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A B S T R A C T   

The upscale fabrication of the inverted small-molecule organic solar cell (SMOSC) from spin coating to large-area 
slot-die coating using halogen-free solvent under the ambient air environment is developed. This work suc-
cessfully adopts thermal annealing treatment to tune the bulk heterojunction (BHJ) structure for two advantages 
of compatibility to mass production and good photo-stability. By tuning the respective optimum film structure, 
the power conversion efficiency (PCE) values under AM 1.5G light and indoor light (T5 lamp with 500 lx) il-
luminations for the ambient spin-coated device achieve 8.5% and 13.26%, respectively. The photo-bleaching and 
light-soaking tests under the AM 1.5G illumination show that the photo-stability of the thermally-annealed 
DRCN5T:PC71BM device is much better than PTB7-Th:PC71BM device. The tunable BHJ film morphologies of 
large-area ITO/glass-based sheet-to-sheet (S2S) and flexible roll-to-roll (R2R) slot-die coatings of DRCN5T: 
PC71BM SMOSCs are based on different dry-film formation and crystallization mechanisms. The structural 
control during the drying-film process for S2S and R2R coatings is a critical key to determine the optimum 
performance. The PCEs of the ITO/glass-based and flexible ITO/PET-based SMOSCs achieve 7.6% and 7.3%, 
respectively. The PCE of the ambient flexible R2R slot-die-coated SMOSC using halogen-free solvent is much 
higher than that of the currently flexible R2R coated SMOSCs. The PCEs of S2S slot-die-coated cell device of 
1 × 5 cm2 and module achieve 5.1%. We conduct a characteristic, structural and systematic study of how to 
scale-up SMOSC via slot-die coatings, demonstrating the relationship among processing control, performance and 
structure for different coatings.   

1. Introduction 

Solution-processed bulk heterojunction (BHJ) organic solar cells 
(OSCs) have attracted a large number of interests due to its advantages 
of low cost, lightweight, flexibility, roll-to-roll (R2R) compatibility and 
easy production (Krebs et al., 2009; Søndergaard et al., 2012; Gu et al., 
2017). Recently, the rapid progress of power conversion efficiency (PCE) 
for the polymer-based OSC (P-OSCs) achieved 18.4% (Lin et al.). 
Compared to the widely-investigated P-OSCs (Yuan et al., 2019; Pan 
et al., 2019; Ma et al., 2020; Liu et al., 2020; Chang et al., 2021; Lee 
et al., 2020), solution-processed small-molecule organic solar cells 
(SMOSCs) have made great strides and recently achieved a remarkable 
PCE of 16.28% for ternary SMOSC (Jiang et al., 2021). OSCs are 

considered as a promising solar energy conversion technology. Apart 
from the improvement of polymer or small-molecule donor materials, 
the BHJ structure or morphological control of the active layer of OSCs 
plays an important role in PCE (Huang et al., 2013; Liu et al., 2013; Liao 
et al., 2014; Li et al., 2020; An et al., 2020; Song et al., 2020; Zhang et al., 
2020; Farahat et al., 2016; Love et al., 2013; Kyaw et al., 2014; Min 
et al., 2016; Collins et al., 2017; Yue et al., 2019). The BHJ structure is a 
nano-scale interpenetration network of donor and acceptor phases 
which is closely related the exciton generation, charge separation at 
interface and charge transportation. The BHJ structure is formed in the 
complex phase separation during film processing and drying process. To 
date, several strategies effectively control the BHJ morphology and thus 
improve PCE are reported in a large number of literatures, including 
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solvent additives, thermal annealing (TA) and solvent vapor annealing 
(SVA), etc. Compared to P-OSCs, SMOSCs have several advantages, 
including high purity, easy purification, no batch-to batch variation, 
well-defined chemical structure and easy to change its energy level, etc. 
The solution-processed SMOSC research (Qin et al., 2020; Ge et al., 
2021; Guijarro et al., 2020; Xiao et al., 2021) has been substantially 
focused and developed in parallel to P-OSCs research. 

Among the various kinds of small molecules, the acceptor–donor- 
acceptor (A-D-A) structure is one of the more succussed structure due to 
the feasibility of tuning its energy level and absorption spectrum (Chen 
et al., 2013; Wessendorf et al., 2014; Feng et al., 2017). The oligothio-
phenes is a well-studied organic material in A-D-A structure because of 
its tunable absorption spectrum and energy level, high stability, good 
charge transport and simple synthesis process (Fitzner et al., 2012; 
Zhang et al., 2014; Duan et al., 2020; Lee et al., 2020). A series of A-D-A 
oligothiophenes of DRCN4T-DRCN9T was reported by Kan and co-
workers, the PCE of SMOSC using DRCN5T as donor can achieve 10.08% 
by finely tuning the BHJ structure via TA or SVA treatment (Kan et al., 
2015). The industrial figure of merit (Min et al., 2017) pointed out that 
the performance, photo-stability and synthetic complexity of DRCN5T is 
one of the most desirable SMOSC materials for realizing commerciali-
zation. Although these SMOSCs with high PCE were developed, they 
were laboratory-scale and prepared with halogen-containing solvent 
under nitrogen environment. There is a large gap in the development of 
fabrication processing between laboratory-scale spin coating and large- 
area slot-die coating toward commercialization of SMOSC. For the for-
mation of BHJ structure, the previous study (Huang et al., 2015) using 
small-angle and wide-angle X-ray scattering on SMOSCs pointed out that 
the crystallinity and crystallization kinetics of small-molecule donor are 
largely different to those of polymer donor. The formation mechanism of 
BHJ structure and crystallization kinetics is also different for different 
coating process, hence, the upscaling study of SMOSC using the halogen- 
free solvent under the ambient air environment is necessary but still 
limited to date. 

The ambient R2R slot-die coating for flexible SMOSC using halogen- 
containing solvent was reported firstly by Lin et al. (2013). Heo et al. 
adopted the halogen-free solvent and ambient S2S slot-die coating for 
fabricating BTR:PC71BM-based SMOSC and the PCE of SMOSC device 
achieved 7.46% by using SVA treatment for tuning BHJ structure (Heo 
et al., 2017). The studies on R2R slot-die-coated SMOSC are very few. 
According to the previous study on flexible large-area R2R slot-die 
coating of P-OSCs (Huang et al., 2016), the BHJ morphology initial 
formed during the film drying process is closely related to the drying 
temperature of R2R oven. The control of the initial BHJ morphology 
plays the same important role in performance to that of final BHJ 
structure controlled by the subsequent TA or SVA treatment. The rela-
tively limited research of upscaling SMOSC compared to P-OSCs moti-
vated us systematically investigate how to optimally upscale the spin- 
coating to ambient large-area glass-based S2S and flexible R2R slot-die 
coatings by morphological control and halogen-free solvent. The char-
acteristic study for the variation in PCE under indoor lighting and light- 
induced degradation is also included here. 

In the present study, we focus on the upscale fabrication of DRCN5T: 
PC71BM SMOSC from spin coating to large-area slot-die coating using o- 
xylene solvent under the ambient air environment. The only TA treat-
ment is adopted here based on two reasons: (1) TA is simpler and more 
compatible to mass production than SVA. (2) The photo-stability of 
DRCN5T-based SMOSC treated with TA is much higher than that treated 
SVA (Min et al., 2016; Min et al., 2017). In the spin coating process, the 
devices exhibit the PCE of 8.5% and 13.26% under AM1.5G and indoor 
light (T5 lamp with 500 lx) illumination, respectively. The photo- 
induced device degradation under AM-1.5G illumination is also inves-
tigated. For the ITO/glass -based S2S and flexible ITO/PET-based R2R 
slot-die coating, we tune the morphology and crystallization of DRCN5T: 
PC71BM active layer by film drying process and TA treatment finally to 
achieve an optimum structure and performance. PCEs of the SMOSC 

devices prepared with ITO/glass-based S2S and flexible ITO/PET-based 
R2R slot-die coatings achieve 7.6% and 7.3%, respectively. They are 
comparable to the PCE (7.46%) of ITO/glass-based S2S slot-die-coated 
and SVA-treated BTR:PC71BM SMOSC previously reported. The slot- 
die-coated SMOSC treated by TA demonstrates much better photo- 
stability than the PTB7:PC71BM P-OSC at the same light soaking 
(AM1.5G) experiment. The PCEs of S2S slot-die-coated cell (active area: 
1 × 5 cm2) and module are 5.1% and 5.1%, respectively. To our 
knowledge, the PCE of ambient flexible R2R slot-die coating of SMOSC 
using halogen-free solvent reported in this work is the highest among all 
flexible R2R coated SMOSCs. Each coating process has different film 
formation mechanism. We conduct a characteristic, structural and sys-
tematic study of how to scale-up SMOSC via glass-based S2S slot-die 
coating and flexible R2R slot-die coating, demonstrating the relation-
ship between processing control, performance and structure for different 
coatings. The results provide the useful information for realizing the 
SMOSC low-cost mass production and commercialization. 

2. Experiment 

2.1. Materials 

The ITO-coated glass with sheet resistance of 5 Ω/□ was purchased 
from Luminescence Technology Corporation. The flexible ITO/PET with 
a sheet resistance of 15 Ω/□ was purchased from Vestech Taiwan Cor-
poration. All solvents used in this research were purchased from Sigma- 
Aldrich. DRCN5T and PC71BM were purchased from 1-materials and 
Nano-C, respectively. The synthesis of ZnO nanoparticles was followed 
the literature reported by Wang et al. (2007). MoO3 and silver were 
purchased from Gredmann corporation. The DRCN5T:PC71BM solution 
with the ratio of 1:0.8 was stirred at 70 ◦C for 1 day in glove box. 

2.2. Spin-coated device fabrication 

The ITO glasses were wiped by acetone and isopropanol and then 
dried by flowing nitrogen gas. After previous cleaning process, the ITO 
glasses were also cleaned by O2 plasma for 10 min. The 10 mg/mL ZnO 
nanoparticles solution was spin-coated on ITO glasses at 5000 rpm for 
30 s. The DRCN5T:PC71BM solution with the blending ratio of 1:0.8 and 
total concentration of 36 mg/mL was spin-coated on previous substrates 
at 1000 rpm for 40 s in ambient air and then followed by annealing at 
120 ◦C for 10 min. The resulted thickness of DRCN5T:PC71BM layer was 
100 nm. After that, the devices were completed by thermally evaporated 
8 nm MoO3 and 100 nm silver on active layer with the rate of 0.3 Å/s and 
1 Å/s under 5 × 10-6 torr. The resulted device area was 0.3 cm2. 

2.3. Sheet to sheet (S2S) coated device fabrication 

The ITO glass was cut to 7 × 10 cm2 and then followed by the same 
cleaning process as spin-coated devices. Then, 30 nm ZnO nanoparticles 
layer was deposited on ITO glass by slot-die coater with the coating 
speed and flow rate of 0.5 m/min and 0.45 ml/min. For active layer 
coating process, the DRCN5T:PC71BM solution with the total concen-
tration of 36 mg/mL was coated on the ZnO-coated substrate under 
different temperatures and then annealed at 120 ◦C for 10 min in oven. 
The resulted thickness of DRCN5T:PC71BM layer was 100 nm. All the 
S2S coating processes and thermal annealing were conducted in air. 
After the solution coating processes, the devices were completed by the 
same top electrode deposition. 

2.4. Roll to roll (R2R) coated device fabrication 

The 15 Ω/□ flexible ITO/PET was wiped by acetone and then 
mounted on the roller in R2R coating equipment. Then, the substrates 
were cleaned by plasma cleaner at the speed of 0.5 m/min. ZnO nano-
particles layer was deposited on cleaned ITO/PET with the coating speed 

Y.-M. Sung et al.                                                                                                                                                                                                                                



Solar Energy 231 (2022) 536–545

538

and flow rate of 0.5 m/min and 0.45 ml/min by slot-die coater and then 
dried by an oven in R2R coating equipment with the temperature and 
length of 130 ◦C and 0.5 m. Then, DRCN5T:PC71BM solution with the 
total concentration of 18 mg/mL was coated on ZnO-coated substrate 
and then dried by the same oven. The resulted thickness of DRCN5T: 
PC71BM layer was 100 nm. After the coating process, the coated ITO/ 
PET was unloaded from the R2R coating equipment and then annealed 
at 120 ◦C in oven. All the R2R coating processes and thermal annealing 
were conducted in air. The devices were completed by the same top 
electrode deposition. 

2.5. Characteristic 

The current-voltage measurement of the un-encapsulated devices 
was conducted in air under AM1.5G light illumination from a solar 
simulator (Abet Technologies). The AFM images were measured by a 
desktop AFM instrument (Innova, Bruker). The UV–visible absorption 
spectrum was measured by an UV–visible spectrophotometer (V-770, 
JASCO). The impedance measurements were conducted under air and 
dark condition by using impedance spectrum analyzer (Zahner IM6). 
The measurements were recorded in the frequency range from 1 Hz to 
3 MHz with applied DC voltage of 0 V and AC voltage of 20 mV. 

3. Results and discussion 

The previous studies of DRCN5T:PC71BM SMOSCs were focused on 
the conventional structure. For improving the stability (Doumon et al., 
2019; Hau et al., 2008), we adopt the inverted structure with the ar-
chitecture of glass- or PET-ITO/ZnO/DRCN5T:PC71BM/MoO3/Ag (top 
electrode), as shown in Fig. 1a. In this study, we use ZnO nanoparticles 
(Krebs et al., 2009; Zhang et al., 2017) as electron transport layer (ETL), 
having good flexibility and resistance to overcome the shearing force 
during the roll-to-roll coating process. The energy level alignment of 
inverted device is also shown in Fig. 1b, exhibiting a cascade energy 

level alignment for both electron and hole transportation. The best 
performance of DRCN5T:PC71BM SMOSCs reported in the literature 
(Kan et al., 2015) are the spin-coated chloroform-processed devices with 
the efficiency of 8.19% and 10.08% by TA and TA + SVA treatment for 
tuning film morphology, respectively. For the target of commercializa-
tion, all spin-coating, glass-based S2S slot-die-coating and flexible R2R 
coating processes are developed based on the green solvent, o-xylene, as 
the host solvent under the ambient-air condition in this work. Because of 
o-xylene with relatively low solubility than chloroform, the formation of 
spin-coated dry film easily suffers the local segregations causing the 
crack-like topography, as shown in Fig. S1. Crystallization, BHJ 
morphology and film quality control by the solution viscosity or con-
centration during fast spin coating plays the important role in PCE in 
additional to control of film thickness. With the optimum DRCN5T: 
PC71BM thickness of 100 nm, the variation in photovoltaic performance 
of spin-coated devices with the used concentration of active-layer so-
lution is shown in Table 1. The corresponding current density–voltage 
curves and the tendency of the performance with the used concentration 
are shown in Fig. 1c and d, respectively. The optimum concentration for 
achieving the best PCE among the devices is 36 mg/ml, showing the best 

Fig. 1. (a) Inverted SMOSC structure, (b) energy level alignment, (c) current density–voltage curves of the spin-coated devices with the used total concentrations and 
(d) the corresponding PCE. The devices are prepared with the DRCN5T:PC71BM film thickness of 100 nm. 

Table 1 
Photovoltaic characteristic of the spin-coated DRCN5T:PC71BM SMOSCs pre-
pared with different concentration of active-layer solution. The data in the 
bracket are averaged over at least 5 devices per concentration condition.  

Concentration 
(mg/mL) 

Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

18 12.64 0.95 53.70 6.50 
12.13 ± 0.60 0.94 ± 0.01 51.20 ± 2.82 5.83 ± 0.42 

36 15.48 0.92 59.30 8.50 
14.98 ± 0.27 0.92 ± 0.01 55.75 ± 1.94 7.74 ± 0.43 

45 12.36 0.94 44.00 5.10 
11.61 ± 0.82 0.94 ± 0.00 41.99 ± 1.67 4.58 ± 0.46  
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PCE of 8.5% for the spin-coated device with TA treatment which is 
higher than the reported PCE (8.19%) of the spin-coated chloroform- 
processed device with TA treatment. The relatively low performance 
based on 18 mg/mL and 45 mg/mL of solutions can be attributed to the 
low Jsc and FF which are caused by the poor carrier transport path and 
recombination. In order to correlate the DRCN5T:PC71BM morphology 
change with performance, a series of atomic force microscopy (AFM) 
measurements are carried out for different concentration with and 
without TA treatment. The results are shown in Fig. 2. The topographies 
of the un-annealed and annealed films based on 18 mg/ml are shown in 
Fig. 2a and d, showing many pinholes on their surfaces. The surface 
roughness slightly increases from 1.12 nm to 1.38 nm after thermal 
annealing and the spindle-like topography is formed which signifies the 
slightly improved phase separation. The formation of pin hole may be 
closely related to the low concentration of the solution and high boiling 
point of the solvent which cause serious segregation and discontinuous 
film. After top MoO3/Ag electrode deposition, MoO3 and silver would 
diffuse into the pinhole and then lead to serious recombination. In 
contrast, the topographies of the un-annealed and annealed films based 
on 36 mg/ml are shown in Fig. 2b and e, showing no pinholes in both 
films. The topography of the un-annealed film shows a relative smooth 
surface with roughness of 0.89 nm and no distinct phase separation. 
Remarkably, after thermal annealing at 120 ◦C for 10 min, distinct 
spindle-like topography and phase separation (a nanoscale bi- 
continuous network) is observed in topography which is also indicated 
by the increase of surface roughness to 1.02 nm. The well-separated and 
fine BHJ structure compared to the films based on the other concen-
trations indicates that the crystallinity, the interface between two phases 
and charge transport paths to the respective electrodes are significantly 
improved. These improvements of BHJ morphology and the smooth film 
surface (good contact with top electrode) lead to the highest current, FF 
and PCE of 8.5%. The topographies of the un-annealed and annealed 
films based on 45 mg/ml are shown in Fig. 2c and f. The surfaces of both 
films show the existence of many particles and high roughness of 
1.06 nm and 1.67 nm for un-annealed and annealed films, respectively. 
It is speculated that these particles come from the un-dissolved materials 
which are over the limit of solubility of o-xylene. These particles could 
lead to poor contact between the active layer and electrode and thus the 
poor performance compared to other films. The optimum ambient spin- 
coated device performance and film topography is very similar to the 
result reported for the chloroform-processed nitrogen-environment spin- 
coated DRCN5T:PC71BM SMOSC with TA treatment (Kan et al., 2015), 
showing the feasibility of using o-xylene as host solvent. 

Impedance spectroscopy (IS) is used to analyze the information of 
interfacial interaction and internal electrical properties of the BHJ OSC. 
Fig. S2(a) shows the Cole-Cole plots of the BHJ devices based on above 
concentrations of 18, 36 and 45 mg/ml. Fig. S2(b) shows the corre-
sponding imaginary component of impedance–frequency plots. Ac-
cording to the IS study of Tobin et al for BHJ OSC [S1], an equivalent 
circuit model is used to fit the measured IS data. This circuit model can 
fit well the IS data in Fig. S2(a) and the fitted results are summarized in 
Table S1. The fitted parameters are series resistance (Rs), bulk resistance 
(Rb), geometric capacitor (Cg), chemical capacitor (Cμ), recombination 
resistance (Rrec) and average charge carrier lifetime (τavg). In Tobin’s 
study, the key parameter is average charge carrier lifetime 
(τavg = Cμ × Rrec) determined by the recombination resistance Rrec and 
chemical capacitor Cμ. The large τavg value can lead to the high PCE 
which is closely related to the reduction in recombination in the charge 
transfer path or interface. The diameter of semicircle in Cole-Cole plot 
represents the recombination resistance which associates with the 
charge transfer event at the interface. The increase in τavg or Rrec value 
could lead to the decrease of the peak frequency in Fig. S2(b) which is 
also described in the literature [S1]. The device based on the 36 mg/ml 
has the good morphology and favorable charge transport compared to 
the other devices, leading to the highest τavg value of 76.73 μs and thus 
the highest PCE of 8.5%. The devices based on 18 and 45 the mg/ml 
have the poor charge transport and thus the serious recombination due 
to the existence of local segregation and undissolved particles, respec-
tively. These devices have the reduced τavg values of 29.88 and 
13.95 μs, leading to the PCE of 6.5% and 5.1%, respectively. The 
measured τavg values by IS consistently agree with variation of PCEs. 

Generally, SMOSC have excellent PCE under indoor light condition, 
which is increasingly important for the development of indoor appli-
cations (Yin et al., 2018; Lee et al., 2018; Ramírez-Como et al., 2021). It 
is noteworthy that the thicker DRCN5T:PC71BM layer with the film 
thickness of 150 nm is required to obtain the optimum PCE under indoor 
light, which is different from the thickness for the optimum PCE under 
AM 1.5G light. According to this recipe, the resulted current densi-
ty–voltage curves of this device and its corresponding characteristics 
measured under the indoor light and AM1.5G light illuminations are 
shown in Fig. 3a and Table 2. The prepared DRCN5T:PC71BM SMOSC 
shows the optimum PCE of 13.26% under the indoor light (T5 lamp with 
500 lx) illumination, the PCE of this device measured under the AM1.5G 
light illumination is 5.1%. The excellent performance under indoor light 
condition can be attributed to the large shunt resistance and high 
crystallinity which can reduce carrier recombination (Steim et al., 2011; 

Fig. 2. The topography of spin-coated DRCN5T:PC71BM film of the unannealed and annealed for 10 mins samples with the used total concentration.  
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Proctor and Nguyen, 2015; Park et al., 2018). According to the literature 
(Lechêne et al., 2016; Miranda et al., 2021), the important parameter to 
control is the shunt resistance. The shunt resistance could be tuned by 
the thickness of charge transport layer and active layer. This device 
without encapsulation also shows good shelf-stability under the dark 
storage and ambient-air environment, as shown in Fig. 3b. The PCE 
measured under AM1.5G illumination remains 80% of its initial value 
after 300 h of ambient dark storage. At the same dark-storage time 
(300 h), the PCE measured under the indoor light illuminations remains 
94% of its initial value. 

Photo-bleaching test under the AM1.5G illumination (100 mW/cm2) 
and ambient air with UV filter is conducted for the unencapsulated (1) 
PTB7-Th:PC71BM blend film, (2) the un-annealed DRCN5T:PC71BM 
blend film and (3) the annealed DRCN5T:PC71BM blend film. The ab-
sorption spectra of three blend films under 0, 3 and 18 h of continuous 
illumination are shown in Fig. S3. In Fig. S3a, the absorption intensity of 
PTB7-Th:PC71BM film rapidly decreases with the continuous light illu-
mination. The absorption peak at 700 nm of PTB7-Th vanishes after 3 h 
of illumination under ambient air. Both absorption peaks at 600 and 
700 nm vanish after 18 h of illumination. The rapidly decreasing ab-
sorption intensity and absorption-peak elimination indicate the reduced 
polymer π-π conjugation which can be attributed to photo-oxidation 
(Perthué et al., 2018; Löhrer et al., 2020). In Fig. S3b, the DRCN5T: 
PC71BM film without thermal annealing exhibits absorption peaks at 
400 nm and 550 nm, whose peaks can be related to absorption of 
PC71BM acceptor and DRCN5T donor, respectively. The absorption peak 
of DRCN5T vanishes after 3 h of continuous illumination under ambient 
air, suggesting the significant effect of photo-oxidation on the un- 
annealed DRCN5T:PC71BM blend film. In contrast, the annealed 
DRCN5T:PC71BM film demonstrates a quite different absorption spec-
trum with three absorption peaks at 400 nm, 550 nm and 700 nm, as 
shown in Fig. S3c. The additional absorption peak at 700 nm indicates 
the increase of crystallinity of DRCN5T after thermal annealing. 
Furthermore, the photo-bleaching test demonstrates that the annealed 
DRCN5T:PC71BM film has the more stable absorption spectra which do 
not change even after 18 h of continuous AM 1.5G light illumination 
under ambient air. The excellent resistance to photo-oxidation effect can 

be attributed to the improved crystallinity which increases π-π conju-
gation and decreases oxidation of chemical bond. The photo-bleaching 
test shows that the photo-stability of the annealed DRCN5T:PC71BM 
film is much better than PTB7-Th:PC71BM film under ambient air. The 
literatures (Mateker et al., 2015; Yi et al., 2020) pointed out that the 
increase of crystallinity of P-OSC and SMOSC could effectively improve 
the resistance to photo-induced degradation. It is interesting to further 
examine the photo-induced degradation behaviors of both the PTB7-Th: 
PC71BM P-OSC and the annealed DRCN5T:PC71BM SMOSC prepared in 
this work. The variation in PCE of both the un-encapsulated P-OSC and 
SMOSC with the continuous AM 1.5G light (100 mW/cm2) illumination 
in air is shown in Fig. S1d. The PCEs of the un-encapsulated PTB7-Th: 
PC71BM P-OSC and the annealed DRCN5T:PC71BM SMOSC drop to 80% 
of their initial values after 4 h and 75 h (corresponding to T80 lifetime), 
respectively. Remarkably, the photo-induced degradation curve of 
annealed DRCN5T:PC71BM SMOSC after 75 h shows a stable behavior, 
suggesting the much better long-term stability than PTB7-Th:PC71BM P- 
OSC. The light-soaking result of OSC devices is consistent with the result 
of photo-bleaching test of active layer films. 

For upscaling, we develop the S2S large-area slot-die coating of glass- 
substrate DRCN5T:PC71BM SMOSC by tuning BHJ film morphology 
based on a different dry film formation and crystallization mechanism. 
the ambient slot-die coating with the respective optimum film thickness 
(80–100 nm) are optimized by the different coating parameters (flow 
rate of unit: ml/min, coating speed of unit: m/min) for the substrate 
temperatures at 50 ◦C (0.6 ml/min, 0.5 m/min), 60 ◦C (1.5 ml/min, 
0.5 m/min), 70 ◦C (0.6 ml/min, 0.5 m/min) and 80 ◦C (0.9 ml/min, 
0.5 m/min). The photovoltaic parameters for each substrate tempera-
ture are listed in Table 3. Their current density–voltage curves are 
shown in Fig. 4. The device coated at the optimum substrate tempera-
ture of 60 ◦C shows the best PCE of 7.6% and the highest Jsc of 
14.79 mA/cm2 compared to the devices coated at the other different 

Fig. 3. (a) The current density–voltage curves and (b) the PCE changed with dark storage time of the devices under AM1.5G and 500 lx T5 indoor light illumination. 
The device is prepared with the DRCN5T:PC71BM thickness of 150 nm for optimum indoor performance. 

Table 2 
Photovoltaic characteristics of the spin-coated device with the DRCN5T:PC71BM 
film thickness of 150 nm under AM1.5G and indoor light illumination.   

Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

AM1.5G 13.49 0.91 41.7 5.1   

Jsc (μA/cm2) Voc (V) FF (%) PCE (%) 
Indoor light (T5, 500 lx) 47.93 0.76 62.01 13.26  

Table 3 
Photovoltaic characteristics of the annealed S2S slot-die coated devices with 
different substrate temperature. The data in the bracket are averaged over at 
least 5 devices per temperature.  

Substrate 
temperature (◦C) 

Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

50 13.54 0.94 52.00 6.60 
13.34 ± 0.33 0.93 ± 0.01 49.68 ± 2.49 6.18 ± 0.33 

60 14.79 0.93 55.70 7.60 
14.68 ± 0.09 0.93 ± 0.00 53.87 ± 1.13 7.32 ± 0.20 

70 12.33 0.93 51.50 5.90 
11.78 ± 0.51 0.92 ± 0.01 51.70 ± 0.82 5.63 ± 0.31 

80 4.38 0.51 48.00 1.10 
4.79 ± 0.58 0.39 ± 0.16 37.30 ± 15.13 0.75 ± 0.49  
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substrate temperatures. This PCE value is comparable to the PCE 
(7.46%) of S2S slot-die-coated and SVA-treated BTR:PC71BM SMOSC 
previously reported (Heo et al., 2017). The performance drops rapidly 
for the substrate temperatures over 60 ◦C. The efficiency drop can be 
attributed to difference of the active layer morphology. The substrate 
temperature controlled by metal heating plate (i.e., a drying tempera-
ture) during dry film formation from the wet state to dry state involves 
interaction including the slow solvent evaporation, DRCN5T crystalli-
zation and PC71BM aggregation. The nucleation and initial growth ki-
netics of the drying process govern the final BHJ structure. The substrate 
temperature affects the drying time (or solvent evaporation) and thus 
film crystallinity in addition to thermal annealing in oven, increasing the 
complexity of morphology control. The previous study indicates the 
initial drying process of slot-die-coated film could play an important role 
in control of the BHJ film morphology of the R2R-coated polymer solar 
cells (Huang et al., 2016). A similar phenomenon is found here to the 

S2S slot-die-coated SMOSCs. This effect is also reflected by the absorp-
tion spectrum in Fig. S4 which has been normalized by the value of the 
peak around 500–600 nm. The absorption spectrum for the substrate 
temperature of 60 ◦C shows a significant red shift of absorption peak 
from 560 nm to 532 nm compared to that for the other substrate tem-
peratures. The peak shift suggests the crystallinity due to the substrate 
temperature of 60 ◦C is better than that due to the other substrate 
temperatures; leading to the highest current. The annealed DRCN5T: 
PC71BM film topographies measured by AFM for different substrate 
temperatures consistently support this result, as shown in Fig. 5. The 
film topography based on the substrate temperature of 50 ◦C shows well- 
phase-separated and distinct spindle-like topography with the roughness 
of 1.08 nm, suggesting the substantial crystallization of DRCN5T and 
PC71BM aggregation. For the substrate temperature of 60 ◦C, the 
topography shows the fine phase-separated and spindle-like topography 
with uniform surface of the roughness of 1.05 nm. The substrate 

Fig. 4. (a) The current density–voltage curves with different substrate temperatures and (b) corresponding PCE of the S2S slot-die coated devices.  

Fig. 5. The annealed film topography of S2S slot-die coated DRCN5T:PC71BM film with the substrate temperatures of (a) 50 ◦C (b) 60 ◦C, (c) 70 ◦C and (d) 80 ◦C.  
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temperature of 60 ◦C enables not only forming highest SM crystallinity 
and favorable BHJ network with large interface between acceptor and 
donor phases comparing to the results under other substrate tempera-
tures, but also good contact with top electrode due to its uniform sur-
face, exhibiting the highest PCE. The topography based on the substrate 
temperature of 70 ◦C shows a fine phase-separated structure with the 
roughness of 0.89 nm but some pinholes on its surface which leads to the 
large decrease in PCE. The topography based on the substrate temper-
ature of 80 ◦C shows the coarsened BHJ structure with roughness of 
1.59 nm and more pinholes, leading to serious carrier recombination 
and thus dramatic drop of PCE. Based on these results, the control of 
substrate temperature during the drying process is a critical key to 
determine the phase-separated BHJ morphology, SM crystallinity, film 
thickness and photovoltaic performance. For assessing the uniformity of 
the coated film, the cell device with the active area of 1 × 5 cm2 and the 
8-cell module with active area of 3.2 cm2 (each cell area: 1 × 0.4 cm2) 
are fabricated according to this ambient S2S slot-die-coated process with 
o-xylene as host solvent. The corresponding current density–voltage 
curves and performance are shown in Fig. S5 and Table S2. The cell 
device of 1 × 5 cm2 exhibits the Jsc of 12.56 mA/cm2, Voc of 0.95 V, FF of 
42.74% and PCE of 5.1 %. The drop in PCE due to the area upscaling can 
be mainly attributed to (1) the ohmic loss caused by the high resistance 
of ITO, and (2) the non-uniform thickness and local heterogeneity of the 
DRCN5T:PC71BM layer. The module demonstrates the Jsc of 1.71 mA/ 
cm2, Voc of 6.61 V, FF of 45.30% and PCE of 5.1 %. The PCE loss of 
module may be due to the defect factors of series connection between 
cells, such as P1 laser ablation and P2 ablation. Hence, the better PCE of 
the large-area cell and module can be achieved by using (1) low resis-
tance of ITO, (2) correction of P1 and P2 ablation and (3) finely-tuned 
BHJ structure in the future. 

Furthermore, the flexible ambient R2R slot-die coated process of 
DRCN5T:PC71BM SMOSC based ITO/PET substrate is developed. It is 
noteworthy that the suitable film-formation mechanism of R2R slot-die 
coating is largely different from that of glass-substrate S2S slot-die 
coating because of (1) drying process by hot air within the on-line 
oven with a length: 0.5 m and (2) consideration of stress and strain of 
moving flexible layers. The low DRCN5T:PC71BM concentration of 
18 mg/ml is more favorable than other concentrations because the thin 
film could be rapidly dried and avoid the large roughness. The optimum 
drying temperature of the hot air (130 ◦C) with combination of coating 
speed (0.5 m/min) can provide the main influence in the initial crys-
tallization which is similar to the R2R polymer-based OSCs and S2S clot- 
die coated SMOSC (Huang et al., 2016). The flexible R2R slot-die-coated 
DRCN5T:PC71BM film thickness is 100 nm. The corresponding J-V 
curves for the devices with and without additional 15 mins thermal 
annealing are shown in Fig. 6a. The results of PCE changed with addi-
tional annealing time are shown in Fig. 6b. As shown in Table 4, the 
device without additional thermal annealing shows PCE of 5.40%. The 
additional thermal annealing at 120 ◦C in a static off-line oven for 15 
mins can greatly improve PCE up to 7.3%. The additional thermal 
annealing plays an important role in tuning PCE, final SM crystallization 
and BHJ morphology. The topography of the optimized R2R-coated 
DRCN5T:PC71BM film annealed for 15 min, as shown in Fig. 6c, ex-
hibits the different topography to the optimum S2S-coated film and has 
the much smaller roughness of 0.45 nm. The small spindle- and particle- 
like topography indicate a quite different morphology formation. The 
reason may be attributed to the thin, homogeneous and uniform film 
deposited using the low concentration of DRCN5T:PC71BM solution, 
different drying process and the shearing force of the flexible substrate. 
These results again emphasize the effects of the different coating process 

Fig. 6. The R2R slot-die coated devices’ (a) the current density–voltage curves of the devices without and with annealing for 15 mins, (b) PCE changed with various 
devices annealing time and (c) topography of the optimized DRCN5T:PC71BM film. 
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and dry process for the film morphology formation. 

4. Conclusion 

The upscale fabrication of the inverted DRCN5T:PC71BM SMOSC 
from spin coating to large-area slot-die coating using o-xylene solvent 
under the ambient air environment is developed. This work successfully 
adopts TA treatment instead of the well-used SVA treatment to tune the 
BHJ structure due to two advantages of compatibility to mass produc-
tion and good photo-stability. By tuning BHJ structure, the PCE of 8.5% 
for the ambient spin-coated device with TA treatment is comparable to 
the reported PCE (8.19%) of the spin-coated N2-environment 
chloroform-processed device with TA treatment. The PCE of the 
DRCN5T:PC71BM SMOSC with the respective optimum film structure 
can achieve the 13.26% under the indoor light (T5 lamp with 500 lx) 
illumination. The excellent resistance to photo-oxidation effect can be 
attributed to the improved crystallinity. The photo-bleaching and light- 
soaking tests under the AM 1.5G light illumination show that the photo- 
stability of the thermally-annealed DRCN5T:PC71BM device is much 
better than PTB7-Th:PC71BM device under ambient air. The tunable BHJ 
film morphology of large-area S2S slot-die coating of ITO/glass-based 
DRCN5T:PC71BM SMOSC is based on a different dry film formation 
and crystallization mechanism. The control of substrate temperature 
during the drying-film process is a critical key to determine the phase- 
separated BHJ morphology, SM crystallinity, film thickness and photo-
voltaic performance. The device coated at the substrate temperature of 
60 ◦C shows the best PCE of 7.6% which is comparable to the PCE 
(7.46%) of S2S slot-die-coated and SVA-treated BTR:PC71BM SMOSC 
previously reported. The S2S coated cell device of 1 × 5 cm2 exhibits the 
PCE of 5.1 %. The 8-cell module exhibits the PCE of 5.1 %. The film- 
formation mechanism of flexible R2R slot-die-coated ITO/PET-based 
DRCN5T:PC71BM SMOSCs is largely different from that of S2S slot-die 
coating because drying process is controlled by hot air within the on- 
line oven. The optimum drying temperature of the hot air (130 ◦C) 
with combination of coating speed (0.5 m/min) and solution concen-
tration can provide the main influence in the initial crystallization. The 
additional thermal annealing at 120 ◦C for 15 mins could greatly 
improve PCE up to 7.3%. This work provides the meaningful informa-
tion of upscaling fabrication and performance control of SMOSC toward 
mass production. 
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Perthué, A., Domínguez, I.F., Verstappen, P., Maes, W., Dautel, O.J., Wantz, G., 
Rivaton, A., 2018. An efficient and simple tool for assessing singlet oxygen 
involvement in the photo-oxidation of conjugated materials. Sol. Energy Mater. Sol. 
Cells 176, 336–339. https://doi.org/10.1016/j.solmat.2017.10.019. 

Proctor, C.M., Nguyen, T.-Q., 2015. Effect of leakage current and shunt resistance on the 
light intensity dependence of organic solar cells. Appl. Phys. Lett. 106, 083301. 

Qin, J., An, C., Zhang, J., Ma, K., Yang, Y., Zhang, T., Li, S., Xian, K., Cui, Y., Tang, Y., 
Ma, W., Yao, H., Zhang, S., Xu, B., He, C., Hou, J., 2020. 15.3% efficiency all-small- 
molecule organic solar cells enabled by symmetric phenyl substitution. Sci. China 
Mater. 63, 1142–1150. https://doi.org/10.1007/s40843-020-1269-9. 

Ramírez-Como, M., Sacramento, A., Sánchez, J.G., Estrada, M., Pallarès, J., 
Balderrama, V.S., Marsal, L.F., 2021. Small molecule organic solar cells toward 
improved stability and performance for indoor light harvesting application. Sol. 
Energy Mater. Sol. Cells 230, 111265. https://doi.org/10.1016/j. 
solmat.2021.111265. 
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