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The low-cost and high-throughout printing techniques are potentially used to process large-area organic solar
cells (OSCs). However, high-performance OSCs fabricated via fully printing process have lots of challenges.
Herein, OSCs are fabricated via fully doctor blading using subsequently printed electron transport layer (ETL)
zinc oxide (Zn0O), printed bulk heterojunction (BHJ) active layer composed of poly[(2,6-(4,8-bis(5-(2-ethylhexy)
thiophen-2-yl)-benzo[1,2-b:4,5-b’ 1dithiophene))-alt-(5,5-(1’,3'-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2'-

c:4'5'-c’]dithiophene-4,8-dione))] (PBDB-T) and 3,9-bis(2-methylene-(3-(1,1-dicyano-methylene)-5-methylinda-
none)-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3 -d:2',3’ -d’]-s- indaceno[1,2-b:5,6-b’]-dithiophene (IT-M),
and printed hole transport layer (HTL) molybdenum oxide (MoOs). Through the optimization of inks and
printing parameters, as well as humidity control, OSCs fabricated via printed ETL ZnO in ambient condition and
spin-coated BHJ PBDB-T:IT-M in glovebox produce a power conversion efficiency (PCE) of 10.73%, which is
similar to fully spin-coated device. While OSCs fabricated via printed ETL ZnO and BHJ PBDB-T:IT-M in ambient
condition can produce a PCE of 10.15%. Furthermore, the PCE up to 9.34% can be achieved for fully printed
OSCs with doctor-bladed ETL ZnO, BHJ PBDB-T:IT-M and HTL MoOs in ambient condition. These results suggest
that high-performance OSCs can be fabricated using printing techniques in ambient condition instead of spin-

coating and inert atmosphere, exhibiting great potential to accelerate the commercialization of OSCs.

1. Introduction

Organic solar cells (OSCs) have been attracting much attention and
show potential applications because of many advantages such as light
weight, semitransparency, solution-process ability, excellent compati-
bility with flexible substrate and roll-to-roll processing [1-5]. Due to the
difficulties in synthesis and purification of fullerene acceptor materials,
weak absorption in visible and near infrared region and poor coordi-
nation of energy levels, non-fullerene acceptor materials including small
molecule and polymer are being developed rapidly [6-10]. Currently,
the power conversion efficiencies (PCEs) over 17% have been achieved
for single-junction OSCs based on non-fullerene acceptors [11], which is
much higher than the conventional fullerene based OSCs, and the PCE of
non-fullerene OSC modules also exceeds 10% [12]. However, these
highly efficient OSCs are usually fabricated via spin-coating deposition
in inert environment. Meanwhile, the electron transport layer (ETL) or
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hole transport layer (HTL) is deposited via vacuum thermal evaporation.
These fabrication processes do not match with large-scale fabrication
with high throughout, which is not helpful to accelerate the industrial-
ization of OSCs.

The scalable printing techniques, instead of conventional spin-
coating or vacuum deposition, are attracting much more interesting to
fabricate efficient OSCs, especially the fully-printed OSC devices.
Several scalable printing techniques have been developed, including
spray-coating, slot-die coating, inkjet printing, blade-coating, screen
printing, roll-to-roll printing, and so on, which are widely used in
fabricating light-emitting devices [13-15], field effect transistors [16,
171, supercapacitor [18,19] and solar cells [20-24]. However, most of
reports about printed OSCs are focused on printing single active layer,
while not fully printed OSCs including active layer, ETL and HTL
[25-28]. The fully printed process, especially under ambient condition,
is crucial for the large-scale industrialization of OSCs.
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In order to achieve fully printed OSCs under ambient condition, one
of big challenge issues is to deposit ETL or HTL on the active layer via
printing process instead of conventional spin-coating or vacuum depo-
sition because of the hydrophobicity of the active layer. For example, in
inverted OSCs with a structure of ITO/ETL/active layer/HTL/Ag, metal
oxides such as titanium oxide (TiO5) and zinc oxide (ZnO) have been
used as the ETL for improving the stability [29-31], the conventional
hydrophilic PEDOT:PSS as the HTL is normally difficult to deposit on
hydrophobic active layer directly via spin-coating or printing process.
Thus, it is necessary to use surfactants and additives to adjust the surface
tension of PEDOT:PSS solution and enhance its wettability on the sur-
face of active layer, accordingly improve the device performance [32].
But the addition of the surfactants or additives would bring an addi-
tional problem of removing these additives later. Hence, metal oxides
are accepted as the alternative of PEDOT:PSS in inverted OSCs, such as
molybdenum oxide (MoOs), vanadium oxide (V20s), tungsten oxide
(WO3) [33-35]. In most cases, these metal oxide layers are deposited by
thermal evaporation and the thickness is limited of 5-10 nm. Thus, the
development of printable metal oxides solution in fully printed inverted
OSCs becomes important. On the other hand, it is very meaningful to
understand the influence of ambient environment on the fabrication of
OSCs. The high-performance OSCs are normally prepared in
nitrogen-protected environment, avoiding the influence of ambient
condition including humidity and oxygen. Meanwhile, the PCEs of
doctor-bladed OSCs are much lower than those of spin-coated OSCs [36,
37]. Thus, it is important to explore the influence of humidity on the
performance of printed OSCs, and the precise optimization of ambient
condition including humidity and temperature is a key step to the
development of printed OSCs.

Herein, highly efficient OSCs with a configuration of ITO/ZnO/
active layer/MoOs/Ag (Fig. 1a) were fabricated via fully printing
processes using doctor blading (Fig. 1b) in ambient condition with
control humidity, in which the active layer is bulk heterojunction
(BHJ) composed of poly[(2,6-(4,8-bis(5-(2-ethylhexy) thiophen-2-yl)-
benzo[1,2-b:4,5-b’1dithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7'-bis
(2-ethylhexyl)benzo[1’,2'-c:4'5'-c’ 1dithiophene-4,8-dione))] (PBDB-T,
Fig. 1c) and 3,9-bis(2-methylene-(3-(1,1-dicyano-methylene)-5-meth-
ylindanone)-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3'-
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d’]-s-indaceno[1,2-b:5,6-b’]-dithiophene (IT-M, Fig. 1c). Meanwhile, a
low-temperature and solution-processed MoO3 as the HTL was well
deposited on BHJ PBDB-T:IT-M via doctor blading, forming a good
wettable and uniform thin film. With control humidity under ambient
condition, high-performance fully doctor-bladed OSCs with a PCE up to
9.34% could be achieved. More importantly, the influence of humidity
on the morphology evolution and device performance of doctor-bladed
PBDB-T:IT-M under ambient condition was explored. The research
paves a good way to achieve fully printed OSCs via doctor blading,
which is helpful to the potential industrialization of OSCs.

2. Results and discussions

BHJ OSCs with a device architecture of ITO/ZnO/PBDB-T:IT-M/
MoO3/Ag were fabricated, as illustrated in Fig. 1a. In order to achieve
fully printed OSCs, the ETL ZnO, the active layer PBDB-T:IT-M and the
HTL MoOs3 can be subsequently deposited by doctor blading (Fig. 1b)
under ambient condition with control humidity, except for the Ag
electrode. The molecular structures of polymer PBDB-T and non-
fullerene small molecule acceptor IT-M are showed in Fig. 1c.

The ETL ZnO ink formulation was prepared according to our previ-
ous work [38]. Before doctor blading ZnO thin film, the ITO substrate
temperature was increased to 60 °C for improving solvent volatilization
during doctor blading and forming a homogenous thin film. With opti-
mizing the blading speed, a uniform and transparent ZnO layer could be
formed. Under the certain concentration of ink solution, the thickness of
ZnO layer can be controlled by the blading speed. As showed in Fig. S1
and Table S1, the thickness of doctor-bladed ZnO can be controlled from
10 nm to 40 nm, and the PCEs of OSCs with spin-coated PBDB-T:IT-M
and vacuum-evaporated MoOj3 could remain to be over 10%, exhibiting
less thickness dependence, and they are comparable to the control one
with spin-coated ZnO layer. If the doctor-bladed ZnO is too thin to cover
the ITO, there is a certain degree of defects, and the performance of OSCs
would be influenced. Thus, the OSCs with doctor-bladed 10 nm ZnO
exhibit the lowest PCE, which is just about 10%. On the other hand, the
very thick ZnO layer would reduce the conductivity due to the intrinsic
properties, leading to damping of device performance [39]. The opti-
mized thickness of doctor-bladed ZnO was set to be about 30 nm, which

o
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Fig. 1. (a) Schematic of BHJ OSCs with a structure of ITO/ZnO/PBDB-T:IT-M/Mo0O3/Ag. (b) Schematics of spin-coating and doctor blading. (c) Chemical structures

of polymer PBDB-T and small molecule acceptor IT-M.
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is used for fabricating OSCs subsequently.

AFM can be used to well observe the morphology and microstructure
of functional thin films [40]. Fig. 2a and b show surface morphology of
doctor-bladed and spin-coated ZnO thin films, respectively. Both thin
films show a very similar surface topography and the root-mean-square
(RMS) roughnesses are 2.00 nm and 2.37 nm, respectively. Meanwhile,
their 3D morphologies are showed in Fig. 2¢ and d as well. These results
suggest that the doctor-bladed ZnO thin film is as smooth as the one
deposited via spin coating. Furthermore, the transmittance spectra
exhibit nearly the same optical characteristics for both ZnO thin films, as
shown in Fig. 2e. The transmittance is more than 80% in the wavelength
range of 500 nm-800 nm, which allows OSCs to make good use of light
without being affected by the ETL layer. Thus, high-quality ZnO thin
film can be deposited by doctor-blading process.

The morphology and thickness of BHJ active layer can greatly in-
fluence the performance of OSCs [41,42]. For depositing the active layer
under ambient condition via doctor blading, more attention should be
paid to the influence of humidity on organic active thin film, which is
one of the key factors affecting the thin film morphology and accord-
ingly the performance of OSCs. Thus, the BHJ PBDB-T:IT-M thin films
are deposited under three kinds of humidity conditions, i.e., 0.1 ppm
(glove box), ~35%, and ~75%. The J-V characteristics of OSC devices
are showed in Fig. 3a and the corresponding photovoltaic parameters
are summarized in Table 1. Under the humidity of 0.1 ppm, the PCE of
device prepared with doctor-bladed ZnO thin film and spin-coated
PBDB-T:IT-M is 10.73% with an open-circuit voltage (V) of 0.92 V, a
short-circuit current density (J;.) of 16.30 mA cm’z, and a fill factor (FF)
of 0.716. The OSCs fabricated by doctor blading under the humidity of
~75% exhibit very poor photovoltaic performance parameters with a
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V,e 0f 0.88 V, a Jy. of 15.00 mA cm 2, an FF of 0.641, resulting in a PCE
of 8.45%. As the environment humidity was controlled to ~35%, the
device shows an improved PCE of 10.15%, with a V,. of 0.92 V, a J, of
16.50 mA cm ™2 and an FF of 0.672. The results suggest that the humidity
in atmosphere can seriously influence the performance of OSCs. The
external quantum efficiency (EQE) spectra of the resulted devices are
illustrated in Fig. 3b for evaluating the photon-to-electron conversion
efficiency. All the devices show similar EQE spectra over 300-800 nm
wavelength and the EQE values increase with the deceasing humidity
during the device fabrication, resulting in the improved Ji. The inte-
grated J;, values calculated from EQE are 15.34 mA cm’z, 15.53 mA
em™2 and 14.10 mA cm ™2, respectively, which are very close to the
values measured from J-V curves.

It is worth noting that the absorption is a bit different for the three
kinds of BHJ PBDB-T:IT-M thin films from the ultraviolet-visible ab-
sorption spectra (UV-vis). In Fig. 3c, the light absorption of PBDB-T:IT-
M thin film prepared with 0.1 ppm is a little weaker at the peak. It may
be due to the thin-film thickness of spin-coated PBDB-T:IT-M is about
100 nm, while the doctor-bladed ones have a relatively high thickness of
about 120 nm. It is well known that the thicker film can enhance the
light absorption. But, as the active layer exceeds a certain thickness, it
would increase the carrier diffusion length. Thus, more charge recom-
bination will occur in the active layer, causing the decrease in V,, and
FF, eventually resulting in the degradation in device performance [43].

After the PBDB-T:IT-M thin film was doctor bladed onto ZnO, ther-
mal annealing was performed at 150 °C for 30 min in glovebox. The film
thickness of active layer is about 120 nm and the optimized thickness is
shown in Fig. S2 and Table S2. It can be seen that the OSCs can achieve
PCEs more than 9% as the active layer thickness is increased from 90 nm
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Fig. 2. AFM images of ZnO thin films deposited via spin-coating in glovebox (a, ¢) and doctor blading under ambient condition at a substrate temperature of 60°C (b,
d), respectively. (e) Transmittance spectra of spin-coated and doctor-bladed ZnO thin films.
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Fig. 3. (a) J-V curves, (b) EQE spectra, (c) UV-vis absorbance curves and (d) J-V curves in the dark for PBDB-T:IT-M OSCs fabricated via spin-coating in glovebox
(humidity of 0.1 ppm) and doctor blading in ambient condition under the humidity of about 35% and 75%, respectively.

Table 1

Device performance parameters of OSCs for PBDB-T:IT-M thin films fabricated
on doctor-bladed ZnO layer via spin-coating in glovebox (humidity of 0.1 ppm)
and doctor blading in ambient condition under the humidity of about 35% and
75%, respectively. The average values are obtained from 10 devices, and inte-
grated J,q are deprived from the EQE curves.

Deposition Voc Jse Jeal FF PCEax PCE
V) (@Acm™®  (mAcm ) (%) (%) ave(%)

Spin-coating  0.92  16.30 15.34 71.6  10.73 10.57
(0.1 ppm) +0.13

Doctor 0.92  16.50 15.53 67.2  10.15 10.03
blading +0.10
(~35%)

Doctor 0.88  15.00 14.10 641  8.45 8.24 +
blading 0.11
(~75%)

to 300 nm, indicating that the PBDB-T:IT-M system has a certain extent
tolerance to the thickness. The J-V characteristics of OSCs measured in
the dark are shown in Fig. 3d. The device fabricated under high hu-
midity of ~75% shows the highest leakage current in the reverse di-
rection, while the devices fabricated under the humidity of ~35% or in
glovebox exhibit a lower leakage current. The results suggest that a
better charge transport and extraction with the reduced hole and elec-
tron recombination for the OSCs fabricated under a low humidity. The
leakage current decreases with decreasing the humidity, which plays an
important role in raising the V,. and FF in OSCs [44-46]. Thus, the
overall photovoltaic performance can be enhanced for the OSCs fabri-
cated under low humidity condition. All these results also indicate that it
is no necessary to fabricate OSCs under the inert atmosphere, the
high-performance OSCs can be fabricated in ambient condition with
controllable humidity, which would greatly decrease the cost for
accelerating the potential large-scale, industrial production of OSCs.
Furthermore, the surface morphology of PBDB-T:IT-M thin films
deposited under the different conditions on the ZnO was studied by AFM
and scanning electron microscopy (SEM), and the respective images are
shown in Fig. 4 and Fig. S3. Fig. 4a-c are AFM images of PBDB-T:IT-M
thin films and the inset are phase images. It is very obvious that the
AFM morphology of PBDB-T:IT-M thin film prepared via doctor blading

under the humidity of ~35% is similar to that of the one prepared by
spin coating in glovebox. The two PBDB-T:IT-M thin films exhibit similar
phase-separation morphologies and granular aggregates of similar sizes,
as seen from the inset phase images, which would be beneficial for
efficient exciton dissociation [47]. With the increase of humidity to
~75%, the doctor-bladed PBDB-T:IT-M thin film is no longer flat and
dense. The surface is very rough and the phase separation scale becomes
significantly larger. The RMS values of three PBDB-T:IT-M thin films are
2.69 nm, 5.59 nm and 11.15 nm, respectively, with increasing the hu-
midity. The AFM results indicate that the doctor blading under
controllable humidity can produce a flat and dense thin film as effec-
tively as spin coating, which is favorable to form a good contact between
the cathode, HTL and the active layer. Fig. S3 shows the top-view SEM
images of PBDB-T:IT-M on the ZnO fabricated via spin-coating in glo-
vebox with 0.1 ppm humidity and doctor blading in ambient condition
under the humidity of ~35% and ~75% humidity, respectively. The
PBDB-T:IT-M thin films show flat surface and there are very few “is-
land”, which would be well compatible with the ETL and HTL. As the
humidity was enhanced ~75%, a few holes appear in doctor-bladed
PBDB-T:IT-M thin film, as indicated with the circles. These defects
probably lead to serious charge recombination, reducing the carrier
transport and collection, which is consistent with AFM images and the
low performance parameters Js,, V,. and FF. The AFM and SEM
morphology images clearly suggest that the humidity in the atmosphere
has a serious impact on the thin-film formation process. By controlling
humidity, the defects can be largely suppressed, leading to the OSCs
with good performance.

After the deposition of the active layer PBDB-T:IT-M thin film, the
HTL was sequentially deposited via the optimized doctor-blading pro-
cess as the same of the ETL ZnO. The MoOj3 instead of conventional
PEDOT:PSS was used as the HTL because of the critical inherent diffi-
culties involving the wettability of the hydrophilic PEDOT:PSS onto the
hydrophobic photoactive layer. The formation of good MoOj3 thin film
can be attributed to the excellent wetting property of the MoOj3 solution
on the surface of PBDB-T:IT-M thin film. As show in Fig. S4, the MoOs
solution can immediately spread and the contact angle is about 22° on
the active layer, implying the complete wetting of the MoOs solution on
PBDB-T:IT-M. Fig. S5 shows the cross-sectional SEM image of the fully
printed OSC device via doctor blading. Each layer of OSC device can be
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Fig. 4. AFM morphology images of PBDB-T:IT-M blend thin films fabricated via (a) spin-coating in glovebox with 0.1 ppm humidity and doctor blading in ambient
condition under the humidity of (b) ~ 35% and (c) ~ 75% humidity, respectively. The inserts are their phase images.

clearly seen. The MoOs layer exhibits a continuous and uniform film that
contacts with the active layer, which would not only lead to the high-
performance OSCs, but also contribute to the excellent reproducibility
of OSCs. Thus, the fully-printed OSCs show the PCE up to 9.34% with a
Voc 0f 0.89 V, a J,c of 16.38 mA cm’z, and an FF of 0.644. The J-V and
EQE are shown in Fig. 5a and b. The integrated J;. value calculated from
EQEis 15.47 mA cm ™2, which can be consistent with the value measured
form the J-V curve.

One may notice that the significant loss in the PCE mainly result from
the sharp drop in FF. The FF is decreased from 0.716 to 0.644, about 10%
decrease, when the number of doctor-bladed thin films in OSCs from 1
layer to 3 layer, as shown in Table S3. The electrochemical impedance
spectroscopy (EIS) analysis was used to analyze the interface resistance
of printed OSCs. The equivalent circuit model used for the EIS fitting is
shown in Fig. 5c. The charge-transfer resistance (R.) is related to the
diameter of the semicircles [26,48]. As shown in Fig. 5d, it can be seen
that impedance spectroscopy of OSCs based on only doctor-bladed ZnO
layer shows the smallest diameter, indicating the smallest R, resistance.
The diameter of impedance spectroscopy increases along with the
number of doctor-bladed layers. The large diameter in doctor-bladed
OSCs indicates a poor interfacial contact, which is consistent with the
decreased FF. This phenomenon is in good agreement with the measured
results from J-V curve. From Table S3, the OSC devices with only
doctor-bladed ZnO layer show a relatively low series resistance (R; =~

5
t 1(@) /
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c sc
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= PCE=9.34% 4
2 -15p
3
O
-20 L L L L
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(c)
Rcet Rre
Rs

42.2 Q cm?) and high shunt resistance (Rgy =~ 12541 Q cm?). As using
two doctor-bladed layers, ie., ZnO layer and PBDB-T:IT-M layer, to
structure the OSCs, the R, rises to 60.8 Q cm? and Ry, decreases to 9623
Q cm?. The R, and Ry, of fully printed OSC device, i.e., doctor-bladed
ZnO layer, PBDB-T:IT-M layer and MoOj layer, are 83.1 Q cm? and
8404 Q cm?, respectively. With increasing the number of doctor-bladed
layer from 1 to 3, the R, increases dramatically while the R, decreases. It
indicates that the interface contact resistance increases dramatically as
increasing the number of doctor-bladed layer, leading to the obvious
decrease in FF [49]. The results are consistent with the analysis on AFM
and SEM morphology above.

3. Conclusion

In summary, doctor-blading process in ambient condition is
demonstrated to assemble OSCs with a structure of ITO/ZnO/PBDB-T:
IT-M/MoO3/Ag, completely free from spin-coating techniques. The
morphology of active layer PBDB-T:IT-M could be adjusted by the hu-
midity in ambient condition. When the humidity is controlled at ~35%,
the resulted OSCs exhibit a high PCE up to 10.15%, which is comparable
to that of OSCs fabricated by conventional spin-coating in glovebox.
Furthermore, the HTL MoO3 was also deposited via doctor blading,
instead of conventional vacuum evaporation, on the PBDB-T:IT-M,
leading to fully printed OSCs in ambient condition with a PCE of
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Fig. 5. (a) J-V curve and (b) EQE spectra of typical fully doctor-bladed OSC. (c) The equivalent-circuit model employed for the EIS fitting of OSCs. (d) Nyquist plots
(symbols) and fitting curves (solid lines) of OSCs with doctor-bladed ZnO, doctor-bladed ZnO and PBDB-T:IT-M, and doctor-bladed ZnO, PBDB-T:IT-M, and MoOs3.
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9.34%, maintaining about 90% of original PCE for OSCs fabricated via
spin coating under inert atmosphere condition. These results illustrate
that it is feasible to prepare high-performance BHJ OSCs by large-scale,
low-cost doctor blading in ambient condition, exhibiting the potentially
practical application.
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Experimental section

Materials: Polymer PBDB-T and non-fullerene small molecule
acceptor IT-M were purchased from Solarmer Materials Inc. The number
average molecular weight (M;) and the mass average molecular weight
(M,,) of polymer PBDB-T are 12.1 kDa and 21.9 kDa, respectively. ZnO
and MoOs inks were synthesized according to our previous work [38,
50]. The other solvents including chlorobenzene (99.8%,
Sigma-Aldrich) and 1, 8-Diiodooctane (95%, TCI) were used as received
and without further treatment.

Device Fabrication: The patterned indium tin oxide (ITO, 15 Q sq’l)
coated glass was used as the substrate, and was cleaned by ultrasound
sequentially with acetone, detergent, deionized water, and isopropanol
alcohol for 20 min, respectively. Then, the ITO glass was further treated
by a UV-ozone cleaner for 25 min after drying with a nitrogen flow. For
the ETL, 30 pL precursor was dropped on the substrate and the blade
coater was then moved to spread the ZnO ink and control the film
thickness. The speed of blade coating was kept at 21 mm s~. After the
thin film was formed, it was annealed at 170 °C for 10 min in ambient
condition. For comparison, ZnO thin film of the control one was
deposited by using the conventional spin-coating with the same pre-
cursor solution, others are as the same as the printed devices. The active
layer was deposited by the mixture solution of PBDB-T: IT-M (10 mg: 10
mg in 1 mL chlorobenzene with 1% vol DIO and stirred over night) with
a coating speed of 8 mm s, followed by a heat-treatment at 150 °C for
30 min in glovebox. After the active layer was cooled down, the MoOs3
solution was doctor-bladed with the same speed of the ZnO layer and
without further annealing. At last, a 100 nm thick Ag electrode was
deposited via thermal evaporation with a mask at a pressure of 8 x 1074
mbar, resulting in an active area of 0.09 cm?. All the doctor-blading
processes were performed on the hot stage at 60 °C under ambient
condition with controlled humidity, which was controlled by a dehu-
midifier in a closed space.

Characterization: The doctor-blading process was performed with a
commercial machine (ZN320, Maosen, Fujian). Ultraviolet-visible
spectrophotometer (UV-vis, Puxi, T9, China) was employed to charac-
terize the absorption and transmittance spectra of PBDB-T:IT-M and ZnO
layer, respectively. Atomic force microscope (Agilent Technologies 5500
AFM/SPM System, USA) and scanning electron microscope (FEI Helios
Nanolab 600i, SEM, USA) was employed to characterize surface
morphology and RMS roughness of ZnO and PBDB-T:IT-M thin films.
The film thickness was measured by a surface profilometer (DektakXT,
BRUKER, USA). Current density-voltage (J-V) characteristics of OSCs
were measured by digital source meter (Keithley, model 2400, USA).
The measurement was carried out by a Xenon-lamp-based solar simu-
lator (Newport 91160s, AM 1.5 G) with a light intensity of 100 mW/cmz,
which was calibrated by a standard silicon solar cell. Incident photon to
current conversion efficiency (IPCE, Saifan, Beijing) spectra of OSC
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devices were performed and analyzed by quantum efficiency measure-
ment system. Dark J-V curves were measured by semiconductor char-
acteristics system (Keithley, SCS-4200). Impedance spectra were
measured by electrochemical workstation (CH Instruments, Shanghai
Chenhua instrument Corporation, China). All characterizations of OSCs
were carried out in ambient condition without encapsulation.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.orgel.2020.105725.
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