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a b s t r a c t 

Achieving high-performance as-cast OSCs is crucial for industrialization in the future, owing to the advantages 

of better stability, environmental-friendly, and decreasing production cost. In this regard, we synthesized an A- 

DA ′ D-A type acceptor, Y6-eC6-BO, by shortening the straight alkyl side-chains on the thiophene position from 

C 11 to C 6 as well as lengthening the branched alkyl side-chains on the pyrrole position of Y6 to achieve a stronger 

crystallization and better miscibility than Y6. As a result, the corresponding chloroform-processed as-cast PM6: 

Y6-eC6-BO OSC showed a high PCE of 17.33%, which was one of the highest efficiencies of as-cast OSCs. And 

the as-cast PM6:Y6-eC6-BO OSCs processed from o -xylene displayed a PCE of 16.38%, as far as we know, this 

is among the highest efficiencies of non-halogenated-solvent processed as-cast OSCs. These results demonstrated 

tailoring the alkyl side-chain of NFAs is a feasible and simple approach to achieve high performance as-cast OSCs 

and provides guideline in molecular design in the future. 
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. Introduction 

In recent years, organic solar cells (OSCs) have become one of impor-

ant photovoltaic technology owing to solution processing, flexibility,

emi-transparent, non-toxicity, and so on [1–3] . The increasing novel

ctive layer and interfacial materials strongly boosted the progress of

SCs, among them, the first reported BZIC with A-DA ′ D-A structure has

pened the new door to develop high performance non-fullerene accep-

or material systems [4] . For example, the A-DA ′ D-A molecule Y6, in

hich the backbone adopts “Y ”-shape geometry, has pushed the power

onversion efficiency (PCE) of OSCs over 15% [ 5 , 6 ]. Hereafter, a series

f modified acceptors with A-DA ′ D-A structure are developed, eventu-

lly, the efficiencies of them have reached over 18% up to now [7–11] .

Aside from the design of novel conjugated materials, some device

ptimization methods play a vital role in tuning the phase separation of

ulk-heterojunction (BHJ), thus resulting in the optimized performance

f OSCs, such as thermal annealing (TA) [12] , additives [ 13 , 14 ] and

olvent annealing [ 15 , 16 ]. In particular, haloid 1,8-diiodooctane (DIO)

nd 1-chloronaphthalene (CN) additives even become one of the pre-

equisites for obtaining high performance OSCs [17] . However, these

ethods not only exhibit poor compatibility with mass production in the

uture, but also generally bring a lot of new problems, such as stability,
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nvironmental friendliness, production costs [18–20] . In general, high

oiling point solvent additives are difficult to be removed completely

nd can also easily form undesirable metastable morphology. For in-

tance, residual DIO will release iodide radicals under light and these

adicals may react with active layer materials, leading to degradation

21] . Therefore, developing high-performance as-cast OSCs is urgent to

eet the demand of large-scale production in the future [22–24] . Re-

ently, Lin et al . have synthesized a novel non-fullerene acceptor Y6Se

y substituting selenium for sulfur atom of benzothiadiazole (BT) in Y6.

s a result, as-cast D18:Y6Se OSC displayed a higher PCE of 17.7% than

18:Y6 [25] . Furthermore, they have introduced an asymmetric polar-

zable alkoxy side-chain on the pyrrole position of Y6, resulting in the

ynthesis of Y6-4O. Y6-4O exhibited a higher dielectric constant and bet-

er solubility than Y6. As a consequence, the as-cast PM6:Y6-4O OSCs

rocessed from non-halogen solvent showed a PCE of 15.2% [26] . 

However, PM6:Y6-based OSCs only could achieve higher PCE

ith CN additive and thermal annealing relative to as-cast counter-

art [5] . In this work, we aim to achieve high-performance as-cast

SCs by tailoring the alkyl side chains on Y6 (2,2 ′ -((2Z,2 ′ Z)-((12,13-

is(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro- [1,2,5]thiadiazolo

3,4-e]thieno [2 ″ ,3 ′ ’:4 ′ ,5 ′ ]thieno [2 ′ ,3 ′ :4,5]pyrrolo [3,2-g]thieno

2 ′ ,3 ′ :4,5]-thieno [3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-
Ai Communications Co. Ltd. This is an open access article under the CC 
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Fig. 1. Molecular structures, properties, and device structure. (a) Chemical structures of the PM6, Y6, and Y6-eC6-BO. (b) Device structure with a conventional 

configuration was used in this work. (c) UV-vis absorption spectra of the donor and acceptor materials in film state. (d) Energy level alignment of the donor and 

acceptor materials. 
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Table 1 

Absorption properties and energy levels of Y6-eC6-BO. 

Acceptor 

𝜆max 
sol 

(nm) 

𝜆max 
film 

(nm) 

𝜆onset 
film 

(nm) 

E g 
opt 

(eV) 

E HOMO 

(eV) 

E LUMO 

(eV) 

Y6-eC6-BO 733 820 911 1.36 -5.66 -3.90 
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ifluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile) 

o simultaneously improve crystallization and miscibility. Thereby,

 new alkyl-modified non-fullerene acceptor, Y6-eC6-BO (shown

n Fig. 1 ), was synthesized. Compared to Y6, Y6-eC6-BO exhibits

etter miscibility with PM6 (poly [1-(5-(4,8-bis(5-(2-ethylhexyl)-

-fluorothiophen-2-yl)-6-methylbenzo [1,2-b:4,5-b]dithiophen-2-

l)thiophen-2-yl)-5,7-bis(2-ethylhexyl)-3-(5-methylthiophen-2-yl)- 

H,8H-benzo [1,2-c:4,5-c]dithiophene-4,8-dione])), which is beneficial

or forming interpenetrating network architecture without the aid of ad-

itive and thermal annealing. As a result, as-cast PM6:Y6-eC6-BO OSCs

xhibit a high PCE of 17.33%, which is one of the highest efficiencies

f as-cast OSCs to date. In addition, Y6-eC6-BO has a great potential

n green solvent processing that meets the demand for environmental

rotection. In this regard, as-cast PM6:Y6-eC6-BO OSCs processed

rom non-halogen ortho-xylene ( o -XY) display a PCE of 16.38%, which

s listed among the highest efficiencies of non-halogenated-solvent

rocessed as-cast OSCs so far. Moreover, the as-cast OSCs possess better

tability than the CN-additive-treated devices. This work demonstrates

hat the high-performance as-cast OSCs could be achieved by a simple

nd feasible alkyl-modified strategy. 

. Results and discussion 

The chemical structures of the active layer materials used in this

ork are shown in Fig. 1 a. Compared to Y6, Y6-eC6-BO was modified

y shortening the straight alkyl side-chains on the thiophene position

rom C 11 to C 6 as well as lengthening the branched alkyl side-chains

n the pyrrole position. The synthesis of Y6-eC6-BO is shown in Section

.2 in Supplementary Materials. The absorption spectra of PM6, Y6, and

6-eC6-BO films are depicted in Fig. 1 c, and the absorption spectrum of

6-eC6-BO solution in CHCl 3 as well as PM6:Y6 and PM6:Y6-eC6-BO

lend films are shown in Fig. S3. The absorption data of Y6-eC6-BO

re summarized in Table 1 . Both Y6 and Y6-eC6-BO had a complemen-

ary absorption with PM6, however, Y6-eC6-BO film displayed a blue-

hifted absorption of about 17 nm in contrast with Y6. Previous studies

emonstrated that the modification of alkyl side-chain leads to different

olecular packings, thus, both absorption and electronic energy level

roperties of the acceptor materials will be changed [ 7 , 27 ]. 
612 
The electronic energy level measurements of PM6, Y6, and Y6-eC6-

O were performed by cyclic voltammetry (CV) method, and the ex-

racted highest occupied molecular orbital (HOMO) and lowest unoccu-

ied molecular orbital (LUMO) energy levels were depicted in Fig. 1 d

nd also listed in Table 1 (the cyclic voltammograms are shown in Fig.

4). Y6-eC6-BO possesses a shallower LUMO and HOMO than Y6, which

s beneficial for improving the open-circuit voltage ( V oc ). And a smaller

𝐸 𝐿𝑈𝑀𝑂 offset between PM6 and Y6-eC6-BO still provided enough driv-

ng force for exciton dissociation. 

To investigate the photovoltaic properties of the studied de-

ices under one sun illumination, the device structure that is

sed in this work is glass/ indium tin oxide (ITO)/poly(3,4-

thylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/bulk-

eterojunction (BHJ)/PFN-Br/Ag as shown in Fig. 1 b. By blending

ith PM6, the as-cast (hereafter simplified as AC) Y6-based OSCs

nly obtained a poor performance relative to the optimized devices.

he current density-voltage ( J-V ) curves are plotted in Fig. 2 a, and

orresponding photovoltaic parameters are summarized in Table 2 (the

etailed data are shown in Table S1). The as-cast PM6:Y6 OSCs only

howed a PCE of 13.30% with V oc of 0.825 V, J sc of 24.49 mA/cm 

2 

nd FF of 65.81%. After being treated with CN and thermal annealing,

he optimal PM6:Y6 device gave a better photovoltaic performance

ith a PCE of 16.08% ( V oc of 0.834 V, J sc of 26.45 mA/cm 

2 and

F of 72.85%), which is consistent with the reported performance.

y contrast, the as-cast PM6:Y6-eC6-BO device exhibited the highest

CE of 17.33% with V oc of 0.846 V, J sc of 26.44 mA/cm 

2 and FF of

7.42%. To our best knowledge, this is one of the highest efficiencies

f as-cast OSCs until now. While the optimized (hereafter simplified as

P) PM6:Y6-eC6-BO device displayed a slight poor performance. And

he higher V oc of the PM6:Y6-eC6-BO device than the Y6-based devices

ould be ascribed to the shallow LUMO energy level of Y6-eC6-BO
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Fig. 2. Photovoltaic characteristics of the OSCs. (a) The J - V curves of as-cast (AC) or optimized (OP) PM6:Y6 and PM6:Y6-eC6-BO devices under 1sun illumination. 

(b) EQE curves and corresponding integrated J sc of as-cast or optimized PM6:Y6 and PM6:Y6-eC6-BO devices. 

Table 2 

Photovoltaic parameters of the OSCs with or without any treatment under 1 sun illumination. 

BHJ condition V oc (V) J sc (mA cm 

–2 ) FF (%) PCE (%) J sc-EQE (mA cm 

–2 ) 

PM6:Y6 a) As-cast 0.825 24.49 65.81 13.30 (13.04 ± 0.31) 23.37 

PM6:Y6 b) Optimized 0.834 26.45 72.85 16.08 (15.80 ± 0.28) 25.63 

PM6:Y6-eC6-BO 

a) As-cast 0.846 26.44 77.42 17.33 (17.07 ± 0.25) 25.30 

PM6:Y6-eC6-BO 

b) Optimized 0.841 26.32 75.72 16.76 (16.55 ± 0.23) 25.21 

a) The OSC devices are processed without any treatment. 

b) The devices are optimized by 0.5% CN (volume ratio) and 100 °C thermal annealing of 10 min. The data shown in brackets are averaged from over 10 devices 

and J sc-EQE is the photocurrent integrated from the EQE spectrum. 
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cceptor as mentioned above. Furthermore, the external quantum

fficiency (EQE) and corresponding integrated J sc curves are plotted in

ig. 2 b (the J sc difference derived from sun simulator and EQE spectra

s within an error of 5%). The as-cast PM6:Y6 device obtained a poor

ntegrated J sc from EQE spectrum in all studied devices, which was due

o the sharp decrease of quantum response efficiency from the region

f 550 to 850 nm. Also, the EQE response edge of the OSC based on

M6:Y6-eC6-BO was slightly blue-shifted than the Y6-based devices

hat were consistent with the blue-shifted absorption spectrum as well. 

To gain more insight into the impact of microstructure on the prop-

rties of the studied OSCs, morphology investigations were performed

y transmission electron microscope (TEM), atomic force microscope

AFM), and grazing-incidence wide-angle X-ray scattering (GIWAXS)

echniques [28] . The TEM and AFM height, as well as phase images,

re displayed in Fig. 3 . In the AFM height and phase images, the bright

nd brown phases can be regarded to the donor- and acceptor-rich do-

ains, respectively [ 29 , 30 ]. This is because the polymer donor will form

 fibrous structure, while the molecular acceptor is scattered around.

hus, we can get very visualized information about phase separation. As

hown in Fig. 3 e-l, the as-cast PM6:Y6 film displayed a quite severe ag-

regation behavior according to the large and coterminous donor as well

s acceptor domains. After the treatments of CN additive and thermal

nnealing, this worsening case was mitigated. And the obvious fiber-like

tructure with better phase separation was observed by TEM images.

n addition, the as-cast PM6:Y6-eC6-BO film showed a homogeneous

nd interpenetrating nano-phase separation, and the root-mean-square

RMS) roughness was only 1.04 nm. While the PM6: Y6-eC6-BO film

ith the treatments of CN additive and thermal annealing (TA) exhib-

ted an increased aggregation behavior of the acceptor which will result

n reduced D/A interfaces and the fiber-like structure became slightly

nclear, the RMS roughness was increased to 2.23 nm as well. 

The GIWAXS scattering patterns and profiles of the studied blend

lms are plotted in Fig. 4 a-b (the corresponding 2D patterns and 1D

rofiles of pristine PM6, Y6, and Y6-eC6-BO films are summarized in

ig. S5), respectively. We can observe that the pristine Y6-eC6-BO film

ad strong (010) and ( h 00) scattering peaks, whereas only an obvi-

us (010) peak belonged to the Y6 film. And the coherence lengths

CL = 2 𝜋k /fwhm, where K is a shape factor of 0.9, fwhm is full width
613 
t half maximum of peak) of common (010) peak of Y6 and Y6-eC6-

O were 1.93 nm and 2.37 nm, respectively. In general, a larger CL

s associated with strong crystalline capacity. By blending with PM6,

oth PM6:Y6 films showed a strong (010) reflection of the 𝜋- 𝜋 stack-

ng peak at 17.6 nm 

− 1 in the out-of-plane (OOP) direction, whereas CL

as increased from 1.98 nm to 2.56 nm after optimization, indicating a

tronger crystallization and better face-on orientation of Y6. In addition,

he ( h 00) reflection of the lamella stacking peak at 3 nm 

− 1 showed an ob-

ious enhancement as well. The as-cast PM6:Y6-eC6-BO film displayed

 similar 𝜋- 𝜋 stacking peak at 17.6 nm 

− 1 in the out-of-plane (OOP) di-

ection, with a suitable CL of 2.85 nm which could be attributed to a

tronger crystallization of Y6-eC6-BO than Y6. The treated PM6:Y6-eC6-

O film exhibited a closer 𝜋- 𝜋 stacking owing to the (010) peak located

t 18.1 nm 

− 1 , and the calculated CL was extracted to be an over-large

.2 nm. In the IP direction, multiple diffraction peaks revealed that the

rystallization of Y6-eC6-BO was strongly improved. However, the ex-

essive crystallization of Y6-eC6-BO will result in over-large phase sepa-

ation that is demonstrated by the AFM image. These results uncovered

he as-cast Y6-eC6-BO not only had excellent miscibility with PM6 and

he inherent strong crystallization but also achieved a balance between

iscibility and crystallization. 

To further study the phase separation properties of PM6: Y6 and

M6: Y6-eC6-BO blends, the Flory-Huggins interaction parameters

 𝜒Donor , Acceptor ∝( 
√
𝛾Donor − 

√
𝛾NFA ) 

2 ) were calculated from contact an-

le measurements [31] (the original contact angle images are shown in

ig. S6, and the corresponding surface energies are calculated by Owens

quation [32] ) and summarized in Table 3 . Concerning the high-boiling

N additive still maintained in BHJ, thus we fabricated the PM6, Y6,

nd Y6-eC6-BO films with or without 0.5% CN treatment. It was evident

hat all the pristine films had higher surface energy than the CN-treated

lms, this could be ascribed to the inherent hydrophobic property of

N. Among them, Y6 film exhibited a sharp decrease from 37.16 mN/m

o 26.09 mN/m after being treated with CN, while the Y6-eC6-BO film

howed a slight change in surface energy after optimization. The re-

ulting Flory-Huggins interaction parameters were calculated based on

he above-mentioned equation. We could find that the as-cast PM6:Y6

lend afforded the highest 𝜒 of 1.28, which was in accordance with the

bove morphology images. Also, the 𝜒 of optimized PM6:Y6 blend was
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Fig. 3. Morphology characteristics of the films. (a-d) TEM and (e-h) 1 𝜇m × 1 𝜇m scaled AFM height and (i-l) phase images of the as-cast (AC) PM6:Y6 film, 

optimized (OP) PM6:Y6 film, as-cast (AC) PM6:Y6-eC6-BO film and optimized (OP) PM6:Y6-eC6-BO film, respectively. 

Fig. 4. GIWAXS characterization of the films. (a) Grazing incidence wide-angle X-ray scattering patterns and (b) corresponding profiles of the as-cast (AC) PM6:Y6 

film, optimized (OP) PM6:Y6 film, as-cast (AC) PM6:Y6-eC6-BO film and optimized (OP) PM6:Y6-eC6-BO film, respectively. 

614 
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Table 3 

Contact angles and calculated surface energies of PM6, Y6, and Y6-eC6-BO 

with or with 0.5% CN treatment obtained from the contact angle measure- 

ments and the resulting Flory-Huggins interaction parameters of PM6:Y6 

and PM6:Y6-eC6-BO blend films. 

Material 𝜃Water 
a) 𝜃EG 

b) 𝛾(mN/m) ( 
√
𝛾PM 6 − 

√
𝛾NFA ) 

2 

PM6 110.475 82.813 24.65 - 

Y6 98.244 64.297 37.16 1.28 

Y6-eC6-BO 100.163 73.076 26.09 0.02 

PM6 (0.5% CN) 105.942 83.453 18.61 - 

Y6 (0.5% CN) 103.342 75.921 26.09 0.63 

Y6-eC6-BO (0.5% CN) 96.744 71.613 24.46 0.40 

a) Water contact angles; 

b) Ethylene glycol contact angles 
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P

harply decreased, which suggested that the CN additive played a posi-

ive role in improving the miscibility between PM6 and Y6. Interestingly

nough, the 𝜒 between pristine PM6 and Y6-eC6-BO was the smallest

n all studied films, which indicates the excellent miscibility. However,

he 𝜒 between PM6 and Y6-eC6-BO was increased after being treated

ith CN, this manifested the miscibility between PM6 and Y6-eC6-BO

ecame inferior after optimization. These results were consistent with

he above morphology characterizations and shed light on the morphol-

gy evolution of the studied blend film. 

To evaluate the influence of the above-mentioned morphology on

he charge recombination in the studied devices, the dependence of J-V

haracteristics on light intensity ( P ) was performed [33–35] . In general,

he relational expression of J sc versus P can be described as J sc ∝P s .

hen s tends to 1, it suggests that the bimolecular recombination in the

evices can be ignored. The dependence of J sc on light intensity for the

tudied OSCs is plotted in Fig. 5 a, the slopes of as-cast PM6:Y6, opti-

ized PM6:Y6, as-cast PM6:Y6-eC6-BO, and optimized PM6:Y6-eC6-BO

evices were 0.968, 0.988, 0.998, and 0.995, respectively. Among them,

he as-cast PM6:Y6 had a more severe bimolecular recombination that

ould be responsible for the lowest J in all studied OSCs, while the
sc 

ig. 5. Charge recombination and extraction characteristics of the OSCs. Light in

s-cast PM6:Y6-eC6-BO and optimized PM6:Y6-eC6-BO devices. (c) Photocurrent de

M6:Y6, optimized PM6:Y6, as-cast PM6:Y6-eC6-BO and optimized PM6:Y6-eC6-BO b

M6:Y6 and PM6:Y6-eC6-BO devices. 

615 
M6:Y6 OSC exhibited reduced bimolecular recombination after opti-

ization. The biggest slope of 0.998 belonged to as-cast PM6:Y6-eC6-

O OSC, indicating the negligible bimolecular recombination in devices.

nd the slope of PM6:Y6-eC6-BO OSC was decreased to 0.995 after treat-

ent. Besides, V oc generally follows linear dependence on the natural

ogarithm of light intensity with a slope of nkT/q , where k is the Boltz-

ann constant, n is the ideal factor, T is the Kelvin temperature and

 is the elementary charge [36] . Generally, the charge recombination

s dominated by the bimolecular recombination when the n is close to

, while the charge recombination is dominated by the trap-assisted re-

ombination or mono-molecular recombination when the n is close to 2 .

s plotted in Fig. 5 b, the slopes of as-cast PM6:Y6, optimized PM6:Y6,

s-cast PM6:Y6-eC6-BO, and optimized PM6:Y6-eC6-BO devices were

.603 kT/q , 1.331 kT/q , 1.267 kT/q, and 1.288 kT/q , respectively. These

lopes revealed that the as-cast PM6:Y6 had a more severe trap-assisted

ecombination or mono-molecular recombination than as-cast PM6:Y6-

C6-BO, and the recombination in the PM6:Y6-based device will be mit-

gated after optimization while the PM6:Y6-eC6-BO OSC exhibited a re-

erse trend. 

In order to in-depth study the charge generation property of the

SCs, the curves of photocurrent density ( J ph ) versus effective voltage

 V eff) are plotted in Fig. 5 c. Here, J ph is expressed as J ph = J L - J D , where

 L and J D are the photocurrent density under illumination and in the

ark, respectively. V eff is defined as V eff = V 0 - V a , where V 0 is the voltage

here J ph equals zero and V a is applied bias voltage [37] . In general, all

hotogenerated excitons could be dissociated into free charges at high

 eff(in this case, 2 V). Thus, the charge dissociation possibility P (E,T)

ould be extracted from J ph / J sat . As shown in Fig. 5 c, the P (E,T) values

f as-cast PM6:Y6, optimized PM6:Y6, as-cast PM6:Y6-eC6-BO, and opti-

ized PM6:Y6-eC6-BO devices were 0.957, 0.969, 0.988, and 0.978, re-

pectively. The P (E,T) of PM6:Y6 OSC was increased after optimization,

hich may be ascribed to the increased D/A interfaces that facilitated

he charge dissociation. Besides, the as-cast PM6:Y6-eC6-BO afforded

he highest value of 0.998 due to the fact that the suitable phase separa-

ion of donor and acceptor gave rise to increased D/A interfaces which

ere verified by morphology images. In addition, the charge transfer in
tensity dependence of (a) J sc and (b) V oc of as-cast PM6:Y6, optimized PM6:Y6, 

nsity ( J ph ) versus effective voltage ( V eff) characteristics and (d) PL of as-cast 

lend films (e) Transient photocurrent and (f) Transient photovoltage of as-cast 
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Fig. 6. The comparison of this work with the reported results and the device stability characterization of different OSCs. (a) Summary of the reported as-cast 

OSCs processed from non-halogen solvents in recent years. (b) The long-term stability test of the studied devices stored in the N 2 atmosphere. 

Table 4 

Photovoltaic parameters of the as-cast OSCs processed from o -XY under 1 

sun illumination. 

BHJ V oc (V) J sc (mA cm 

–2 ) FF (%) PCE (%) 

PM6:Y6 0.775 18.45 63.08 9.02 

PM6:Y6-eC6-BO 0.844 25.72 75.47 16.38 
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C  
he blend film can be studied by steady-state photoluminescence (PL)

uenching [38] . As illustrated in Fig. 5 d, the excitation wavelength is

00 nm. The PL intensity of the studied blend films was lower than the

ristine PM6 film (as shown in Fig. S7), this can be attributed to charge

ransfer in blend films. A decrease in PL intensity of PM6:Y6 film after

ptimization showed an improved charge transfer from donor to NFA

cceptor due to the enlargement of the D/A interface area. And the in-

rease in PL intensity of PM6: Y6-eC6-BO film after treated with CN and

hermal annealing could be attributed to the reduced D/A interfaces as

ell. 

We carried out transient photocurrent (TPC) and transient photovolt-

ge (TPV) measurements to investigate the charge extraction and recom-

ination properties of the as-cast OSCs, respectively [39] . As plotted in

ig. 5 e, the as-cast PM6:Y6 OSC showed a longer charge extraction time

f 0.46 𝜇s than the as-cast PM6: Y6-eC6-BO OSC (0.27 𝜇s). And the

ver-large phase separation of PM6 and Y6 should be responsible for

his result. Meanwhile, as shown in Fig. 5 d, the extracted carrier life-

imes of as-cast PM6:Y6 and PM6: Y6-eC6-BO were 9.0 𝜇s and 18.1 𝜇s,

espectively. This result indicated that charge recombination will more

eadily occur in Y6-based devices. Besides, the carrier transport prop-

rty of as-cast PM6:Y6, optimized PM6:Y6, as-cast PM6:Y6-eC6-BO, and

ptimized PM6:Y6-eC6-BO devices was investigated by the space charge

imited current (SCLC) method [ 40 , 41 ]. The extracted hole and electron

obilities were plotted in Fig. S8, among them, the as-cast PM6:Y6 pos-

essed a low 𝜇h of 7.2 × 10 − 5 cm 

2 V 

− 1 s − 1 and 𝜇e of 6.15 × 10 − 5 cm 

2 

 

− 1 s − 1 , while the as-cast PM6:Y6-eC6-BO device afforded a high 𝜇h of

.55 × 10 − 4 cm 

2 V 

− 1 s − 1 and 𝜇e of 4.54 × 10 − 4 cm 

2 V 

− 1 s − 1 and balanced

h / 𝜇e , resulting in a higher FF than other devices. Higher electron mo-

ility of PM6:Y6-eC6-BO device was attained after treatment owing to

he stronger crystallization. 

Although a high PCE of over 17% was obtained, however, these

s-cast devices were processed from chloroform (CF) solvent. Com-

ared with non-halogen solvents, CF has some drawbacks that pre-

ent the large-scale production of OSCs in the future, such as toxic,

olatile, expensive [42–44] . Therefore, we positively choose ortho-

ylene ( o -XY) with a high-boiling point as the processing solvent. As

ummarized in Table 4 (the original J-V curves are plotted in Fig.

9), the as-cast PM6:Y6 processed from o -XY only exhibited a poor

CE of 9.02%, which is consistent with the previous result. Never-

heless, the as-cast OSC based on PM6: Y6-eC6-BO processed from o -
616 
Y showed a comparable PCE of 16.38% in contrast with CF pro-

essing solvent. To our best knowledge, this is the highest PCE for

he as-cast non-halogenated processed OSCs up to now (as shown in

ig. 6 a). Moreover, the stability test of relevant devices was performed

s well, the relationship of normalized PCE versus aging time was plot-

ed in Fig. 6 b. The Y6-eC6-BO-based devices showed better stability

han the Y6-based counterpart, which could be attributed to a big-

er 𝜒 between PM6 and Y6 than that between PM6 and Y6-eC6-BO

hus will result in over-large phase separation [ 45 , 46 ]. Among them,

he as-cast PM6: Y6-eC6-BO OSC displayed better stability than oth-

rs and maintained about 93.2% of its original PCE after aging of 500

ours. Also, the rapid degradation of the CN-additive treated PM6: Y6-

C6-BO OSC may be that the residual CN additive played an adverse

ole in morphology. The optimized PM6:Y6 OSC only retained 70.4%

f its initial PCE after aging of 500 hours. This result indicates that

he as-cast OSCs have a great potential for commercialization in the

uture. 

. Conclusion 

To conclude, we synthesized a new A-DA ′ D-A type acceptor, Y6-

C6-BO, by shortening the straight alkyl side-chains on the thiophene

osition from C 11 to C 6 as well as lengthening the branched alkyl

ide-chains on the pyrrole position of Y6. The Y6-eC6-BO maintained a

avorable crystalline ability and miscibility simultaneously. The better

orphology features improved the charge dissociation, charge transport

nd suppressed the charge recombination in the Y6-eC6-BO-based de-

ices. The strong crystallinity of Y6-eC6-BO enabled high-performance

SC of over 17% efficiency without the treatments of additive and ther-

al annealing. Also, a PCE of 16.38% was achieved in the ortho-xylene

 o -XY) processed as-cast PM6: Y6-eC6-BO OSCs, which was listed among

he highest values reported in the non-halogenated-solvent processed

s-cast OSCs to date. In addition, the as-cast PM6: Y6-eC6-BO OSCs

howed better stability than the treated counterpart devices. These re-

ults not only demonstrate high-performance as-cast PM6: Y6-eC6-BO

SCs which has a great potential in practical applications in the fu-

ure, but also manifest that tailoring the alkyl side chains on Y6 is

 feasible and simple approach to achieve high-performance as-cast

SCs. 
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