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A B S T R A C T   

Organic solar cells (OSCs) are attracting much attention due to their distinct benefits of low cost, lightweight and 
mechanical flexibility. Low-cost and high-throughput approaches combined with large-scale and roll-to-roll 
(R2R) processes for producing efficient OSCs in ambient condition will considerably speed up the potential 
commercialization of OSCs. Herein, the low-boiling additive 1,4-difluorobenzene (1,4-DFB) is proposed to 
produce high-quality PM6:Y6:PC61BM blend active layer dissolved in low-boiling solvent via the doctor blading 
process in ambient condition. The additive 1,4-DFB can improve the morphology, π-π stacking and phase sep-
aration, decrease the charge recombination and produce the red-shift absorption, leading to the enhanced carrier 
mobility and more balanced charge transport. Thus, it boosts the performance parameters with obviously 
enhanced short-circuit current and fill factor, and a power conversion efficiency of 15.34% is achieved. Mean-
while, the OSCs with the 1,4-DFB additive treatment also exhibit much better stability. The results demonstrate 
that low-boiling additive engineering with 1,4-DFB is a powerful route to improve the performance of OSCs 
prepared by doctor-blading in ambient condition.   

1. Introduction 

In the past few decades, organic solar cells(OSCs) have attracted 
extensive attention due to the diversity of synthetic materials, the con-
venience of fabrication process, and the excellent high flexibility [1–3]. 
The power conversion efficiency (PCE) of OSCs based on non-fullerene 
materials has increased year by year [4,5], and it has been increased 
to over 19% recently and meets the efficiency threshold of photovoltaic 
marketization [6–8]. In order to realize industrialization, large-scale 
printing or coating techniques, especially with roll-to-roll (R2R) pro-
cess, are being developed to fabricate OSCs [9–12]. 

Additives are widely used to improve the photovoltaic performance 
of OSCs [13,14]. Xu et al. increased the PCE of layer-by-layer OSC from 
13.67% to 15.81% by adding 1 vol% 1-chloronaphthalene (CN) to the 
PY-IT solution [15]. Ma et al. used binary additives to increase the PCE 
of layer-by-layer OSCs to 17.8% [16]. Qin et al. created OSCs with a PCE 
of 18.42% by using 1,4-diiodobenzene (DIB) as a volatile addition, 

which remarkably increased molecular crystallization and effectively 
enhanced the performance of devices [17]. Doctor-blading is a suitable 
technique for large-scale OSCs production with high repeatability and 
simplicity of operation. Distler et al. constructed poly[(2,6-(4,8-bis 
(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’] dithio--
phene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis(2ethylhexyl)benzo[1′, 
2′-c:4′,5′-c’]dithioph-ene-4,8-dione)] (PM6): 2,2’-((2Z,2′Z)-((12,13-bis 
(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-difluor-
o-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile(Y6): [6, 
6]-phenyl-C61-butyric acid methyl ester (PC61BM) OSC devices with 
the area of 26 cm2 to get the PCE of 12.6% and enlarged the area to 204 
cm2 to achieve the PCE of 11.7% using doctor-blading [18]. Ma et al. 
used PTB7-Th:FOIC:N2200 with 1,8-diiodooctane (DIO) as a solvent 
additive to prepare p-i-n structure OSCs by the sequential doctor-bladed 
process and achieved high efficiency of up to 12.27% [19]. Min et al. 
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constructed PM6:Y6 OSCs with the PCE of 16.35% utilizing 
layer-by-layer doctor-blading, which has the advantages such as 
improved light absorption, adequate vertical phase separation, and 
practicality [20]. Normally, the active thin film in OSCs would solidify 
quickly during the spin-coating procedure for high-performance non--
fullerene acceptors with high crystallinity and strong aggregation 
[21–25]. In the case of doctor blading, the wet thin film takes a longer 
time to be solidified, resulting in a prolonged aggregation and crystal-
lization period in the active layer, leading to the creation of large do-
mains or phase separation. It is why the PCE of spin-coated OSCs is still 
significantly higher than that of doctor-bladed OSCs [26,27]. 

Solvent vapor annealing, solvent modification, and high-boiling 
solvent additives are employed to overcome these difficulties and 
improve the performance of doctor-bladed active layer films [28–31]. 
The temperatures of high-boiling solvent additives 1-chloronaphthalene 
(CN, 260 ◦C), 1-fluoronaphthalene (FN, 215 ◦C) and 1,2-diphenoxye-
than (DPE, 341 ◦C) are much higher than those of normally used 
high-boiling solvents chlorobenzene (CB, 131 ◦C) and toluene (TL, 
110.6 ◦C), so the drying process of thin film can be redirected to the 
phase separation [1,25,31–33]. 

For the fabrication of OSCs with high-boiling solvents, adding high- 
boiling additives can normally improve doctor-bladed OSCs perfor-
mance [34]. In the PM6:Y6 system, high-temperature heating is required 
in the doctor-blading process with high-boiling solvents and 
high-boiling additives, which would not be helpful for R2R process [29]. 
Meanwhile, high-boiling additives are difficult to be removed, and their 
residues have a detrimental influence on the morphology of active layer, 
lowering the device’s efficiency and stability [35]. 

Because Y6 and its derivatives are extremely sensitive to processing 
solvent, it performs well in CF solvent [36,37]. For the fabrication of 
OSCs with low-boiling solvent, the active layer film prepared at ambient 
temperature often exhibits streaks without solvent additives during the 
doctor-blading process. Thus, it typically adds high-boiling additive 
such as CN or DIO during the doctor-blade process. On the one hand, 
vacuum drying is often required to remove the additives, which would 
not be helpful for processing large-scale OSCs. On the other hand, it is 
very difficult to remove the additives completely, leading to excessive 
aggregate in the active layer and accordingly the performance degra-
dation [18,30]. Thus, high-boiling additives are rarely employed when 
low-boiling solvent like chloroform (CF) is used in the doctor-blading 
process [20]. Replacing a high-boiling additive with a low-boiling sol-
vent additive is an effective way to improve spin-coated OSC device 
performance [38]. As a result, utilizing the low-boiling solvent CF as the 
host solvent, an effective and easily removed low-boiling additive route 
to optimize the morphology is necessarily required to improve the PCE 
of doctor-bladed PM6:Y6 OSCs without vacuum drying. 

In this work, high-performance PM6:Y6:PC61BM OSCs are fabricated 
via doctor blading under ambient conditions by adding a low-boiling 
additive 1,4-difluorobenzene (1,4-DFB, 88.8 ◦C) in the active layer so-
lution dissolved in low-boiling solvent CF. The 1,4-DFB-processed PM6: 
Y6:PC61BM thin film exhibits reasonable small domains and bicontin-
uous interpenetrating networks, leading to promote charge extraction 
and limit charge recombination. Thus, doctor-bladed OSCs with 1,4-DFB 
show a PCE of 15.3% with better short-circuit current (Jsc) and fill factor 
(FF), compared to a PCE of 14.2% for reference OSCs without 1,4-DFB. 
Furthermore, OSCs fabricated with 1,4-DFB have better stability and 
could retain more than 90% of its initial efficiency after 55 days of 
storage in a glove box. The results prove that the performance of doctor- 
bladed OSC devices can be improved by introducing a low-boiling ad-
ditive when using a low-boiling host solvent, providing a feasible route 
for the realization of R2R process of high-performance, large-area OSC 
devices in ambient conditions. 

2. Experimental details 

2.1. Materials 

PM6, Y6 and PC61BM were purchased from Solarmer Energy Inc. 
Molybdenum oxide (MoO3), Ag and CF were purchased from Sigma- 
Aldrich Inc. The chemicals and solvent were used as received without 
any further purification. The 1,4-DFB, CN and FN were purchased from 
Shanghai Titan Technology Co., Ltd. ZnO:PEI composite ink was pre-
pared by the reaction of KOH and Zn(OAc)2 in methanol solvent, see our 
previous report for details [39]. 

2.2. Device fabrication 

OSCs were fabricated with an inverted device architecture of ITO/ 
ZnO:PEI/PM6:Y6:PC61BM/MoO3/Ag. The patterned ITO substrate was 
cleaned by ultrasonic treatment in deionized water, acetone, and iso-
propanol for 20 min, respectively. Next, they were dried with pressur-
ized nitrogen before being exposed to a UV-ozone plasma for 25 min. For 
the active layers, optimized devices were obtained by dissolving PM6, 
Y6, and PC61BM in CF using a D/A ratio of 1:1.1:0.1, 1:1.1:0.1 with 0.5 
vol% 1,4-DFB, 1:1.1:0.1 with 0.5 vol% CN, 1:1.1:0.1 with 0.5 vol% FN, 
and a total concentration of 20 mg/ml. All solutions were stirred on a hot 
plate at 40 ◦C overnight to ensure complete dissolution. 

Doctor-blading technique was used to deposit the electron transport 
layer (ETL) and the active layer in air condition at temperature of 25 ◦C 
with a relative humidity of 40%. The gap between the blade and sub-
strate was 300 μm, and the speed of coating was 21 mm/s. The doctor- 
blading was performed after the dropping of 7 μl ZnO:PEI composite ink 
at the beginning of the substrate area in ambient condition, leading to an 
about 25 nm ETL. Subsequently, the doctor-blading was performed after 
dropping 10 μL PM6:Y6:PC61BM bulk heterojunction (BHJ) solution at 
the beginning of the substrate area in ambient condition, leading to an 
about 120 nm BHJ active layer. Then, the deposited thin films were 
annealed at 100 ◦C for 10 min in a glovebox. Finally, 10 nm MoO3 and 
100 nm Ag were sequentially deposited as the hole transport layer (HTL) 
and the anode, respectively, with a mask at the vacuum level of 5 ×
10− 4 Pa, resulting in an active area of 0.038 cm− 2. 

2.3. Characterizations 

The current density-voltage (J-V) curves and dark J–V curves of OSCs 
were measured by a Keithley 2400 unit in air. The AM 1.5G irradiation 
was provided by a Xenon-lamp-based (Newport 91160S) solar simulator 
with a light intensity of 100 mW cm− 2 and the light intensity was cali-
brated by a standard silicon solar cell. An ultraviolet–visible spectro-
photometer (Puxi, T9, China) was employed to characterize the 
absorption of blend thin films and materials. Steady photoluminescence 
(PL) and the time-resolved photoluminescence (TRPL) measurements of 
organic blend thin films were performed using a Renishaw system 
(inVia) under an excitation light of 532 nm. TRPL spectra were moni-
tored at 915 nm. Atomic force microscopy (AFM, Agilent Technologies 
5500 AFM/SPM System) and transmission electron microscope (TEM, 
JEM-2100Plus) were used to characterize the morphology of blend thin 
films. The crystallographic properties of the active layer were charac-
terized through grazing incidence wide-angle X-ray scattering 
(GIWAXS). GIWAXS measurements were performed at beamline BL17B1 
at Shanghai Synchrotron Radiation Facility. The GIWAXS patterns were 
obtained with a PILATUS detector of 1475 × 1679 pixels resolution 
(253.7 mm × 288.18 mm). The 10 keV X-ray beam was incident at a 
grazing angle of 0.11–0.15◦. All characterizations of OSCs were per-
formed under environmental condition without encapsulation. 

3. Results and discussion 

The polymer PM6 is selected as the donor, non-fullerene small 
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Fig. 1. (a) Chemical structures of PM6, Y6, PC61BM and additive 1,4-DFB. (b) Schematic of doctor-blading process.  

Fig. 2. (a) Energy levels of the donor PM6 and the acceptors Y6 and PC61BM. (b) UV–vis spectra of the doctor-bladed PM6, Y6, PC61BM pure thin films processed 
without 1,4-DFB and PM6:Y6:PC61BM blend thin films processed with or without 1,4-DFB. (c) UV–vis spectra of the doctor-bladed PM6 pure thin films processed with 
or without 1,4-DFB. (d) UV–vis spectra of the doctor-bladed Y6 pure thin films processed with or without 1,4-DFB. 
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molecules Y6 and PC61BM are selected as the acceptor. The boiling point 
of 1,4-DFB solvent additive is 88.8 ◦C. The price and boiling point of 
some common solvent additives are shown in Table S1. The chemical 
structures of PM6, Y6, PC61BM and solvent additive 1,4-DFB are shown 
in Fig. 1a. 

Fig. 1b shows a schematic illustration of doctor blading deposition. 
In order to achieve potentially fully printed OSCs, the ETL ZnO:PEI, the 
active layer PM6:Y6:PC61BM can be subsequently deposited by doctor 
blading (Fig. 1b) in ambient condition. The OSCs were fabricated with 
an inverted device structure of ITO/ZnO:PEI/PM6:Y6:PC61BM/MoO3/ 
Ag, as shown in Fig. S1a. 

As shown in Fig. 2a, the highest occupied molecular orbital (HOMO) 
level and the lowest unoccupied molecular orbital (LUMO) level of PM6, 
Y6 and PC61BM are -3.65/-5.56, -5.65/-4.10 and -4.05/-6.01 eV, 
respectively. The large difference between the HOMO of PM6 and the 
LUMO of PC61BM is helpful in producing a high open-circuit voltage 
(Voc) in OSCs. Fig. 2b presents the normalized UV–vis absorbance 
spectra of the neat thin films of PM6, Y6, and PC61BM, and the blend thin 
films of PM6:Y6:PC61BM with or without additive. The absorption 
maxima of the PM6, Y6 and PC61BM thin films are at about 618, 835, 
and 334 nm, capable of complementary photon absorption. It is found 
that the 1,4-DFB can enhance the absorption peak of Y6 in the blend thin 
film, with an obvious red-shift from 820 nm to 835 nm, suggesting that 
the π-π packing and crystallinity of Y6 may be enhanced [25]. It is 
discovered that 1,4-DFB primarily affects the Y6 molecule packing, 

which in turn influences the packing and morphology of the blend thin 
film. The normalized absorption spectra of the blend thin film prepared 
under the different 1,4-DFB concentrations are displayed in Fig. S2. The 
blend thin film with 0.5% 1,4-DFB shown the strongest absorption 
spectrum, potentially resulting in a higher Jsc. 

As shown in Fig. 2c, there is no significant difference in the ab-
sorption curves for the PM6 thin films with and without 1,4-DFB. It 
indicates that 1,4-DFB does not significantly change the molecular 
packing of PM6 in the thin film due to its high molecular weight. Fig. 2d 
shows the main absorption peak of the 1,4-DFB-processed Y6 thin film 
displays a red-shift of 15 nm compared to the pure Y6 thin film. It ex-
hibits the same trend as the blend PM6:Y6:PC61BM thin film processed 
with the 1,4-DFB additive. The normalized absorption spectra of PM6 
and Y6 thin films prepared under the different 1,4-DFB concentrations 
are displayed in Figs. S3a and S3b. All these indicate that 1,4-DFB can 
improve intermolecular stacking of the Y6 molecules, which would 
consequently enhance electron mobility and other electrical properties. 

The detailed performance parameters of OSC devices with different 
fabrication conditions are summarized in Table 1 and Table S2. The 
control device shows the highest PCE of 14.28% with a Voc of 0.834 V, a 
Jsc of 23.98 mA/cm2 and an FF of 71.4%. In contrast, OSC with 0.5% 1,4- 
DFB additive shows the highest PCE of 15.34% with a Voc of 0.823 V, a 
Jsc of 25.12 mA/cm2 and an FF of 74.2%. Fig. 3a and Fig. S4 depict J− V 
characteristics of the doctor-bladed PM6:Y6:PC61BM BHJ OSCs 
measured under the illumination of 100 mW cm− 2 (AM 1.5G). Fig. 3b 
presents the external quantum efficiency (EQE) spectra of OSC devices. 
The EQE curves of devices are very similar in shape, however, OSC with 
1,4-DFB exhibits a stronger photon-to-electron response than the control 
one in the range of 550–900 nm, which contributes to the enhanced Jsc. 
The EQE maximum of OSC with 1,4-DFB is 84.8%, higher than the 
control device of 78.9%. The integrated Jsc values from the EQE spectra 
are 22.63 mA/cm2 and 24.16 mA/cm2 for control and 1,4-DFB-pro-
cessed OSC devices, respectively, which are consistent with those from 
the J-V curves. Table S2 and Fig. S4 demonstrate that adding high- 
boiling additives in the fabrication of OSCs via doctor-blading using 
low-boiling solvent exhibit poorer performance OSCs, which may result 
from prolonged drying time and excessive aggregation in the active film. 

Furthermore, the long-term storage stability of OSCs in a glove box is 

Table 1 
Photovoltaic parameters of doctor-bladed PM6:Y6:PC61BM OSCs with and 
without 1,4-DFB additive under simulated AM 1.5G illumination (100 mW 
cm− 2). The average PCEs in brackets are obtained from 7 OSC devices.  

Additive PCE (%) Voc (V) FF (%) Jsc (mA 
cm− 2) 

JEQE (mA 
cm− 2) 

Control 14.28 
(14.13 ±
0.10) 

0.834 
(0.829 ±
0.005) 

71.4 
(72.12 ±
1.2) 

23.98 
(23.73 ±
0.31) 

22.63 

0.5% 1,4- 
DFB 

15.34 
(15.13 ±
0.12) 

0.823 
(0.822 ±
0.002) 

74.2 
(74.47 ±
1.2) 

25.12 
(24.76 ±
0.42) 

24.16  

Fig. 3. (a) J− V characteristics of doctor-bladed PM6:Y6:PC61BM BHJ OSCs with and without 1,4-DFB measured under the illumination of 100 mW cm− 2 (AM 1.5G). 
(b) The corresponding EQE measurements of OSC devices are measured in (a). (c) The changes of PCEs as a function of storage time for OSCs with and without 1,4- 
DFB. (d) J-V characteristic of 1 cm2 OSC devices. 
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presented in Fig. 3c and Fig. S5. After 1300 h of storage in a nitrogen- 
filled glove box, the 1,4-DFB-processed and controlled OSC devices 
maintain the PCEs of 13.77% and 11.76%, exceeding 90% and 82% of 
their initial values, demonstrating the better stability of OSCs with 1,4- 
DFB. As the time increases, the BHJ active layer changes to a thermo-
dynamically stable state. The low-boiling additive 1,4-DFB increases 
molecular ordering of the active layer film, suppresses the donor/ 
acceptor two-phase diffusion and improves the device stability [40]. In 
addition, a 1,4-DFB-processed large-area device (1.0 cm2) is further 
fabricated using doctor blading. As shown in Fig. 3d, it exhibits a high 
PCE of 11.96% with a Voc of 0.828 V, a Jsc of 24.9 mA cm− 2, and an FF of 
57.8%, indicating the potential application of low-boiling solvent ad-
ditives in processing the large-area OSCs via printing technology. 

Generally speaking, the combined effect of charge transport and 
charge recombination determines the FF in OSCs. In order to better 
understand the high FF of OSCs with 1,4-DFB, the space charge limited 
current (SCLC) is used to measure the charge carrier mobility [36]. The 

device configurations of ITO/PEDOT:PSS/active layer/MoO3/Ag and 
ITO/ZnO/active layer/PFN-Br/Al are used to measuring the hole 
mobility and the electron mobility, respectively. The current-voltage 
(J1/2-V) characteristics are presented in Fig. 4a and b, and the corre-
sponding mobility data are listed in Table 2. For the PM6:Y6:PC61BM 
blend thin films with 1,4-DFB additive, the hole mobility is enhanced 
from 3.64 × 10− 4 to 7.08 × 10− 4 cm2V− 1s− 1, and the electron mobility is 
enhanced from 1.12 × 10− 4 to 3.10 × 10− 4cm2V− 1s− 1. Furthermore, the 
hole and electron mobilities of the blend thin film become more balance 
after the addition of 1,4-DFB. The enhanced carrier mobility and more 
balanced charge-transfer characteristics are advantageous to the in-
crease FF and the improvement of device performance. 

In addition, it is necessary to understand the exciton recombination 
and recombination dynamics in OSC devices. The changes of Jsc and Voc 
under the different light intensities (Plight) are analyzed. The Plight 
dependence of Jsc reflects the extent of exciton recombination in devices 
[41,42]. The relationship between Jsc and Plight is Jsc ∝ Plight

α , where α is 
an exponential factor. The closer the α is to 1.00, the weaker the 
bimolecular recombination in the device. From fitting the data of Jsc 
versus Plight as illustrated in Fig. 4c, the values of 0.968, 0.985 are ob-
tained for control and 1,4-DFB-processed OSC devices, respectively, 
which indicates that the addition of 1,4-DFB can effectively suppress 
bimolecular recombination. 

Another loss mechanism is an additional trap-assisted recombination 
mechanism, the Plight dependence of Voc is worth discussing [43,44]. The 

Fig. 4. The dark J1/2-V curves of (a) hole-only and (b) electron-only PM6:Y6:PC61BM devices fabricated with and without 1,4-DBF. (c) Voc and (d) Jsc versus the light 
intensity of doctor-bladed PM6:Y6:PC61BM OSCs processed with and without 1,4-DFB. (e) PL spectra and (f) TRPL spectra of doctor-bladed PM6:Y6:PC61BM blend 
thin films processed with and without 1,4-DFB. 

Table 2 
The hole and electron mobilities are measured via SCLC for PM6:Y6:PC61BM 
blend thin film devices with and without 1,4-DFB.  

additive μh ( × 10− 4 cm2V− 1s− 1) μe ( × 10− 4 cm2V− 1s− 1) μh/μe 

Control 3.64 1.12 3.25 
0.5% 1,4-DFB 7.08 3.10 2.26  
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equation between Voc and Plight could be described as Voc ∝ nKT/qln 
(Plight), where K is the Boltzmann constant, T is kelvin temperature, and 
q is the elementary charge. If n is close to 1, the mechanism is dominated 
by bimolecular recombination in the active layer [45]. Alternatively, if n 
is close to 2, the mechanism is dominated by trap-assisted reorganiza-
tion. As seen from Fig. 4d, the slopes of both control (n = 1.27) and 1, 
4-DFB-processed (n = 1.20) OSC devices are close to 1, indicating that 
bimolecular recombination is dominant in the active layer. When n is 
greater than 1, trap-assisted or single-molecule recombination in the 
device is effectively suppressed, and higher values of n indicate stronger 
trap-assisted or monomolecular recombination. The slope of OSCs with 
1,4-DFB is a little smaller than the control one, indicating reduced 
trap-assisted recombination. The decrease in bimolecular recombination 

and trap-assisted recombination should be responsible for the increase 
in Jsc and FF. 

In order to examine the charge dynamics of OSCs, the PL and TRPL of 
PM6:Y6:PC61BM thin films are measured [46,47]. As shown in Fig. 4e, 
the control sample shows a strong PL emission, and the emission peak at 
approximately 915 nm. The PL spectra of the blend films with different 
concentrations of 1,4-DFB as additive are shown in Fig. S6. The PL 
emission is significantly quenched for the sample with 1,4-DFB, sug-
gesting that the donor/acceptor interface for exciton dissociation is 
increasingly larger, which is more favorable for exciton dissociation and 
charge separation. 

Furthermore, TRPL spectroscopy can be used to show how fast the 
quenching process occurs for a better understanding the exciton 

Fig. 5. (a–b) AFM height images of doctor-bladed PM6:Y6:PC61BM OSCs processed with and without 1,4-DFB. (c–d) AFM phase images of doctor-bladed PM6:Y6: 
PC61BM OSCs processed with and without 1,4-DFB. (e–f) TEM images of doctor-bladed PM6:Y6:PC61BM OSCs processed with and without 1,4-DFB. (g–h) The in- 
plane and out-of-plane integrated curves of the GIWAXS patterns (showed in Fig. S7) of doctor-bladed PM6:Y6:PC61BM thin films with and without 1,4-DFB. 
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transport and dissociation. Fig. 4f shows the carrier lifetimes of two 
samples calculated by fitting the PL decay curves with a conventional bi- 
exponential model. Table S3 summarizes the TRPL parameters under the 
different 1,4-DFB concentrations. The control sample has a carrier life-
time of 1.61 ns. While the sample with 1,4-DFB has a carrier lifetime of 
0.74 ns, which exhibits a lower carrier lifetime than the control one. The 
results reveal that the sample with 1,4-DFB has better charge transfer 
efficiency from the donor domain to the acceptor domain, as well as 
more efficient exciton dissociation, both of which are beneficial for 
photocurrent generation. 

AFM and TEM are used to investigate the surface morphology and 
phase separation of PM6:Y6:PC61BM blend thin films processed by 
doctor-blading in ambient condition with or without additive. As shown 
in Fig. 5a and b, the root-mean-square (RMS) roughnesses of the AFM 
height image surfaces are 1.68 nm and 1.32 nm for the control and 1,4- 
DFB-processed blend thin film, respectively. As shown in Fig. 5c and 
d the AFM phase images show that a more flat and dense active layer 
film is prepared by adding 1,4-DFB, which is conducive to the formation 
of good contact between the ZnO and the active layer, as well as the 
MoO3 and the active layer, resulting in a higher FF. The surface of blend 
thin film without 1,4-DFB contains aggregates, which are not conducive 
to exciton dissociation and charge transport, thus, to some degree, 
limiting Jsc and FF. As shown in Fig. 5e and f, the bright and dark do-
mains correspond to the domains rich in donors and acceptors, respec-
tively. The phase separation between the white and dark domains 
becomes more contracted with 1,4-DFB, indicating improved phase 
separation. 

The results discussed above can be further verified by two- 
dimensional (2D) GIWAXS characterization. The GIWAXS patterns and 
their corresponding out-of-plane and in-plane integrated curves of PM6: 
Y6:PC61BM thin films fabricated by doctor-blading in ambient condition 
are shown in Figs. S7a–b and Fig. 5g and h, respectively. Both blend thin 
films show a distinct (100) lamellar stacking peak in the in-plane di-
rection at the same position at q = 0.30 Å− 1(Fig. 5g). Compared with the 
blend thin film without additive, the peak strength of the blend thin film 
with 1,4-DFB is significantly enhanced. In the out-of-plane direction, the 
same (100) lamellar stacking peak at q = 0.30 Å− 1 can also be observed 
(Fig. 5h), and the intensity variation trend is the same as that of the in- 
plane diffraction peak. Notably, a typical π-π diffraction peak belonging 
to the acceptor Y6 located at qz = 1.77 Å− 1 in the out-of-plane direction 
can be obviously observed for the blend thin film with 1,4-DFB, which is 
absent in reference sample. It explains the red-shift of the absorption 
peak of the acceptor Y6 in Fig. 2d. The result suggests that the additive 
1,4-DFB can greatly improve the crystallinity of PM6:Y6:PC61BM blend 
thin film and the enhanced π-π stacking, leading to better charge 
transport and higher Jsc and FF. 

4. Conclusions 

In summary, we report that a simple structure, low-boiling solvent 
additive 1,4-DFB can promote the PCEs of PM6:Y6:PC61BM OSCs in-
crease from 14.28% to 15.34% fabricated with doctor-blading in 
ambient conditions. The addition of 1,4-DFB additive is helpful to form 
high-quality PM6:Y6:PC61BM blend thin film and high-performance 
OSCs for several reasons: (i) improving nanostructure and supporting 
forming a bicontinuous interpenetrating networks; (ii) increasing carrier 
mobility and producing more balanced charge transfer characteristics; 
(iii) more effective inhibition of bimolecular recombination with 
reduced trap-assisted recombination. Furthermore, 1,4-DFB as a low- 
boiling solvent additive can improve the photovoltaic performance of 
doctor-bladed OSCs with non-fullerene acceptor systems using low- 
boiling solvents. It provides a good route for exploring the potential 
industrial application of large-area high-efficiency and stable OSCs. 
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