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ABSTRACT: The performance of solar cells with a polymer:polymer
bulk heterojunction (BHJ) structure, consisting of poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene-alt-3-
fluorothieno[3,4-b]thiophene-2-carboxylate] (PTB7-Th) donor and
poly[[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5′-(2,2′-bithiophene)] (P(NDI2OD-T2)) acceptor poly-
mers, was investigated as a function of cosolvent (p-xylene:chlor-
obenzene (pXL:CB)) composition ratio. A remarkable efficiency
improvement (∼38%) was achieved by spin-coating the photoactive
blend layer from pXL:CB = 80:20 (volume) rather than pXL alone, but
the efficiency then decreased when the CB content increased further to
pXL:CB = 60:40. The improved efficiency was correlated with a
particular PTB7-Th:P(NDI2OD-T2) donor−acceptor blend nanostruc-
ture, evidenced by a fiber-like surface morphology, a red-shifted optical
absorption, and enhanced PL quenching. Further device optimization for pXL:CB = 80:20 films yielded a power conversion
efficiency of ∼5.4%. However, these devices showed very poor stability (∼15 min for a 50% reduction in initial efficiency), owing
specifically to degradation of the PTB7-Th donor-component. Replacing PTB7-Th with a more stable donor polymer will be
essential for any application potential to be realized.
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■ INTRODUCTION

Polymer solar cells have attracted great attention for the past
decade, due to their potential for rapid energy payback time
and low-cost fabrication of flexible plastic solar modules.1−5

The expectation for the low-cost fabrication can be attributed
to the continuous roll-to-roll manufacturing by employing
solution-coating processes at low temperatures and flexible thin
film substrates made of plastic materials.6−8 Since the early
breakthroughs, most high efficiency (>8%) polymer solar cells
have thus far been fabricated with the bulk heterojunction
(BHJ) layers of electron-donating polymers and electron-
accepting fullerenes, so-called polymer:fullerene solar cells.9−25

However, the fullerene derivatives are small molecules, so that
they have a tendency to recrystallize in the polymer:fullerene

films, which is one of the crucial problems leading to the low
stability of polymer:fullerene solar cells.26−30

Polymer:polymer solar cells, which have recently been called
“all-polymer solar cells”, have advantages over polymer:-
fullerene solar cells because the electron-accepting components
are polymers, instead of the fullerene derivatives, which can
deliver better toughness than the small molecular fullerene
derivatives in terms of chemical/morphological stability or
durability due to easy tuning of chemical/electronic structure
and entanglement of polymers.4,31 Since the early works for
polymer:polymer solar cells before 2005,31−37 the power
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conversion efficiency (PCE) has been gradually improved by
optimizing the nanostructure in the polymer:polymer BHJ
layers and by using new polymer materials and solvent
additives.38−46 However, the efficiency of polymer:polymer
solar cells is still far behind that of polymer:fullerene solar cells
in spite of various approaches, including chemical doping and
nanopatterning technology.
Very recently, Mori et al. reported 5.7% PCE for polymer:-

polymer solar cells with the BHJ layers, which are composed of
poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-
b′]dithiophene-alt-3-fluorothieno[3,4-b]thiophene-2-carboxy-
late] (PTB7-Th) and poly[[N,N′-bis(2-octyldodecyl)-naphtha-
lene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithio-
phene)] (P(NDI2OD-T2)), by using chlorobenzene solvent
and normal-type device structures.45 In contrast, Fabiano et al.
reported that using p-xylene rather than chlorobenzene is better
for the improvement of efficiency due to the formation of
lateral phase segregation for P(NDI2OD-T2).47 In a similar
period, we have also concentrated on the same material system

and found that the quality of the polymer:polymer BHJ films
prepared using p-xylene was quite dependent on the coating
conditions, owing to the relatively low solubility of polymers in
the p-xylene solvent, which led to the low reproduction ratio
(probability) for achieving >5% PCE.
In this work, in order to overcome the low solubility problem

by using p-xylene, we attempted to apply cosolvents of p-xylene
(pXL) and chlorobenzene (CB) because chlorobenzene can
compensate the low solubility problem of p-xylene. The
composition of cosolvents was chosen as pXL:CB = 100:0,
80:20, and 60:40 by volume, which were used for the
preparation of binary blend solutions of PTB7-Th and
PI(NDI2OD-T2). The result showed that the efficiency of
devices was quite sensitive to the composition of cosolvents. To
understand the improved performances according to the
cosolvents, the surface morphology and crystalline nanostruc-
ture of the PTB7-Th:P(NDI2OD-T2) BHJ layers was
investigated using atomic force microscopy (AFM) and
synchrotron-radiation grazing incidence X-ray diffraction

Figure 1. (a) Chemical structure of electron-donating (PTB7-Th) and electron-accepting (P(NDI2OD-T2) polymers and solvents (chlorobenzene
and p-xylene). (b) Photoelectron (PE) yield spectra of the pristine PTB7-Th and P(NDI2OD-T2) films (layers). (c) Cross-sectional device
structure and the flat energy band diagram for the present polymer:polymer solar cell (see the TEM image on the left): The thickness of each layer is
given in the experimental section.
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(GIXD) measurements. Finally, the stability of the optimized
devices (∼5.4% PCE) was examined under continuous solar
light illumination (100 mW/cm2).

■ RESULTS AND DISCUSSION
The chemical structures of polymers and solvents are shown in
Figure 1a. The dipole moment of solvents implies that
chlorobenzene is more polar than p-xylene, which leads to
the theory that chlorobenzene has better solvent power in
dissolving the polymers with polar units in their main chains.
The solubility test showed that a saturated solution could be
achieved at 40 mg/mL (chlorobenzene) and 5 mg/mL (p-
xylene) for PTB7-Th, while it could be made at 30 mg/mL
(chlorobenzene) and 20 mg/mL (p-xylene) for P(NDI2OD-
T2). Considering the boiling points of the two solvents, p-
xylene is supposed to evaporate more slowly than chlor-
obenzene during a spin-coating process. Taking all these
aspects into account, we fixed the cosolvent ratios of p-xylene
(pXL) to chlorobenzene (CB) as pXL:CB = 100:0, 80:20, and
60:40 by volume, which have higher p-xylene concentrations in
order to help better formation of lateral phase segregations in
the resulting BHJ films.
First, we have rechecked the energy band structure of each

polymer in a solid-state film to exactly understand the offset
energy between PTB7-Th and P(NDI2OD-T2) in the BHJ
films. As observed from the photoelectron (PE) yield spectra in
Figure 1b (left), the difference of the ionization potential
energy between PTB7-Th and P(NDI2OD-T2) was ca. 0.7 eV,
which is sufficient to block the holes diffused from the PTB7-
Th domain to the P(NDI2OD-T2) domain (we note that the
highest occupied molecular orbital (HOMO) energy was finally
obtained as 5.2 eV for PTB7-Th and 5.9 eV for P(NDI2OD-
T2). The optical absorption spectra revealed that the
absorption edge of P(NDI2OD-T2) was measured at a slightly
longer wavelength than that of PTB7-Th (Figure 1b right and
Figure S1), leading to the optical band gap energy of 1.5 eV for
P(NDI2OD-T2) and 1.6 eV for PTB7-Th. As a consequence,
the lowest unoccupied molecular orbital (LUMO) energy was
calculated as 3.6 eV for PTB7-Th and 4.4 eV for P(NDI2OD-
T2). Considering the large LUMO offset (0.8 eV) between
PTB7-Th and P(NDI2OD-T2) in the case of solid-state films,
the charge (electron) separation process is expected to occur
efficiently from the excitons in the PTB7-Th domain to the
LUMO level of the P(NDI2OD-T2) domain. In addition, the
P(NDI2OD-T2) domain is considered to strongly contribute
to the light harvesting when it comes to the optical absorption
spectra in Figure 1b (right). On the basis of the energy band
structure analysis for the two polymers in the solid state (Figure
1b), the inverted-type device structures were designed and
fabricated (see the flat energy band structure for the full device
in Figure 1c).
As shown in the current density−voltage (J−V) curves under

a simulated solar light (air mass 1.5G, 100 mW/cm2) (see
Figure 2a), the short circuit current density (JSC) of ca. 9.2 mA/
cm2 was measured for the polymer:polymer solar cell with the
PTB7-Th:P(NDI2OD-T2) BHJ layer fabricated using p-xylene
only (pXL:CB = 100:0). Interestingly, the JSC value was
noticeably increased up to ca. 11.7 mA/cm2 for the polymer:-
polymer solar cell fabricated using the cosolvent of p-xylene and
chlorobenzene (pXL:CB = 80:20). In addition, the fill factor
(FF) was also increased from ca. 49.7% to 54% when the
solvent was changed from p-xylene to the cosolvent (pXL:CB =
80:20). Here it is noticeable that the open circuit voltage (VOC)

was very marginally decreased by 0.01 V (from 0.799 to 0.789
V) by using the cosolvent (pXL:CB = 80:20). As a result, the
power conversion efficiency was improved up to 5% from 3.6%
by using the cosolvent (pXL:CB = 80:20). However, when the
concentration of chlorobenzene was increased (pXL:CB =
60:40), both JSC and VOC were remarkably decreased, except
the FF value, from those in the case of using p-xylene only. This
result indicates that the device performance became worse
when the chlorobenzene content increased, owing to the poor
formation of lateral phase segregation as reported in ref 47 (see
Table S1 for the summary of averaged device performances
with more than 10 devices).
As shown in the external quantum efficiency (EQE) spectra

(see Figure 2b), the photocurrent signal was clearly measured
up to 850 nm for all devices, which is attributed to the
contribution of both polymers when it comes to the optical
absorption spectra in Figure 2b. In terms of EQE values, a
similar trend as obtained for the light J−V curves was measured
for the EQE spectra according to the cosolvent compositions.
In other words, the EQE value was higher for the polymer:-
polymer solar cell fabricated using the cosolvent (pXL:CB =
80:20) than that using the p-xylene (pXL:CB = 100:0) over the
entire wavelength measured in this work. Here we note that the
spectral shape is almost identical for the cosolvent (pXL:CB =
80:20) case and the p-xylene (pXL:CB = 100:0) case. However,
the cosolvent (pXL:CB = 60:40) resulted in a slightly different
spectral shape compared to other cases, which may reflect the
formation of different nanostructures in the BHJ layers (films)
according to the cosolvent compositions.
To examine the nanostructures in the BHJ layers according

to the compositions of cosolvent, we first measured the optical
absorption and photoluminescence (PL) spectra for the BHJ
layers. As shown in Figure 3a, the optical absorption spectrum
of the BHJ layers was slightly red-shifted as the chlorobenzene

Figure 2. (a) Light current density−voltage (J−V) curves under
illumination of a simulated solar light (air mass 1.5 G, 100 mW/cm2).
(b) EQE spectra for polymer:polymer solar cells fabricated with the
PTB7-Th:P(NDI2OD-T2) BHJ layers according to the composition
of cosolvents (pXL:CB).
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content increased. This result may reflect that the chain
stacking of polymers in the BHJ layers is dependent on the
composition of cosolvent. The PL intensity of the BHJ layers
was noticeably decreased compared to that of the pristine layers
(note that the PL quenching was more pronounced from the
PTB7-Th layer than from the P(NDI2OD-T2) layer) (see
Figure 3b and Figure S2a). This result supports that the charge
separation between PTB7-Th and P(NDI2OD-T2) is quite
efficient in the PTB7-Th:P(NDI2OD-T2) BHJ layers. Interest-
ingly, the PL intensity was relatively lower for the BHJ layer
prepared using the cosolvents than that prepared using p-xylene
only (see also Figure S2b), which informs us of better charge
separation in the case of using cosolvents. However, we recall
that the cosolvent (pXL:CB = 60:40) resulted in relatively poor
solar cell performances compared to the p-xylene solvent (see
Figure 2), which is in disagreement with the PL quenching
result. Therefore, it is considered that the cosolvent (pXL:CB =
60:40) induced too intimate mixing between the two polymer
components, leading to the increased charge blocking
resistances in the BHJ layers (see Table S1 for the slightly
increased series resistance (RS = 0.22 kΩ·cm2) for the 60:40
composition compared to RS = 0.17 kΩ·cm2 for the 80:20
composition).36

Next, the surface nanostructure of the PTB7-Th:P-
(NDI2OD-T2) BHJ layers, which were coated on the ZnO-
coated ITO-glass substrates, was investigated with atomic force
microscopy (AFM). As shown in Figure 4, the surface of the
BHJ layers prepared using the cosolvent (pXL:CB = 80:20)
exhibited a particular nanofiber-like morphology, which is
certainly different from the random surfaces in the BHJ layer
prepared using p-xylene only. Considering the formation of a
nanofiber-like morphology in the pristine P(NDI2OD-T2) film
(layer) as reported by Tremel et al.,48 the P(NDI2OD-T2)

component might be enriched on the surface of the BHJ layers
when the cosolvent (pXL:CB = 80:20) was used. However, the
surface morphology of the BHJ layers became random again in
the presence of very slight traces of nanofiber-like structures
when the CB composition in the cosolvent was increased
(pXL:CB = 60:40). It is noteworthy that the surface roughness
of the BHJ layer prepared using the cosolvent (pXL:CB =
80:20) was higher than that of the other two BHJ layers
prepared using either p-xylene or the cosolvent (pXL:CB =
60:40) even though there are many well-aligned nanofiber-like
fine patterns on the surface of the BHJ layer prepared using the
cosolvent (pXL:CB = 80:20). Hence the relatively better device
performance at pXL:CB = 80:20 might be closely related to the
higher surface roughness with the well-aligned nanofiber-like
morphology at this solvent composition.
Based on the information on the surface morphology for the

BHJ layers according to the composition of cosolvents, the
crystalline nanostructure of the BHJ layers was further
investigated by employing a synchrotron GIXD technique

Figure 3. (a) Normalized optical density (OD) spectra of the PTB7-
Th:P(NDI2OD-T2) BHJ layers. (b) Photoluminescence (PL) spectra
of the pristine polymer (PTB7-Th and P(NDI2OD-T2)) films
(layers) and the PTB7-Th:P(NDI2OD-T2) BHJ layers according to
the composition of cosolvents.

Figure 4. 3D height mode (left) and 2D phase mode (right) AFM
images: (a) ZnO layer and (b−d) PTB7-Th:P(NDI2OD-T2) BHJ
layers coated on the ZnO layers prepared using cosolvents (pXL:CB =
100:0) (b), (80:20) (c), and (60:40) (d). “Rg” denotes the surface
roughness.
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(see the limitations and advantages of GIXD techniques in ref
49). As shown in Figure 5a, a dominant face-on chain stacking
structure was measured for the pristine PTB7-Th layer and the
pristine P(NDI2OD-T2) layer which were coated on the ZnO-
coated ITO-glass substrates.44 The exact diffraction position for
each polymer is clearly observed from the 1D GIXD profiles in
Figure 5b (see the detailed analysis data including d-spacing for
the GIXD profiles in Table. S2). The (100) peak of the pristine
P(NDI2OD-T2) layer was measured at a smaller angle
(diffraction vector), as clearly observed in the out-of-plane
(OOP) direction, and was relatively narrower in the peak width
(i.e., smaller full width at half-maximum) compared to that of
the pristine PTB7-Th layer in the in-plane (IP) direction. For
the BHJ layers, interestingly, the diffraction spots by the PTB7-
Th component (see (100)_D and (010)_D in Figure 5a III)
were considerably weakened in the case of p-xylene solvent
(pXL:CB = 100:0) even though those by the P(NDI2OD-T2)
component were well maintained. However, in the case of
cosolvents, all diffraction spots by both components were well
kept in the 2D GIXD images (see Figure 5a IV and V). This
result implies that the chain stacking of the PTB7-Th

component in the BHJ layer was relatively more prevented
by the presence of the P(NDI2OD-T2) component when p-
xylene was used only. The weakened diffraction of the PTB7-
Th component in the case of using p-xylene is also evidenced
from the 1D GIXD profiles in the IP direction because the
(001)’_A peak of the P(NDI2OD-T2) component was
pronounced but the (001)’_D peak of the PTB7-Th
component was almost not observed in the BHJ layer. Thus,
the retarded crystallization of the PTB7-Th component in the
BHJ layer prepared using p-xylene only can be attributed to the
relatively inferior solar cell performances compared to the
cosolvent (pXL:CB = 80:20). In addition, a close look at the
1D GIXD profiles in the IP direction delivers that the (001)’_D
peak is slightly (marginally) less pronounced in the case of the
cosolvent (pXL:CB = 60:40) than the cosolvent (pXL:CB =
80:20), which might be one of the clues for the relatively low
solar cell performances, together with the obviously different
surface morphology (see Figure 4), in the case of using the
cosolvent (pXL:CB = 60:40).
Finally, the device optimization was performed for the solar

cells with the PTB7-Th:P(NDI2OD-T2) BHJ layers prepared

Figure 5. (a) 2D GIXD images and (b) 1D GIXD profiles for the pristine polymer layers (I: PTB7-Th and II: P(NDI2OD-T2)) and the BHJ layers
prepared using cosolvents (III: 100:0, IV: 80:20, V: 60:40). Note that the major diffraction peaks for each polymer are marked on the 2D images and
on the top part of the 1D graphs. The labels “D” and “A” in the assigned diffraction peaks stand for “PTB7-Th” and “P(NDI2OD-T2)”, respectively.
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using the cosolvent (pXL:CB = 80:20), and the optimized
devices were subject to the examination of stability (lifetime).
As shown in Figure 6a, the optimized polymer:polymer solar

cell with the PTB7-Th:P(NDI2OD-T2) BHJ layer exhibited ca.
5.4% PCE, which is considered one of the highest efficiencies
(>5%) so far for polymer:polymer solar cells (see Table S3 for
the recent progress in polymer:polymer solar cells). Note that
the optimized polymer:polymer solar cell with 5.4% PCE was
fabricated and measured at the same time/condition as done
for the (control) PTB7-Th:PC70BM solar cell that is certified
to deliver ca. 9.5% PCE (see Figure S3).
The 5.4% PCE device, which was mounted inside an argon-

filled sample holder in order to avoid any moisture and oxygen
effects, was subject to the stability test under continuous solar
light illumination (100 mW/cm2). As shown in Figure 6b, the
efficiency was quickly decreased and reached half the initial
value at the exposure time of less than 15 min. After ca. 30 min
the efficiency decay rate became slow and then the efficiency at
90 min became approximately 25% of the initial value (see
other solar cell parameters in Figure S4). Interestingly, the
decay trend of the optimized device was quite similar to that of
the device with the BHJ layer prepared using the cosolvent
(pXL:CB = 60:40). This result implies that the striking
efficiency decrease can be ascribed mainly to the degradation of
the polymer materials, as previously reported for the PTB7
material in the polymer:fullerene solar cells.9 As shown in the

inset photographs in Figure 6b, the color of the PTB7-
Th:P(NDI2OD-T2) BHJ layer was noticeably changed after 90
min of illumination. To understand which component between
PTB7-Th and P(NDI2OD-T2) is mainly responsible for the
color change (efficiency decrease), the optical absorption and
PL spectra were measured before and after continuous solar
light illumination (90 min) for the pristine polymer layers and
the BHJ layers. As shown in Figure S5, the optical absorption
coefficient (α) of the pristine PTB7-Th layer was remarkably
decreased after 90 min of illumination (see the wavelength
ranges between 600 and 900 nm), whereas that of the pristine
P(NDI2OD-T2) layer was almost little changed. In addition,
the PL intensity reduction was extremely huge by more than
10-fold for the pristine PTB7-Th layer, whereas it was quite
marginal, as low as ca.1.4-fold for the pristine P(NDI2OD-T2)
layer. The optical absorption coefficient in the BHJ layers was
also greatly reduced after 90 min illumination, irrespective of
the composition of cosolvents (see Figure S6), which can be
obviously attributed to the degradation of the PTB7-Th
component. Here we note that the reduction in the PL
intensity for the BHJ layers was not pronounced because of the
already largely lowered PL intensity by the charge separation
between the two components.

■ CONCLUSIONS

The effect of cosolvents, which are composed of p-xylene
(pXL) and chlorobenzene (CB), was investigated for polymer:-
polymer solar cells with the PTB7-Th:P(NDI2OD-T2) BHJ
layers. The performance of polymer:polymer solar cells was
considerably improved when the cosolvent (pXL:CB = 80:20)
was used for the preparation of blend solutions. However, when
the CB content was increased up to 40 vol % (pXL:CB =
60:40), the solar cell performance became poor again. The
improved performance by using the cosolvent (pXL:CB =
80:20) was explained by both the red-shifted optical absorption
spectra and the better PL quenching (charge separation), while
it was also attributed to the formation of the particular
nanofiber-like surface morphology that is closely related to the
crystalline nanostructure change as measured by the synchro-
tron GIXD measurement. The optimized device fabricated
using the cosolvent (pXL:CB = 80:20) exhibited ∼5.4% PCE.
The stability test showed that the lifetime of the optimized
device was very poor (half-life = ∼15 min), which was
attributed to the degradation of the PTB7-Th component as
proven by the optical characterization for both the pristine
layers and the BHJ layers.

■ METHODS
Materials and Solutions. PTB7-Th (weight-average molecular

weight =126 kDa and polydispersity index = 2.5) and P(NDI2OD-T2)
(weight-average molecular weight = 25−50 kDa and polydispersity
index = 1.5−3.5) were received from 1-Material (Canada) and Polyera,
respectively. Zinc acetate dehydrate (purity> 99%) was purchased
from Sigma-Aldrich (United States) and used without further
purification. The binary polymer blend solutions were prepared
using the cosolvents of p-xylene and chlorobenzene (pXL:CB = 10:0,
8:2, 6:4 by volume) at a solid concentration of 10 mg/mL
(PTB7Th:P(NDI2OD-T2) = 1:1 by weight), followed by stirring at
room temperature for 12 h prior to spin-coating. The ZnO precursor
solutions were prepared by dissolving zinc acetate dehydrate (1 g) in
the mixture of 2-methoxyethanol (10 mL) and ethanolamine (0.28 mL
as stabilizer), which were stirred at 60 °C for 3 h and then at room
temperature for 12 h before spin-coating.

Figure 6. (a) Light J−V curves under illumination of a simulated solar
light (air mass 1.5G, 100 mW/cm2) for the optimized polymer:-
polymer solar cell (PTB7-Th:P(NDI2OD-T2)) (JSC = 12 mA/cm2,
VOC = 0.80 V, FF = 56%) and the control device (PTB7-Th:PC70BM)
(JSC = 17 mA/cm2, VOC = 0.77 V, FF = 73%). (b) Normalized PCE of
polymer:polymer solar cells as a function of exposure time under
continuous illumination of a simulated solar light (air mass 1.5G, 100
mW/cm2) according to the composition of cosolvents (pXL:CB =
80:20 and pXL:CB = 60:40): The inset photographs show the color of
the BHJ layer before and after illumination (90 min).
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Thin film and Device Fabrication. The patterned ITO-coated
glass substrates (12 Ω/cm2, Asahi/AMG) were cleaned using acetone
and isopropyl alcohol inside an ultrasonic cleaner. The wet-cleaned
ITO-glass substrates were dried with a nitrogen flow and treated inside
a UV-ozone system (AH-1700, Ahtech LTS) for 20 min in order to
remove any remnant organic residue on the surface of the substrates.
Next, the ZnO precursor solutions were spun on the ITO-glass
substrates and the resulting ZnO nanolayers (thickness = 30 nm) were
baked at 200 °C for 1 h in air ambient condition (laboratory
atmosphere). Then the BHJ layers were spin-coated on the top of the
ZnO nanolayers in a nitrogen-filled glovebox and dried inside the same
glovebox. After transferring all the samples to a vacuum chamber,
MoO3 (10 nm) and Ag (80 nm) were thermally evaporated on the top
of the BHJ layers. The area of the active zones in the fabricated devices
was 0.05 cm2. For the optical measurements the film samples were
prepared by spin-coating on quartz substrates, whereas the samples for
AFM and GIXD measurements were prepared in the same way as for
the device fabrication.
Device Measurements. The film thickness was measured using a

surface profiler (Alpha Step 20, Tencor Instruments). The optical
absorption and photoluminescence (PL) spectra were measured using
a UV−visible spectrometer (Optizen 2120, MECASYS) and a PL
spectrometer (FS-2, SCINCO), respectively. The HOMO energy level
of the pristine films was measured using a photoelectron yield
spectrometer (AC2, Riken-Keiki). The surface morphology of the BHJ
layers was measured using an atomic force microscope (AFM,
Nanoscope IIIa, Digital Instruments). The nanostructure of the BHJ
layers was measured using a synchrotron radiation-grazing incidence
X-ray diffraction (GIXD) system (X-ray wavelength = 0.112 nm,
incidence angle = 0.125°, 9A, U-SAXS beamline, Pohang Accelerator
Laboratory) and a field-emission transmission electron microscope
(FE-TEM, Titan G2 ChemiSTEM Cs Probe, FEI Company). The
current density−voltage (J−V) curves of solar cells were obtained
using a solar cell measurement system equipped with a solar simulator
(92250A-1000, Newport-Oriel) and an electrometer (Keithley 2400).
The EQE measurement of devices was carried out using a specialized
measurement system equipped with a light source (Tungsten-Halogen
lamp, 150W, ASBN-W, Spectral Products), a monochromator
(CM110, Spectra Products) and a calibrated (certified) Si-photodiode.
All devices were measured under an inert environment using an argon-
filled sample holder. The series resistance (RS) was calculated from the
slope in the light J−V curves at open circuit condition (0 mA/cm2),
while the shunt resistance (RSH) was obtained from the slope in the
light J−V curves at short circuit condition (0 V).
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