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Abstract: Nonfused ring electron acceptors (NFREAs) represent a compelling class of n-type near

infrared (NIR) photoactive semiconductors, distinguished by their pronounced molecular

absorption  and straightforward  synthetic  approaches.  However,  challenges  such  as  diminished

backbone planarity  and the presence of  bulky substituents  adversely affect the crystallinity  of

NFREAs, thereby impeding charge transport and the formation of bicontinuous morphology in

organic photovoltaic device.  The solubility  of  donors and acceptors  across various solvents  is

examined, revealing that solubility hysteresis can facilitate the formation of the highly crystalline

donor polymer fibril, which in turn, refines the NFREA phase, thus inducing a better bicontinuous

morphology with improved crystallinity. Leveraging these insights, a novel solubility hysteresis

sequential condensation thin film fabrication methodology is devised, yielding photoactive layers

of exceptional uniformity and smoothness. The well-defined interpenetrating network morphology

afforded  a  record  efficiency  of  19.02%,  as  a  marked  advancement  over  conventional  device

fabrication methods. Additionally, a high efficiency retention (Pr) value of 92.3% is achieved in 1

cm2 device (17.28% efficiency).



Introduction

Single-junction organic solar cells (OSCs) 1-4 based on conjugated polymer donors and fused

ring electron acceptors (FREAs) 5-9 have achieved prominent power conversion efficiencies (PCEs)

over 19% in recent years.10-13 On the contrary, OSCs incorporating the more economically viable

nonfused ring electron acceptors (NFREAs) 14-17 have been confined to efficiencies approximately

16%, suffering from low short-circuit current density (JSC) and fill factor (FF). Unlike FREAs,

NFREAs extend their backbone through C-C single bonds, circumventing the necessity for low-

yield ring-closure reaction, thus typically offering simpler synthetic routes. However, the unfixed

backbone geometry and weakened intermolecular  r-r  interaction are also originated.  18 Besides,

NFREAs are similar with donor polymers in chemistry, which often leads to high

material  miscibility  and  unfavorably  large  mixing  domains  within  blended  photoactive  film.

Consequently,  achieving  a  nano-sized  interpenetrating  network  morphology  with  good

crystallinity  to  meet  the  requirement of efficient exciton splitting and carrier transport is the

forefront challenge for NFREA based OSCs.

In order to address the above-mentioned challenges, photoactive layer condensation strategy

needs to be developed, aiming to mitigate intermolecular mixing and to introduce the formation of

high-quality nano fibrillar network morphology within NFREA blends. The state-of-the-art

NFREA 2BTh-2F-C2 was utilized as the acceptor, 19 and D18 polymer as the donor to construct

bulk  heterojunction thin film. A combinatory solvent mixture was designed by looking into the

vapor  pressure  and  material  solubility  differences.  Specifically,  the  solubility  limit  and  non-

equilibrium polymer chain assembly was designed to establish the polymer donor network and

purify  the  acceptor phase, thus enhancing the phase separation and crystallization. Numerous

solvent mixtures were studied and the donor/acceptor solubility hysteresis sequential condensation

is developed. A generalized processing methodology is established, where the combination of a

volatile  good-  solvent  and  a  less-volatile  bad-solvent  for  D18  is  favored  to  instigate  phase

separation,  allowing  NFREA molecules to initially dissolve in the solvent mixture before

segregating to form high-purity acceptor fibril phase in the residual solvent. Thus, during the first

stage  of  film formation  process,  rapid evaporation of the volatile good solvent increases the

concentration of the bad solvent, causing D18 to precipitate into form a gel-like fibrillar network.

NFREA molecules subsequently crystallize slowly in-between the D18 fibril network as the bad-

solvent volatilizes. Additionally, solid-state additive  20 is introduced, which resides in the nearly

dried  photoactive  thin  film  to  further  enhance  material crystallization. The crystallization

processes of donor and acceptor materials are thus



distinguished and improved, contributing to  improved interpenetrating morphology and carrier

transport.

Based on the above-mentioned procedure, the chloroform (CF) and o-xylene (OXY) mixture

emerged as superior for D18: 2BTh-2F-C2 blends, which delivered a champion efficiency of

19.02% with a  JSC of 26.71 mA cm-2 and an FF of 77.98%, a significant advancement over

conventional  device  preparation  protocol.  The  solubility  hysteresis  sequential  condensation

methodology is successfully extended to multiple organic photovoltaic (OPV) blends that suffer

from either pronounced intermolecular mixing or excessive phase separation. For NFREAs that

are boasted of cost-effective synthesis, the performance-cost profit of the studied system reaches a

high level with a figure-of-merit (FOM) of 28.3 (18.5 for PM6: Y6 blends). More importantly, the

solubility hysteresis sequential condensation processing could manipulate solvent evaporation and

mixture viscosity, which opens a large window for material deposition and surface flattening to

reduce the area-induced efficiency loss. When the device area is extended to 1 cm2, an efficiency

of 17.28% is recorded, which is among the highest in 1 cm2 OPV devices.

Results and Discussion

The Solubility Hysteresis Sequential Condensation Processing Methodology

The conventional OSC thin film morphology manipulation focuses on finite control of

material crystallization and phase separation. However, many donor/acceptor mixtures, that are

high  miscibility or show strong tendency to segregate in bulk or on surface, are hard to be

optimized even using ancillary additives. Such difficulties prevent us to fully explore the potential

of  organic  photovoltaic  materials,  which  are  ideal  photoactive  absorbers  spectrally  and

electronically  but  delivered poor device performances. Thus the approach in mattering blend

morphology is in urgent  needs  for  the  quick  emergence  of  new  generation  of  photoactive

materials. We take one step back to reconsider the morphology development of OSC thin film

from solvent drying, and speculate that  manipulating the photoactive material and solvent

interaction to consequentially deposit donor and  acceptor phase could lead to self-purified

bicontinuous morphology in one shot. This avenue needs to design a solvent mixture that can

result in solubility hysteresis, in which the solvent nature should deteriorate to bias out one phase

while keep the other well solubilized. Thus solubility and volatility are the two major factors to be

considered. The solubility parameter was calculated based on materials’ chemical structure. 21 The

solvents considered include CF, carbon tetrachloride (CTC),



toluene (TL), OXY, trimethylbenzene (TYL), chlorobenzene (CB),  o-dichlorobenzene (ODCB),

bromobenzene (BrB), o-dibromobenzene (ODBrB), tetrahydrofuran (THF), methyltetrahydrofuran

(MTHF), and dibromothiophene (DBTh), as shown in Fig. 1a. The calculated atomic dispersive

interactions (oD), permanent dipole molecular interactions (oP) and molecular hydrogen bonding

interactions (oH) are summarized in Supplementary Table 1. The parameter oV is introduced since

that oD and oP show similar dissolution effect.22

𝛿! = #δ"
# + δ$

# (1)

oH is important when polar interaction exists, which is considered as the other key interaction

towards material solubilization. As shown in Fig. 1b, a 2-dimensional solubility matrix for D18

based on oH and oV was constructed, where the different interacts that affect material solubility

can  be  effectively  visualized.21 A solubility  circle  that  summarizes  the  solubility  parameter

differences

between target material and solvent are constructed with a radius of Ra,21 as follow

𝛿% = #∆𝛿&
# + ∆𝛿'

# (2)

The relative energy difference (RED) index is introduced, which is defined as

𝛿𝛿𝛿 = 𝛿%⁄𝛿( (3)

The solubility region of polymers in common is approximately limited within a circle with a

radius of about 5 o-units (solubility sphere with R0 = 5).21, 23 Good solvents show a RED index

smaller than 1, which are inside the solubility sphere. Bad solvents have a RED index larger than

1, and the larger the RED number, the worse the solubility. The RED index of different systems is

summarized in Supplementary Table 2.

The validity of RED index is examined by the absorption spectra (Fig. 1c). D18 in good

solvent  shows an absorption maximum ~ 575 nm, and over than 40 nm red-shift  is  seen for

absorption in bad solvent, which indicates chain aggregation in bad solvent. We then measured the

laser light path for different solutions (Supplementary Fig. 1). Tyndall effect can be observed for

TL,  OXY  and  TYL solutions, suggesting D18 gel-like aggregation due to poor solubility.

Diffusive light path was seen for MTHF solution, suggesting the presence of large particles in

solution.  This  is  due  to  the  extremely  poor  solubility  of  D18  in  MTHF,  which  makes  the

aggregation unable to be controlled. The time-dependent optical transmittance measurement was

carried  out  for  D18  MTHF,  OXY and  CB  dilute  solution  (Supplementary  Fig.  2).  High

transmittance  of  MTHF  solution  in  460-640  nm  region suggests that large amount of D18

precipitates out and the solution concentration is low (~1/3 comparing to the concentration of CB



and OXY solutions). Transmittance in 680-700 nm region is
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related to Tyndall diffraction in light path. The transmittance of CB solution remains quite stable

during ~2 h solution aging. MTHF solution transmittance changes largely, suggesting prominent

aggregation  growth.  Transmittance  of  OXY solution  shows weak aggregation  growth  without

material precipitation. The limited solubility and slower aggregation growth of OXY solution

open a controllable time window for thin film morphology manipulation. Supplementary Fig. 3

illustrates  the Tyndall effect measurement for 2BTh-2F-C2 in various solution. The absence of a

visible laser light path suggests that no gel-like aggregation occurs in any of the solvents tested.

Therefore, it can be inferred that the small molecule nonfused ring electron acceptors 2BTh-2F-C2

could be effectively solubilized in the studied solvents. The normalized UV-vis absorption for

2BTh-2F-C2 in various solvents as shown in Supplementary Fig. 4, align well with the calculated

solubility parameters.

We then studied the vapor pressure of selected solvents (Supplementary Table 2), which

determines the evaporation sequence from the mixed solvent. This feature in coupling with RED

index establishes a four quadrant solution property map (Fig. 1d). For the D18 donor polymer, CF

and CTC are volatile good solvent; THF and MTHF are volatile bad solvent; CB, ODCB, BrB,

ODBrB, DBTh are low-volatile good solvent; and, TL, OXY and TYL are low-volatile bad

solvent. A combination of volatile good solvent and low-volatile bad solvent results in a dynamic

solution mixture that solubility towards D18 deteriorates gradually, and thus polymer aggregation

can  be  controlled.  The  CF&OXY mixture  is  taken  as  an  example  to  study the  volatilization

mechanism.

For the CF&OXY binary solution, the vapor pressure is given by Raoult's law24:
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where PO is the vapor pressure, P is the partial vapor pressure, and n is the amount-of-substance

defined by 𝛿 = 𝛿𝛿⁄𝛿，where p is the density, V is the volume, and M is the molar mass. The

vapor pressure as the function of volume fraction is shown in Fig. 1e. Thus, CF serves as the

solubilizing agent and quickly removes to transfer donor/acceptor materials into OXY dominated

solution. The thin film drying kinetics is shown in Supplementary Fig. 5. It is seen that CF

solvent vaporizes

within seconds and then OXY removal kinetic dominates (red). The OXY solution shows two

distinctive removal slopes (blue). The first slope is the evaporation of free OXY in solution, and



the second slope is the slow removal of OXY that is associated with gel-type aggregation. The

removal of OXY in CF&OXY shows a slop less steep comparing to free OXY removal, which

suggests a



more controllable gel-type aggregation formation. To make an appropriated solvent mixture to

fully induce D18 fibril-like aggregation, the OXY concentration should be set over the deflection

point in OXY solution removal profile (~8% of the total thickness of OXY wet film). And in the

current case, an 12% of OXY in CF&OXY is found to be optimal. In nature, D18 chain starts to

assemble into fibrils after CF evaporation. Upon the continuous removal of OXY residual solvent,

solubility limit forces more D18 to precipitate in an unrushed manner to form fibril network.

Meanwhile, the  mobile phase is enriched with 2BTh-2F-C2 and gradually phase purified. The

primary D18 network  phase dictates the morphology, and then 2BTh-2F-C2 molecules order

within the D18 fibril mesh to form secondary 2BTh-2F-C2 network. Thus material crystallization

is enhanced and mixing domain size is reduced, and the length scale of phase separation is mostly

dictated by the size of the fibril diameter. This processing explores the solubility hysteresis to

induce consequential fibril formation can be of high advantage for solar cell devices since the

crystallization is enhanced in balance.

Last but not the least, solid additive of 1,4-diiodobenzene (DIB) 25-26 as shown in Supplementary

Fig. 6a can be introduced and set as the last removal agent to further enhance material

crystallization. As shown in Supplementary Fig. 6b and Supplementary Table 3, the film thickness

decline by ~22 nm after annealing, indicating the existance of DIB until thermal annealing. During

the film formation process, the progressive evaporation of CF results in a notable elevation of DIB

concentration within OXY, which interacts with the acceptors in the last stage to regulate the

morphology of the NFREAs and balance the charge transport. Supplementary Fig. 6c shows the

normalized absorption for 2BTh-2F-C2 precursor solution with or without solid additive of DIB.

The absorption of 2BTh-2F-C2 shows red-shift after adding DIB, suggesting a slightly

planarization of molecular conformation of acceptor under the presence of DIB. This feature could

induce better  ordering of 2BTh-2F-C2 during film formation. 13 The Time of Flight Secondary

Ion Mass Spectrometry (TOF-SIMS) measurement is performed to further investigate the effect of

DIB on  the distribution of D18 and 2BTh-2F-C2 in the final film (Supplementary Fig. 7). The

unique cyanide (CN−) is used to trace the acceptor 2BTh-2F-C2. It is observed that 2BTh-2F-C2

molecules exhibit a propensity for shallow surface accumulation in the film under DIB conditions.

This suggests that the migration of some 2BTh-2F-C2 molecules towards the film surface occurs

during  the  DIB  departure  process  due  to  strong  interaction.  These  findings  demonstrate  the



advantageous role of DIB in optimizing the vertical distribution within the D18:2BTh-2F-C2 film.

The influences



of DIB on crystallization are complemented as shown in Supplementary Fig. 8 and Supplementary

Table 4-5. The obvious peak intensity enhancement is seen for the DIB condition, presenting an

orderly arrangement in the D18:2BTh-2F-C2 film after DIB treatment. The CCLs and peak areas

for the lamellar packing (IP profiles) are 99.05, 110.5 Å, and 1.45, 2.55 for w/o DIB and DIB

processed blends, respectively. And for n-n stacking (OOP profiles), the CCLs and peak areas are

18.98, 20.95 Å, and 3.07, 3.29 for w/o DIB and DIB processed blends, respectively. Thus, the

introduction of solid additive DIB is benefited to the optimization for the crystallization

morphology. The mechanism of solubility hysteresis sequential condensation processing is

examined by in-

situ UV–vis absorption spectroscopy (Fig. 1f-h, Supplementary Fig. 9, Supplementary Table 6). 27-

29 The 520 nm absorption and the 790 nm absorption are used to track the ordering of D18 and

2BTh-2F-C2. D18 and 2BTh-2F-C2 order quickly in CF solution (~500 ms) and slowly in OXY

solution  (~44.5  s)  from  a  fully  solubilized  condition.  The  ordering  transition  is  quite  steep

(Supplementary  Fig.  10)  and  simultaneously,  offering  a  limited  window  for  morphology

optimization. In CF&OXY solution, D18 gradually orders in-between 500-3500 ms, and 2BTh-

2F- C2 orders at ~4000 ms. Thus the D18 gel-like framework is gradually formed and 2BTh-2F-C2

is kept in mobile phase. 2BTh-2F-C2 ordering occurs in-between D18 network in later stage of

film drying, thus phase purity and crystallinity can be enhanced. These results are fully consistent

with the Raoult’s calculation (Fig. 1e) and in-situ thickness measurement (Supplementary Fig. 5).

The schematic illustration of the mechanism for the evolution process is shown in Supplementary

Fig. 11.

Photovoltaic Device Performance and Cost Advantage Analysis

The solar cell device performance of NFREA is strongly affected by the difficulties in

obtaining a suitable bicontinuous morphology. 2BTh-2F-C2 is one of the best-performing NFREA

acceptor with reported efficiency only of 15.4%. 19 Poor phase separation and low crystallinity are

the major  reasons  that  limit  JSC and FF.  Using  the  optimized  solubility  hysteresis  sequential

condensation  device  fabrication  method,  significant  improvement  in  device  performance  are

recorded.  The  J-V  curves  and  solar  cell  performances  are  summarized  in  Fig.  2a, Table  1,

Supplementary Fig. 12-13, and Supplementary Table 7-8. The CF, OXY and CF&OXY processed



solar cells showed a PCE of  15.59% (VOC = 0.915 V, JSC = 24.53 mA cm−2, FF = 69.49%),

17.50% (VOC = 0.911 V, JSC = 25.68



mA cm−2, FF = 74.83%) and 19.02% (VOC = 0.913 V, JSC = 26.71 mA cm−2, FF = 77.98%),

respectively. Certified PCE reaches 18.63% (Supplementary Fig. 14), which is the highest value

for  NFREA based solar cells. The higher JSC and FF in CF&OXY device indicate both carrier

generation  and carrier  transport  are  optimized,  which  suggests  a  more  favorable  bicontinuous

morphology is obtained. The external quantum efficiencies (EQEs) and differences are shown in

Fig. 2b and Supplementary Fig. 15. The EQE in 350-450 nm is mainly from D18, and that in 700-

850 nm is mainly from 2BTh-2F-C2 film (Supplementary Fig. 16). Thus, compared with CF and

OXY  processed device, solar cells fabricated using CF&OXY solvent mixture show improved

EQE in both donor and acceptor region, with higher contribution from NFREA absorption region.

Thus the solubility hysteresis sequential condensation processing solved difficulty in constructing

a  continuous  high  mobility  acceptor  phase,  which  is  accredited  to  the  improved  NFREA

crystallization  in  OXY residual  solvents.  Fig.  2c  summarized  the  statistical  PCE prepared  by

different solvent conditions, which demonstrates a good reproducibility of device performance. An

explicit  comparison  to  the  state-of-the-art  NFREAs  performance  is  shown  in  Fig.  2d  and

Supplementary  Fig.  17a based  on  the  current  results  and the  another  78  data  points  from 55

literatures (detailed data shown in Supplementary Table 9). The major difficulty to achieve a high

efficiency for  NFREA blends is  that  VOC*FF value drops at  high  JSC level,  as  seen from the

regression analysis in Supplementary Fig. 17b. The device fabrication method can jump out of this

limitation, which sets the records for NFREA solar cells.

Considering both synthetic complexity (SC, Supplementary Fig. 18-21) and PCE, the cost-

efficiency was analyzed, and the figure of merit (FOM) 30-31 was calculated by

FOM = PCE/SC (6)

Fig.  2e  shows  the  macroscopic  factors  matrix,  with  detailed  parameters  summarized  in

Supplementary Table 10-11. The FOM value of 2BTh-2F-C2 reaches 28.3, which is well above

many widely used acceptors such as IT-4F (23.9), Y6 (18.5), and L8-BO (18.7). Solar cell device

performances using other solvent combinations are shown in Fig. 2f and Supplementary Table 12-

13). This PCE map clearly suggests the mixture of volatile good solvent and low-volatile bad

solvent processing is effective but to different extent. An additional set of universal applicability

experiment based on different NFREAs (molecular structures shown in Supplementary Fig. 22) is

executed. The device performance is shown in Supplementary Table 14 and Supplementary Fig.

23, which



generally exhibits a good improvement. We have tried solubility hysteresis sequential

condensation processing in the most studied OPV blends with results shown in Supplementary

Table 15 and Supplementary Fig. 24. We find that the optimal OXY content increases from 12% to

25% (Supplementary Fig. 25 and Supplementary Table 16) due to the different properties of the

polymer material. This is an important reason for less improvement in previous experiments, and

the representative combination (PM6:Y6, PM6:eC9) are supplemented in optimal condition shown

in Supplementary Table 15. Meanwhile, the intrinsic characteristics of the materials also determine

its  improvement  limitation.  Differences  in  solubility  and  crystallinity  whittle  its  potential  for

optimization. As additional obvious illustration, it should also be noted that slight PCE reduction

are seen in PM6:PY-IT and PTB7-Th:IEICO-4F systems, which are contrary to solvent strategy

principles since relatively small solubility differences (between PM6 and PY-IT) and insufficient

polymer crystallization (PTB7-Th). Considering the effect of polymer batches on performance, the

D18 with different number-average molecular weights (Mn) was used as shown in Supplementary

Table 17 and Supplementary Fig.  26.  The  Mn of these D18 polymers is  characterized by Gel

Permeation Chromatography (GPC) characterization as shown in Supplementary Fig. 27. It is seen

that the device performance is progressively increased as the molecular weight of D18 escalates

from approximately 2W to 6W for devices fabricated using CF solvent. However, for OXY

solution device fabrication, the device performance decreases when molecular weight increase,

which is due to the reduced solubility of larger molecular weight D18 that fibrillar assembly is hard

to optimize. A marked decrease in solubility in OXY solvent is noted as the molecular weight of

D18 approaches  5W,  and  when  the  molecular  weight  reaches  ~6W,  D18  exhibits  significant

processing  challenges  with  OXY solvent,  culminating  in  a  substantial  deterioration  in  device

performance.  These  effects  lead  to  limited  molecular  weight  to  be  used  in  CF&OXY solvent

mixture. Actually, for different molecular weighted D18, the optimal solvent mixture composition

should  also  change.  For  the  current CF&OXY recipe, the optimal PCE is obtained when

employing D18 with Mn of around 4W,  where D18 exhibits an effective balance between its

processability and hole transport characteristics.

Charge Transfer and Transport Analysis

The spectral and temporal characteristics of the charge-transfer dynamics in the blended thin 

films were studied using the transient absorption spectroscopy (TAS). 32-36 The excitation



wavelength of 800 nm was used to excite 2BTh-2F-C2 only. The 2D spectra and representative

TAS profiles at indicated delay times are shown in Supplementary Fig. 28. The decay traces at

~800 nm represent the ground-state bleach (GSB) of 2BTh-2F-C2, and the decay traces at around

940 nm are assigned to excited states absorption (ESA) of 2BTh-2F-C2. With the decay of the

2BTh-2F-C2 bleach peak (800 nm), the D18 GSB peak at around 595 nm rises, suggesting the

hole-transfer process from 2BTh-2F-C2 to D18. Fig. 3a shows the hole-transfer process profiles,

and Supplementary Table 18 summarizes the kinetics parameters fitted by biexponential function.

The fast components (τ1) represent the kinetics of the exciton dissociation in mixing domain or at

interfaces, which are 1.16, 1.10 and 0.92 ps for the CF, OXY, and CF&OXY processed blends.

The  slow components (τ2) represent the kinetics of exciton diffusion in crystalline domain to

interfaces, which are 24.06, 22.14 and 19.01 ps for the CF, OXY, and CF&OXY processed blends.

The faster hole-transfer in mixing region in CF&OXY processed blends suggests a more favorable

D-A  interaction,  and  the  faster  diffusion  in  NFREA domain  suggests  better  interpenetrating

crystalline network structure inherited from the sequential crystallization.

Space-charge-limited current (SCLC) measurement was performed and the results are shown

in Supplementary Fig. 29 and Fig. 3b. It is seen that both the electron mobility (µe) and hole

mobility (µh) for OXY-device are improved compared with CF-device. And for CF&OXY-device,

the µe and  µh are improved significantly in  balanced manner.  The  µe/µh value of  CF, OXY,

CF&OXY based device are calculated to be 0.41, 0.43, 0.84, respectively. The largely improved

µe results in high  EQE in NFREA absorption region. The carrier collection efficiency  P(E, T)

values are 95.8%, 96.2%, and 97.3%, respectively, for the CF, OXY, and CF&OXY based device

derived  from  photocurrent  density-effective  voltage  (Jph-Veff)  characterization  (Fig.  3c),  and  a

much higher drifting current is  seen in  low  Veff region.  These results  suggest  well  developed

bicontinuous network of CF&OXY processed thin film.

The charge transport and recombination were investigated by transient photovoltage (TPV)

and transient photocurrent (TPC) measurements. 37 The fitted charge lifetimes (τc) and charge

density (n) under different VOC conditions are summarized in Supplementary Fig. 30. Both τc and n

for CF&OXY devices show higher value than those in the other devices over the applied VOC

region,  which is ascribed to reduced charge recombination, suggesting less defects and traps in



CF&OXY



,

processed device. The charge lifetime as a function of charge density is shown in Fig. 3d, which

follows an approximately exponential law of

𝛿1 = 𝛿((   ,     )2 (7)
'

where 10 and n0 are constants, and the exponential factor 11 is in relation to the non-geminate

recombination order  R (R=11+1, and  R = 2 in ideal condition). The CF&OXY device shows a

minimum  R  of  2.06  with  the  maximum  lifetimes,  which  indicates  minimized  non-geminate

recombination. Similar conclusions can be drawn from light intensity (Plight)-dependent JSC and

VOC measurements (Supplementary Fig. 31 and Supplementary Table 19). The non-

geminate

recombination rate coefficient k(n) follows the equation of

𝛿(𝛿) = 3

4((,)×, (8)

where τc(n) is the carrier lifetime. The k(n) as a function of charge densities is shown in Fig. 3e, 38

also confirming suppressed recombination in CF&OXY processed device.

The fundamental semiconductor properties of the blended thin films were studied by the 

electron density of state (DOS) characterization, following the relationship of 39

𝛿,(𝛿) = 
8) exp 9− 

9–; 9*+,$; (9)
9) 9)

where Nt is the total density per unit volume, ELUMO is the LUMO energy level, and Et is the

energy for exponential tail distribution that describes energetic disorder. As shown in Fig. 3f, the

CF device shows a Nt of 1.374×1019 cm−3 eV−1 and an Et of 72.4 meV. The CF&OXY device

shows a much larger  Nt of 5.396×1019 cm−3 eV−1 and a smaller  Et of 63.1 meV, indicating a

higher and narrower DOS distribution. The device  Nt agrees well with the  n  value obtained in

TPC/TPV measurement, validating that the increased charge density is the major contribution to

the JSC improvement in CF&OXY devices.

Thin Film Morphology Characterization

Thin film morphology from conventional and solubility hysteresis sequential condensation

processing was studied by various imaging and scattering techniques. The atomic force

microscopy- based infrared spectroscopy (AFM-IR) measurement was used to investigate the key

feature of 2BTh-2F-C2 phase in blend film by using the specific Fourier transform infrared (FT-

IR) spectroscopy at 1700 cm-1 (Supplementary Fig. 32). 40-42 As shown in Fig. 4a-c, CF processed

thin film is high homogenous, and the specific IR band cannot be found well developed 2BTh-



2F-C2



phase. OXY processed thin film shows distinctive fibril morphology with an average diameter of

20.5 nm (extracted from AFM-IR linecut in Supplementary Fig. 33). CF&OXY processed thin

film also displays fibril morphology with diameter increased to 25.9 nm. Thus the advantage of

solubility  hysteresis  sequential  condensation  processing  in  inducing  2BTh-2F-C2 assembly  is

obvious. It should be noted that OXY has a very limited solubility for D18, and blended thin film

needs to be processed when solution is still hot. CF&OXY solution is much easier to handle and

reproducible, and the dynamic solution quality deterioration via consequential evaporation could

better induce a bicontinuous phase separation for NFREA blends.

We then quantitatively analyzed the blended thin film crystallization using grazing incidence

wide-angle X-ray scattering (GIWAXS). 43 The scattering patterns and the sector averaged profiles

in the in-plane (IP) and out-of-plane (OOP) directions are shown in Supplementary Fig. 34-36.

Fig. 4d underlined the difference of crystallization behavior under different processing methods.

The

~0.3 Å−1 and ~1.7 Å−1 peaks are from the lamellae packing and TC-TC stacking of both donor and

acceptor. Comparing with the CF processed blends, peak intensity enhancement is seen for OXY

and CF&OXY processed thin film. The crystalline coherence lengths (CCLs) and peak areas for

the lamellar packing (IP profiles, Supplementary Tables 20-21) are 100.9, 105.8, 113.4 Å, and

55.93,  69.03, 78.19 for CF, OXY, and CF&OXY processed blends, respectively. And for TC-TC

stacking (OOP profiles), the CCLs and peak areas are 19.55, 19.87, 21.33 Å, and 102.14, 233.85,

263.35 for CF, OXY, and CF&OXY blends, respectively. Paracrystalline disorder factor (g-factor) for

TC-TC stacking  peak 44-45 is also calculated (Supplementary Table 21) to evaluate structure order

difference, where the g-factor of 17.4%, 17.1%, 16.6% are obtained for the CF, OXY, CF&OXY

processed thin films. These results confirm that the solubility hysteresis sequential condensation

processing  could  enhance the ordering of TC-TC stacking more effectively, which solves the

fundamental limitation of weak ordering of NFREA in photoactive blends.

We then studied the blend solution state assembly by using the cryogenic transmission

electron microscopy (cryo-TEM). Fig. 4e-f show the cryo-TEM images of CF, OXY, CF&OXY

solution. The lattice structure of D18 is seen, with the inter-planar distance of ~2 nm, which is

from lamellae chain packing. In CF, the pre-ordering is weak, and solution is thus stable. For

OXY solution, the solution assembly is much more complicated. D18 can only be solubilized in

hot solution (above 120 oC), and under quick liquid ethylene freezing sample preparation, polymer



chains get frustrated



and aggregated into nanospheres with less optimal lamellae packing. The CF&OXY solution takes

the double-folded advantages, prominent lamellae packing is seen with no nanosphere

aggregation. And in the film formation process, these lamellae packing can be further developed

into larger fibrils  in  remaining  OXY.  The  phase  images  and  height  images  of  atomic  force

microscopy  (AFM),  and  transmission  electron  microscope  (TEM)  images  for  CF,  OXY,

CF&OXY based blend films are shown in Supplementary Fig. 37. A fibrillar morphology is more

pronounced in CF&OXY processed thin film. These results indicate that using solubility hysteresis

sequential  condensation  method  to  induce  differential  material  assembly  with  a  controllable

kinetics is  optimal in driving the bicontinuous morphology of OPV blends. And the two step

crystallization could better enhance  the crystallinity and phase connectivity, arresting

interpenetrating network with limited length scale and better conductivity.

Large-Area Device Fabrication

It is found that the performance uniformity of different device pixels at different locations on

device substrate varies greatly, which is due to the thin film thickness uniformity. The thickness

distribution of the CF, OXY, and CF&OXY processed thin films are characterized on wafer

substrate. As shown in Fig. 5a, we measured the point thickness in line across wafer center (2 mm

apart  for  each),  and  the  detailed  data  are  summarized  in  Supplementary  Table  22.  We  then

measured  the  surface  profile  with  2*2  mm  size  scale  focusing  the  point  center  using  optical

profilemeter  (Supplementary  Fig.  38).  Thickness  variation ~2.5  nm is  recorded  for  CF&OXY,

which is much  smaller comparing CF and OXY condition. The surface roughness (Sa) extracted

from  surface  profile  are  11.61,  9.18,  4.47  nm  for  CF,  OXY,  CF&OXY  processed  films,

respectively.  Thus  solubility  hysteresis  sequential  condensation  processing  could  afford  highly

uniform and smooth thin film, which is essential for large area device fabrication. This advantage

originates from the unique rheological behaviors of polymer assembly in CF&OXY solution. The

rheological measurement 46-47 was performed on D18 in CB and OXY solutions (CF is too volatile

to conduct rheological measurement). The viscosity (ri) and shear stress (a) for OXY solution is

about one order of magnitude larger comparing to CB solution (Fig. 5b). This is due to the fibrillar

aggregation of  D18 in OXY solution (see Fig.  1c and Supplementary Fig.  1),  which leads to

network structure and high viscosity. In fact in higher concentration (~5 mg mL -1), a weak gel state

could be formed.



Due to the high ri and a, the OXY solution spin coating results in thick edges under centrifugal

force. CF solution is in low viscosity and high volatility, which leads to thicker film in the middle.

As for CF&OXY binary solution, the sequential deposition results in unique advantage. The low

viscosity leads to quick spreading of solution, and then the quickly elevated viscosity suppresses

multiple instabilities to afford flat and smooth thin film. Fig. 5c shows the thickness and efficiency

statistics of the device processed from CF, OXY, and CF&OXY solvents. At different position on

a device substrate, the thickness variation of CF-device is significant, and that of CF&OXY-

device is  quite  uniform.  Such  uniformity  is  directly  related  with  device  performance.

Supplementary  Table  23 shows the detailed performance vs. thickness in CF, OXY, and

CF&OXY processed device (ten pixels on each device substrate with sample configuration shown

in certification report page 6-7).

We then fabricate large area solar cell devices (1 cm2) 48-49 to evaluate the performance drop

comparing to small area devices (5.2 mm2). As seen from Fig. 5d and Supplementary Table 24, the

PCEs  of  5.2  mm2 device  for  CF,  OXY,  CF&OXY fabrication  are  15.38%,  17.36%,  18.72%,

respectively. And the PCEs of 1 cm2 device for CF, OXY, CF&OXY fabrication are 11.67%,

14.86%,  17.28%, respectively.  The efficiency retention factor  (Pr),  the PCE ratio  of  large-area

device to small-area device, is used to evaluate the quality factor on device area. The Pr values for

CF, OXY  and CF&OXY solution processed devices are 75.9%, 85.6% and 92.3%, respectively

(Fig. 5e and Supplementary Table 25). The optimal morphology and uniformity correlate with low

series  resistance  (Rs)  and  high  shunt  resistance  (Rsh),  50-51  thus  better  electrical  property  is

obtained to deliver a high Pr value for CF&OXY.

Conclusion

To conclude, the solubility hysteresis sequential condensation strategy for organic solar cell

fabrication emerges as a groundbreaking solution to the challenge of bicontinuous morphology

optimization for NFREA blended thin film. The optimized donor/acceptor interpenetrating

network with enhanced crystalline quality results in highly efficient and balanced charge transfer

and transport properties. And champion efficiency of 19.02% (certified as 18.63%) is obtained

with much better  performance-cost  benefits.  More importantly,  solubility  hysteresis  sequential

condensation fabrication could produce the film with better thickness uniformity and smoothness,

and thus the efficiency drop is much smaller when scaling the device area from 5.2 mm2 to 1 cm2.



The best efficiency of CF&OXY processed NFREA 1 cm2 large-area device is 17.28%,

maintaining  92.3%  of  the  initial  value  in  0.052  cm2 area  device.  These  results  are  highly

encouraging, demonstrating a harmonious integration of performance, cost, and scalability under

the  solubility  hysteresis  sequential  condensation  solar  cell  fabrication  paradigm,  signifying  a

bright future for commercial application.
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Table 1 | The efficiency for D18:2BTh-2F-C2 BHJ in CF, OXY, CF&OXY condition under AM 
1.5G, 100 mA cm−2.

Solvent
JSC

(mA cm-2)
VOC

(V)
FF
(%)

PCEa Pr

(%) (%)
24.53 0.915 69.49 15.59

CF
(24.08±0.56)

(0.917±0.002) (67.81±2.60)
(14.97±0.43)

75.9

25.68 0.911 74.83 17.50
OXY

(25.71±0.39)
(0.912±0.001) (72.52±1.48)

(17.00±0.27)
85.6

26.71 0.913 77.98 19.02
CF&OXY

(26.53±0.30)
(0.913±0.001) (77.24±0.88)

(18.71±0.18)
92.3

certified 26.68 0.912 76.58 18.63 /

aThe average values are obtained from 20 individual experimental results.



Fig. 1 | Materials and solvent selection. a, Chemical structures of D18, 2BTh-2F-C2, and

relevant solvents. b, Solubility of D18 in various solvents in the ov–oh diagram. (oh: molecular

hydrogen

bonding interactions; ov: 𝛿! = #δ"# + δ$#) c, Normalized absorption of D18 in various
solvents.

d, Solvent classification diagram based on vapor pressure and solubility. (RED: The relative
energy  difference)  e, Vapor  pressure  as  function  of  volume  fraction  in  binary  solvent  of

CF&OXY. Time-  dependent contour maps of in-situ UV–vis absorption spectra for D18:2BTh-

2F-C2 blend precursor solutions in f, CF condition, g, OXY condition, h, CF&OXY condition.



Fig. 2 | Devices performances. a, J-V curves and detailed parameters in different condition under
AM 1.5G, 100 mA cm−2. b, EQE spectra and integrated JSC in corresponding condition. c,
Histogram of PCE measurement for devices in corresponding condition under AM 1.5G, 100 mA
cm−2. d, Plots of the PCE versus JSC for the efficient NFREAs reported in the literature. Detailed
data shown in Supplementary Table 9. e, Macroscopic factors matrix of SC, FOM and PCE based
on IT-4F, Y6, L8-BO and 2BTh-2F-C2. f, Efficiency for various solvent combinations under AM
1.5G, 100 mA cm−2.



Fig. 3 | Ultrafast process and devices physical characteristics. a, Hole transfer process kinetics
in corresponding conditions. b, Carrier mobility of the D18:2BTh-2F-C2 in various conditions.

(µe: the electron mobility; µh: the hole mobility) (The error bars represent the standard error) c,
Photocurrent density (Jph) versus effective bias (Veff) characteristics in different conditions. (Pdiss:
carrier collection efficiency) d, Derived charge lifetime as a function of charge density fitted from
TPV and TPC results, the exponential factor 11 is in relation to the non-geminate recombination
order R (R=11+1, and R = 2 in ideal condition). e, Recombination rate coefficient as a function
of charge density fitted from TPV and TPC results. f, Derived LUMO DOS from the capacitance
spectra of devices and detailed parameters. (Nt: the total density per unit volume; Et: the energy
for exponential tail distribution that describes energetic disorder)



Fig. 4 | Morphology of thin films. Tapping AFM-IR topography image for D18:2BTh-2F-C2

blends  at the wavenumber of 1700 cm−1 in a, CF, b, OXY, c, CF&OXY condition. d, Line cut

profiles for  D18:2BTh-2F-C2 blends in different conditions. Cryo-TEM images for CF, OXY,
CF&OXY-based precursor solution in e, 50 nm scale and f, 100 nm scale.



Fig. 5 | Rheological property and large-area devices. a, Measured thickness and surface profile
linecut based on silicon wafer in CF, OXY, and CF&OXY condition, inset is the corresponding
photograph.  b,  Rheological  measurement for D18 in CB and OXY solution.  c,  Thickness and
efficiency distribution of the devices in CF, OXY, and CF&OXY condition. (The error bars
represent the upper and lower edges of the box plot) d, J-V curve and detailed parameters in CF,
OXY, CF&OXY condition for 5.2 mm2 (solid line) and 1 cm2 (dash line) devices.  e,  Surface

roughness  (Sa), series resistance (Rs), shunt resistance (Rsh), and large-area device loss (Pr) for
various conditions.
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