface tension gradient along the meniscus. c) 
Simulation of the velocity distribution along the meniscus. d) Marangoni number of the 
wet films at different substrate temperatures; the critical value is 80. e) Evaporation rate 
versus airflow velocity and the corresponding optical microscope images of the active 
layer. Inset: schematic illustration of the effect of airflow over the wet film on the 
solution evaporation.

To eliminate the Marangoni effect, we proposed an RS strategy that regulates the 

airflow velocity over the wet films at RT. According to the Bernoulli equation, a high 

airflow velocity causes a large atmospheric pressure gradient from the solution surface 

(gas-liquid interface or meniscus) to the airflow layer, and this gradient continuously 

drives solvent evaporation (Figure 1e).36 To quantify the effect of airflow velocity on 

the evaporation rate of the PhMe solvent, the Dalton evaporation empirical formula was 

used:37, 38

20.22 ( ) 1 0.32E e v      

where ω is the evaporation rate, E is the saturated vapor pressure of the solvent, e is the 

vapor pressure above the solution, and v is the airflow velocity measured using an 

anemometer (Figure S5, SI). The calculated PhMe solvent evaporation rates for airflow 

velocities of 3.87, 5.32, and 8.26 m/s are 8.5, 11.2, and 16.8 mm/d, respectively (Figure 

1e, Table S3 and Supplementary discussion 2, SI). It is also important to note that 

variations in airflow velocities do not influence the location of the TCL (Figure S6, SI). 

An optical microscope was used to visually distinguish the crystallization of the 

corresponding blend films, where the as-cast films were further annealed for 

sufficiently assembling (Figure 1e and Supplementary discussion 3, SI).39 Evidently, 

the film processed at a low evaporation rate (8.5 mm/d) exhibits a small number of 

large-sized crystals, which are possibly formed because of severe molecular 

aggregation. In contrast, the film processed at a high evaporation rate (16.8 mm/d) 

exhibits numerous tiny-size crystals. This significant difference may be ascribed to the 

varied supersaturation time that determined by the evaporation rate, then influencing 

the subsequent nucleation density and growth rate. A low evaporation rate is known to 
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extend the supersaturation time, thus limiting the number of nucleation sites and 

retarding the crystal growth rate; a high evaporation rate can shorten the supersaturation 

time, causing direct precipitation of the organic solute without sufficient assembly.40-42 

Notably, a moderate evaporation rate of 11.2 mm/d can provide an optimal balance 

between the supersaturation time and nucleation density, and consequently, medium-

sized needle-type crystals are formed under this condition.43 This result reveals that the 

RS strategy with a moderate evaporation rate is expect to form favorable aggregation 

sizes.

Figure 2. a) 2D GIWAXS patterns of the L8-BO and b) PM6:D18:L8-BO films 
fabricated using different processing methods. c) Integrated scattering profiles of the 
PM6:D18:L8-BO films, fabricated using different processing methods, along the IP and 
OOP directions. d) Corresponding pole figures extracted from the (010) diffraction 
patterns. e) Calculated Az/Axy and CCL values of the (010) diffraction patterns in the qz 
direction.
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In addition, to in-depth evaluation of the various film-formation processes, i.e., RT 

(25°C), HT (40°C), and RS (25°C), the crystallization behavior was first investigated, 

where the film processed using the RS strategy at a fixed solvent evaporation rate of 

11.2 mm/d. Ultraviolet--visible (UV-vis) absorption spectra of single component, 

respective donor or acceptor, neat films were measured to understand which component 

is susceptible to fluid mechanics and solvent evaporation kinetics. The characteristic 

spectra of neat PM6 and D18 films are almost consistent irrespective of the processing 

methods (Figures S7a-b, SI) because the polymer crystallization is mainly determined 

by its pre-aggregation in solution.44-46 Besides, 2D grazing incidence wide angle X-ray 

scattering (2D GIWAXS) measurement was conducted to assess the polymer 

crystallization. As shown in Figure S8, SI, the PM6 and D18 films fabricated using 

different processing methods display minor changes in both in-plane (IP) and out-of-

plane (OOP) directions, thus delivering similar d-spacing and crystal coherence lengths 

(CCLs) (Figure S9 and Tables S4-S5, SI). This once again indicates the crystallization 

behavior of polymer is not sensitive to the processing methods. By contrast, the 0-0 

peaks of RT- and HT-processed neat L8-BO films exhibit approximately 11 nm and 8 

nm red-shift respectively in comparison with that of RS-processed one (Figure S7c, SI). 

Further, the intensity of the 0-1 shoulder peak of the RS-processed film is significantly 

suppressed. These results confirm that the disordered aggregation caused by the slow 

solvent evaporation at RT (25°C) or HT (40°C) with adverse Marangoni effect are 

suppressed in the RS-processed films.47 To further quantify the effect of the different 

processing methods on the crystallinity of L8-BO, the GIWAXS measurement was 

performed (Figure 2a). Both RT- and HT-processed L8-BO films exhibit multiple 

diffraction patterns in different directions, whereas the RS-processed film shows only 

one type of predominant π-π stacking diffraction pattern at 1.80 Å-1 in the OOP (010) 

direction. In detail (Figure S10a and Tables S4-S5, SI), compared to the RT- and HT-

processed films, RS-processed L8-BO film exhibits a relatively large CCL value of 

(010) peak in OOP direction and a smaller d-spacing distance. Those result further 
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confirm that the RS-processed film shows suppressed disordered aggregation and 

enhanced π-π stacking of L8-BO molecule. To investigate the corresponding changes 

in molecular orientation, pole figures were extracted from the graph of (010) peak 

intensity versus polar angle (χ). The χ values in the ranges of 0-45° (Axy), and 45-90° 

(Az) indicate the corresponding fractions of edge-on and face-on crystallites, 

respectively.48 As shown in Figure S10b, SI, the RS-processed L8-BO film shows a 

large Az/Axy value of 4.98 (Figure S10b and Table S6, SI), which exceeds those of the 

RT- and HT-processed L8-BO films (3.94 and 4.20, respectively). All the discussions 

above confirm that the RS strategy could induce L8-BO to preferentially form a face-

on orientation with enhanced long-range ordered molecular stacking (high crystallinity).

To assess whether the enhanced crystallinity of L8-BO remained when mixing with 

the donors, 2D GIWAXS measurements of the blend films (PM6:D18:L8-BO) 

processed by various methods were further conducted (Figure 2b). The RS-processed 

blend film exhibits enhanced intensities in both IP (100) and OOP (010) direction, and 

the corresponding CCL values (57.73 and 31.81 Å, respectively) are higher than those 

of RT- (34.71 and 43.85 Å, respectively) and HT- (21.28 and 24.05 Å, respectively) 

processed blend films (Figure 2c and Tables S7-S8, SI). In addition, the Az/Axy value of 

the RS-processed blend film (4.43; Figures 2d-e and Table S9, SI) is larger than those 

of the RT- and HT-processed blends (3.98 and 4.10, respectively). These suggest that 

the RS strategy can also assist in L8-BO crystallization with a more ordered 

arrangement and preferred face-on orientation even in the PM6:D18:L8-BO ternary 

active layer.
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Figure 3. a) In-situ UV-vis absorption spectra of the PM6:D18:L8-BO films fabricated 
using different processing methods. b) Changes in the intensity of ~790 nm absorption 
peak of L8-BO in PM6:D18:L8-BO. c-e) TEM images of the PM6:D18:L8-BO films 
fabricated using different processing methods.

To evaluate the mechanism underlying the active layer growth using the RS strategy, 

the film-formation process was tracked using the in-situ UV-vis absorption 

characterization. The detected absorption peaks at 400-650 nm and 650-980 nm are 

characteristic features of PM6:D18 and L8-BO, respectively (Figures 3a and S11-S12, 

SI). The film forming process can be divided into three different stages: (I) solvent 

evaporation, (II) molecular crystallization, and (III) film solidification. A significant 

difference is observed in the crystallization stage of L8-BO; the crystallization times of 

the RT-, HT-, and RS-processed films are 2.80, 1.05, and 0.30 s, respectively (Figure 

S13, SI). The notably shortened crystallization time of RS-processed blend film 
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suggests a fast crystallization rate (Figures 3b and S14, SI), thus enhancing the L8-BO 

crystallinity in the blend film.28, 49 Subsequently, the impact of molecular crystallization 

on the microstructure morphology of blend films fabricated using various processing 

methods were investigated via atomic force microscopy (AFM) and transmission 

electron microscopy (TEM). The RT-based film exhibits a large root-mean-square 

roughness (RMS) of 6.52 nm (Figure S15a, SI) as well as large domain sizes (Figure 

3c), which can be attributed to the molecular aggregation caused by the slow solvent 

evaporation at RT. Although the HT can mitigate this behavior as evidenced from the 

reduced RMS surface and weakened phase separation, a heterogeneous phase 

distribution still exists in the film (Figures 3d and S15b, SI), which may hinder charge 

transport and extraction. Contrarily, the RS-processed blend film exhibits a well-mixed 

interpenetrating network structure with optimized domain sizes (Figures 3e and S15c, 

SI). Such a morphology is beneficial for exciton dissociation and charge transport and 

is thus suitable for facilitating uniform and large-scale active layers.50

Figure 4. a) J–V curves of the PM6:D18:L8-BO-based OSCs, subjected to various 
processing methods, under AM 1.5G illumination with an intensity of 100 mW cm-2. 
b) Corresponding EQE spectra. c) Histograms of the PCE counts of 20 individual 
PM6:D18:L8-BO-based OSCs subjected to various processing methods. d) MPP 
stability test of the unencapsulated OSCs based on PM6:D18:L8-BO, subjected to 
various processing methods and stored in N2 atmosphere, under the illumination of a 
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100 mW cm-2 white LED. e) EQEEL spectra of the PM6:D18:L8-BO-based OSCs 
subjected to various processing methods.

Based on the above-mentioned investigation, OSCs with a configuration of indium 

tin oxide (ITO)/Al-doped ZnO (AZO)/PM6:D18:L8-BO/MoO3/Al were fabricated, and 

the active layers were processed using the RT, HT, and RS with PhMe as the solvent. 

The current density–voltage (J–V) curves and related photovoltaic parameters are 

presented in Figures 4a, S16-S17 and Tables 1, S10-S11, SI. The RS-based 0.062-cm2 

OSC exhibits a remarkable PCE of 18.22%, with an open-circuit voltage (Voc) of 0.895 

V, short-circuit current density (Jsc) of 25.62 mA cm-2, and fill factor (FF) of 79.50%; 

this PCE surpasses those of the RT- and HT-based OSCs (13.82% and 16.50%). The 

external quantum efficiency (EQE) spectra show that the integrated Jsc values of the 

corresponding OSCs agree well with those obtained from the J–V curves within 5% 

deviation (Figure 4b). Notably, compared to the RT- and HT-based OSCs, the RS-based 

OSCs show a higher average PCE of 17.83% and a narrower distribution (Figure 4c). 

The operational stabilities under continuous MPP tracking reveal that the RS-based 

OSCs can maintain 88.5% of its initial PCE after 1000 h (Figure 4d). In contrast, the 

RT- and HT-based OSCs can maintain only 21.7% and 35.9%, respectively. These 

results collectively suggest that the RS strategy can help finetune the film morphology 

by suppressing the L8-BO aggregation and inhibiting Marangoni effect, which is 

benefit in forming nano-scale phase-separated morphology and enhancing the 

crystallization, thus improving the photovoltaic efficiency and operational stability.51 

More importantly, the RS strategy shows good universality for other green solvent (o-

XY and 1,2,4-trimethylbenzene)-processed active layers. The resultant devices show 

outstanding PCEs of ~17%, which is significantly higher than those of their RT and HT 

counterparts (Figure S18 and Tables S12-S13, SI).

Next, the mechanism underlying the observed high photovoltaic performance of the 

RS-based OSCs was evaluated. The voltage differences of the devices were analyzed 

by evaluating energy loss using the detailed balance theory.52 Based on the optical 

Page 15 of 22 Energy & Environmental Science



15

bandgap and highly sensitive EQE values, the three devices exhibited similar ΔE1 and 

ΔE2 values (Figure S19, Table S14 and Supplementary discussion 4, SI). The RS-based 

device showed a significantly higher external electroluminescence quantum efficiency 

(EQEEL) (Figure 4e and Table S14, SI), leading to a considerable reduction in ΔE3 to 

0.245 eV, compared to 0.281 and 0.262 eV for the RT- and HT-based devices, 

respectively. This result demonstrates that the RS strategy can more effectively 

suppress non-radiative recombination owing to the improved L8-BO crystallinity.53-56 

Moreover, because of the high and more balanced hole/electron mobility in the RS-

based OSCs, space-charge accumulation is reduced, and the FF of the device is 

enhanced. This result is consistent with the observed nano-scale phase-separated 

morphology and even component distribution (Figure S20 and Table S15, SI). In 

addition, the prolonged photovoltage and shortened photocurrent decay lifetimes for 

the RS-based OSCs indicate a long carrier lifetime and more efficient carrier extraction 

in the device, which correlate with suppressed aggregation and recombination (Figure 

S21, SI). In summary, the improved carrier dynamic behaviors strongly underpin the 

nano-scale phase-separated morphology and effective charge transport channels in the 

RS-based OSCs, and can well explain its superior photovoltaic parameters.

Table 1. Photovoltaic parameters of small-area OSCs.

Active layer Voc 
(V)

Jsc 
(mA cm-2)

Jcalc
a) 

(mA cm-2)
FF 
(%)

PCE 
(%)

PM6:D18:L8-BO 
(RT)

0.845
(0.840 ± 0.003)

22.54
(22.12 ± 0.37)

21.55
72.50

(72.06 ± 0.45)
13.82

(13.15 ± 0.50)
PM6:D18:L8-BO 

(HT)
0.867

(0.861 ± 0.004)
24.43

(24.10 ± 0.26)
24.16

77.97
(77.28 ± 0.36)

16.50
(16.08 ± 0.32)

PM6:D18:L8-BO 
(RS)

0.895
(0.892 ± 0.003)

25.62
(25.40 ± 0.17)

25.43
79.50

(79.38 ± 0.14)
18.22

(17.83 ± 0.21)
a) The Jcalc values were calculated from the EQE spectra. Note: the optimum parameters 
are given as the mean ± standard deviation in parentheses, based on calculations from 
20 individual devices.
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Figure 5. a) Schematic illustration of the RS blade-coating process for large-area OSC 
modules. b) J–V curves of the OSC modules under AM 1.5G illumination with an 
intensity of 100 mW cm-2. c) LBIC mapping images of the HT- and RS-based OSC 
modules. The color scale bar represents the EQE intensity. d) Reported PCEs of green-
solvent-based OSC modules with an active area over 10 cm2.

To assess the compatibility of the RS strategy with large-area printing, the 

PM6:D18:L8-BO-based 15.64-cm2 OSC modules were fabricated with eight series-

connected sub-cells (Figures S22-S23, SI). Figure 5a illustrates the RS process of the 

OSC modules under an ambient atmosphere (more details see Experimental Section in 

SI). The RS-processed 15.64-cm2 OSC module exhibits an outstanding PCE of 16.03% 

with a Voc of 7.09 V, Jsc of 2.97 mA cm-2, and FF of 76.17%, and this PCE is 

significantly higher than those of the RT- and HT-based modules (9.96% and 12.94%, 

respectively; Figure 5b and Table 2). The light-beam-induced current (LBIC) mapping 

results and photographs of the OSC modules indicate that the photocurrent distribution 

and response of the RS-based module is more uniform than those of the RT- and HT-

based modules (Figures 5c and S24-S25, SI), which is responsible for the improved 

photovoltaic parameters. This result was further confirmed by region-dependent optical 

absorption characterization of active layer film fabricated using different processing 

methods (Figure S26, SI), suggesting a high uniformity of RS-based film on a large-
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scale. In addition, the influence of the different processing methods on the light stability 

of the OSC modules were examined by in nitrogen (N2) atmosphere under the 

illumination of a light-emitting diode (LED). As shown in Figure S27, SI, RT- and HT-

based OSC module only retained 60.4% and 81.6% of their initial PCEs after the light 

illumination for 206 h, respectively. In comparison, the RS-based OSC module could 

retain 92.8% of its initial PCE, indicating that a well-defined nano-scale phase-

separated active layer morphology can minimize the device degradation. Notably, the 

16.03% PCE is the highest value reported thus far for over 10 cm2 green-solvent-

processed large-area OSC modules (Figure 5d and Table S16, SI). This high efficiency 

was also certified to be 15.69% by the Shanghai Institute of Microsystem and 

Information Technology, Chinese Academy of Sciences (SIMIT) (Figure S28, SI, and 

Table 2). Even if the module area is expanded to 72.00 cm2, a remarkable PCE of 

14.45% is still achieved (Figure S29, SI), further confirming the great prospects of the 

RS strategy for constructing ultra-large-area OSC modules.

Table 2. Photovoltaic parameters of the OSC modules.

Active layer Voc (V) Jsc (mA cm-2) FF (%) PCE (%)

PM6:D18:L8-BO (RT) 6.46 2.43 63.54 9.96

PM6:D18:L8-BO (HT) 6.68 2.75 70.39 12.94

PM6:D18:L8-BO (RS) 7.09 2.97 76.17 16.03

PM6:D18:L8-BO (RS)a 7.14 2.92 75.31 15.69

a) Certified result by SIMIT.

3. Conclusion

In summary, we successfully developed an RS strategy at RT to solve the issues of 

molecular aggregation and Marangoni effect simultaneously in the green solvent blade-

coating process. An in-depth analysis of the associated mechanism revealed that a 

moderate evaporation rate is beneficial for optimizing the molecular crystallization 

duration to avoid severe molecular aggregation. In addition, the RT processing without 

any temperature/surface tension gradient eliminates the Marangoni effect, thus leading 
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to a highly homogenous component distribution. Both advantages facilitated the 

formation of a nano-scale interpenetrating network morphology with face-on 

orientation in the active layer. The resultant PhMe-processed 15.64 cm2 OSC module 

exhibits a record PCE of 16.03%. In addition, the RS strategy shows great compatibility 

with larger-area OSC modules (72.00 cm2), which delivered a remarkable PCE of 

14.45%. We believe that this RS strategy can significantly contribute to the 

development of green-solvent-processed large-area OSC modules for industrial 

applications.
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