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OSCs can be applied to various fields due 
to their many advantages, such as high 
performance, low cost, flexibility, and 
potential for modulation. Recently, the 
research on OSCs has been focused on 
materials with high-performance organic 
donors and acceptors (fullerene and non-
fullerene) and device structure research, 
such as ternary structure and tandem 
structure. These studies have contributed 
to developing high-performance OSCs 
with excellent power conversion efficiency 
(PCE) over 14% in single cells and 17.3% 
in tandem structure cells.[1–10]

OSCs are based on an active layer that 
has a bulk-heterojunction (BHJ) struc-
ture that consists of an organic donor 
and acceptor, and OSCs generate excitons 
within the range of their optical proper-
ties. Additionally, OSCs show photovoltaic 
properties via the process of charge disas-
sociation and charge transport.[11,12] Due 
to the limitation of the optical properties 
of organic donors and acceptors, carrier 
mobility and carrier balance are critical 
factors that determine the performance of 
OSCs.[13–16]

Therefore, photogenerated carriers 
that have been generated in a BHJ have 
the disadvantage of exhibiting a lower 

mobility compared with inorganic semiconductor-based solar 
cells because of the organic semiconductor’s inherent proper-
ties, such as monomolecular recombination and bimolecular 
recombination.[17–19]

Additionally, certain of these photogenerated carriers return 
to the ground state through monomolecular trap-assisted 
recombination,[20–22] interfacial recombination,[23–25] and sur-
face trap-assisted recombination,[26] and the carriers subse-
quently weaken the device performance because the reduction 
of current and internal potential occurs via a nonradiative relax-
ation process.[27,28] Therefore, it is necessary to enhance the car-
rier transport properties to improve the performance of OSCs.

Recent research has reported important device structure 
modifications to improve the carrier transport properties of 
OSCs. Specifically, the carrier mobility can be increased by 
introducing a buffer layer through enhancing carrier transport, 
and the device performance can be enhanced by reducing the 
recombination.

Hybrid organic solar cells are made through a simple one-pot coating 
process with conjugated polyelectrolytes (CPEs), poly[9,9-bis(4′-
sulfonatobutyl)fluorenealt-thiophene-doped (PFT-D). The hybrid active 
layer incorporated with PFT-D shows vertical phase separation by self-
assembled properties of PFT-D, which result from a molecular dipole 
between the conjugated backbone and the side chain. The hybrid active 
layer with PFT-D shows that homogeneous morphology, surface poten-
tial properties, and hydrophobic surface properties favor for enhancing 
photovoltaic performance. These results are identified by contact angle 
characteristics, X-ray photoelectron spectroscopy (XPS) profiling, and 
X-ray diffraction (XRD), atomic force measurement (AFM), and electro-
static force measurement (EFM) analyses. With fullerene based hybrid 
active layer, the power conversion efficiency (PCE) reaches to 8.7% with 
the enhanced short-circuit current density (JSC), open-circuit voltage 
(VOC), and fill factor (FF). The hybrid device with PFT-D has a higher 
stability with a lower reduction ratio of 5.74% compared with only bulk-
heterojunction device (with reduction rate of 30.15%) and incorporating 
poly(3,4-ethylene dioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) 
device (with reduction rate of 10.84%). These results are also found in 
nonfullerene based system (PCE of 10.8%) and other conjugated poly-
electrolytes system (PCE of 8.4%). These results have the potential 
of significantly contributing to the upsizing and commercialization of 
organic solar cells.
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Organic Solar Cells

1. Introduction

There have been many studies on organic solar cells (OSCs) 
that have been based on polymer semiconductors because 
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Huang and co-workers developed a device of conven-
tional structure by using electron transport layers (ETLs). To 
develop the device, they introduced an organic buffer layer,  
poly[(9,9-bis(6′-((N,N-diethyl)-N-ethyl ammonium)-hexyl)-2,7- 
fluorene)-alt-1,4-diphenylsulfide]dibromide, as the poly[(9,9-bis
(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioc-
tylfluorene)] (PFN) series that was introduced via a solution 
process as an ETL. They reported that they attained a high PCE 
of 9.45% by enhancing the carrier mobility and lowering the 
recombination, regardless of the thickness of the ETLs.[29]

Next, Lee et al. introduced conjugated polyelectrolytes (CPEs), 
the poly(9,9-bis(4′-sulfonatobutyl)fluorene-alt-co-1,4-phenylene)]  
(PFT) series, as hole transport layers (HTLs). They observed a 
work function change phenomenon for the indium tin oxide 
(ITO) electrode of the device. They were able to obtain an excel-
lent PCE of 9.03% by controlling the work function change.[30]

Generally, poly(3,4-ethylene dioxythiophene)-poly(styrene 
sulfonate) (PEDOT:PSS), which is a buffer layer introduced 
into OSCs, plays an important role in improving hole mobility 
because of its advantage of transparency and high conductivity. 
It, however, has the disadvantage of diminishing the device sta-
bility due to its hygroscopic properties and inherent acidic prop-
erties.[31,32] Several studies have reported that inorganic materials, 
such as MoO3,[33,34] WO3,[35] NiO,[36] and CuSCN,[37,38] are candi-
date that may replace PEDOT:PSS to overcome the disadvantages 
of PEDOT:PSS. However, these materials also have some prob-
lems, such as thermal treatment and interfacial mixing.

Recently, researchers have paid attention to CPEs as HTLs 
that can replace PEDOT:PSS because they have neutral prop-
erties, outstanding solubility, and high mobility resulting from 
the molecular dipole.[30,39–43] Heeger and co-workers reported 
that they were able to weaken the series resistance (RS) by 
introducing CPE-K into HTLs of OSCs by using a spin-coating 
method, which is a solution process. The PCE of 8.2% was 
higher when introducing CPE-K compared to that when intro-
ducing PEDOT:PSS.[39] Chen and co-workers also reported that 
they obtained a high PCE of 9.6% in OSCs by developing two 
types of CPEs poly[2,6-dibromo-(4,4-bis-potassium butanyl-
sulfonate-4H-cyclopenta-[2,1-b;3,4-b’]-dithiophene-alt-2,5-thio-
phene)] (PCPDT-T) and poly[2,6-dibromo-(4,4-bis-potassium 
butanylsulfonate-4H-cyclopenta-[2,1-b;3,4-b’]-dithiophene-
alt-2,2’-bithiophene)] (PCPDT-2T)) as new HTLs.[40]

However, the technique of introducing a buffer layer to 
increase the carrier mobility and to decrease the carrier recom-
bination may instead weaken the device performance and 
long-term stability because it causes issues with an additional 
process, such as an increased cost and interfacial mixing prob-
lems between the BHJ and electrode. Previous work in our 
group indicated that the PCE and stability are enhanced by 
developing CPEs that replace PEDOT:PSS with HTLs.[41]

Recently, Hao and co-workers found an improved PCE from 
9.6% to 11.0% by using a ternary BHJ device that adopted the third 
component in a binary BHJ. This result confirms that vertical 
phase separation, which has the advantage of charge transport in 
BHJ by introducing the third component, was formed.[44] Lee and 
co-workers induced vertical phase separation by using the differ-
ence in surface energy properties in a device that was made via 
a one-step coating process with the introduction of self-assembly 
interfacial materials. As a result, they achieved a PCE of 6.1%.[45]

In conclusion, developing a device with a high performance 
and stability should be possible with a simple process if: 1) CPEs 
with excellent performance and stability are used, 2) CPEs can 
be introduced via a simple coating process in the BHJ through 
hybridization without an additional coating process for the HTLs, 
and 3) there is control of the vertical phase within the BHJ.

In this paper, we report a method to fabricate a device 
simply by using a BHJ active layer coating after inducing 
self-assembled order based on the molecular dipole proper-
ties of CPEs by incorporating them into the BHJ active layer. 
We formed a one-pot hybrid active layer by introducing CPEs 
of PFT-D into a BHJ active layer that uses poly({4,8-bis[(2-eth-
ylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl}{3-fluoro-
2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7), 
poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-
b′]dithiophene))-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) as a 
donor and phenyl-C71-butyric-acid-methyl ester (PC71BM), 
3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/7-methyl)-
indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene (ITIC-M) as an 
acceptor. Based on this hybrid active layer, we manufactured 
hybrid solar cells and evaluated their characteristics.

CPEs that were introduced into the active layer exhibited hole 
transport effects without additional introduction of HTLs. Spe-
cifically, the PFT-D, the introduced CPEs in the present work, 
showed work function of 5.10  eV in our previous report that 
is favorable for hole transport properties. The PFT-D has self-
assembled properties due to the difference in dipole between 
the conjugated backbone and the side chain. The PFT-D that was 
introduced in the BHJ active layer exhibited the characteristics 
of its arrangement below the active layer inducing vertical phase 
separation due to its surface energy properties. This was con-
firmed by contact angle, X-ray photoelectron spectroscopy (XPS) 
surface, and depth profiling analyses. Additionally, the mor-
phology and surface potential were formed, which were favorable 
for charge transport by the introduction of CPEs in the hybrid 
active layer. This was confirmed by atomic force measurement 
(AFM) and electrostatic force measurement (EFM) analyses.

The hybrid solar cells introduced in this study can be manufac-
tured more easily than general cells with PEDOT:PSS and have 
the advantages of excellent performance and stability. Thus, the 
hybrid cells exhibited PCE of 8.7% in fullerene BHJ with a signi
ficant improvement in the JSC, VOC, and FF and presented better 
stability due to their efficiency reduction rate of 5.74% for 200 h 
than only BHJ device (with reduction rate of 30.15%) and incor-
porating PEDOT:PSS device (with reduction rate of 10.84%) in 
fullerene BHJ device. This strategy applied also in nonfullerene 
system based on PBDB-T:ITIC-M BHJ exhibited high perfor-
mance of PCE with 10.8%. This means that these theories can 
be applied to other systems as well. The simple processed and 
brilliant efficient hybrid solar cells based on controlling vertical 
phase separation could be moved up commercialization of OSCs.

2. Results and Discussion

The hybrid solar cells were fabricated in a conventional struc-
ture based on a simple one-step coating process of the active 
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layer by introducing PFT-D into the BHJ that consisted of PTB7 
and PC71BM. Figure 1 shows the conventional structure of the 
organic solar cells used in this study and the structure of the 
materials introduced into each layer. As shown in Figure  1a, 
we made four different devices that have different active layer 
structures of ITO/active layer/PFN/Al in which PEDOT:PSS 
was not introduced as HTLs and of ITO/PEDOT:PSS/active 
layer/PFN/Al in which PEDOT:PSS was introduced. The active 
layer maintains a BHJ structure (Device 1 and Device 3) that 
is a mixture of PTB7 (Figure  1b) as a donor and PC71BM 
(Figure  1c) as an acceptor. Additionally, a hybrid BHJ that 
was added with PFT-D as the CPEs (Figure  1d) into the BHJ, 
which has self-assembled properties, was formed (Device 2 and 
Device 4). Figure 1e,f shows the structure of the PEDOT:PSS as 
HTLs and the structure of PFN as ETLs introduced into the fab-
ricated devices, respectively. Device 1 was constructed only with 
the BHJ structure without the introduction of the HTLs. Device 
2 was manufactured as a BHJ + CPEs with the introduction of 
the CPEs into BHJ of Device 1. Devices 3 and 4 were made by 
introducing PEDOT:PSS as HTLs in the structures of Device 
1 and Device 2, respectively.

Figure  2 and Table  1 show the current density–voltage 
characteristics (Figure  2a), external quantum efficiency (EQE) 
characteristics (Figure  2b), dark current density–voltage 
characteristics (Figure  2c), current density–light intensity 
dependence characteristics (Figure  2d), and photovoltaic char-
acteristics of the fabricated devices. Device 1 exhibited a PCE 
of 6.3% (JSC = 15.3 mA cm−2, VOC = 0.676 V, and FF = 61.1%). 
Device 2 exhibited a high PCE of 8.7% (JSC  = 16.3  mA cm−2, 
VOC = 0.737 V, and FF = 72.6%). Devices 3 and 4 exhibited a PCE 
of 8.3% (JSC = 15.8 mA cm−2, VOC = 0.737 V, and FF = 71.3%) 
and 8.0% (JSC = 15.6 mA cm−2, VOC = 0.737 V, and FF = 69.6%), 
respectively. By introducing the PFT-D into the BHJ (Device 2), 
the PCE was significantly improved from 6.3% to 8.7% because 
JSC (15.3 mA cm−2 → 16.3 mA cm−2), VOC (0.676 V → 0.737 V), 
and FF (61.1% → 72.6%) were substantially increased. This 

formed a hybrid BHJ by introducing PFT-D, which was devel-
oped as CPEs and showed excellent HTL characteristics in 
our previous study.[41] The JSC, VOC, and FF performances 
improved by arranging PFT-D in the interface of the ITO elec-
trode and BHJ.[45] By employing this technique, a high-perfor-
mance device can be only made with a coating process for the 
BHJ that does not further incorporate the HTL coating process, 
and Device 2 (PCE = 8.7%) exhibited superior performance 
over Device 3 (PCE = 8.3%), which introduced PEDOT:PSS 
as HTLs. Like PEDOT:PSS that was introduced with a sepa-
rate coating, this is the result of improving the performance 
by using PFT-D as HTLs in the interface between the BHJ and 
ITO in BHJ + CPEs. However, Device 4 exhibited a low per-
formance (PCE = 8.0%) because FF was significantly weakened 
in comparison with Devices 2 and 3 by the introduction of the 
BHJ + CPEs on the PEDOT:PSS. This was because the PFT-D 
played a role as the HTLs in the interface between the BHJ and 
ITO; however, carrier recombination was increased due to the 
arrangement of PFT-D between PEDOT:PSS and the BHJ.

As shown in Figure  2b, EQE analysis revealed that 
the calculated JSC values were 14.57, 15.29, 14.61, and 
14.59  mA cm−2 for Devices 1–4, respectively. This result 
showed the highest JSC for Device 2 with the introduction 
of CPEs, which was consistent with Figure 2 and Table 1. In 
particular, Device 1 exhibited a lower EQE than Devices 2–4. 
Additionally, Device 2 exhibited a higher EQE than Devices 1, 
3, and 4. The formation of a favorable molecular order in the 
charge transport within the BHJ can result in high EQE prop-
erties.[46,47] Such EQE improvement was possible because the 
molecular order was favorable for charge transport and a high 
level of improvement occurred. As a result, Device 2 exhib-
ited the high EQE properties which resulted from the for-
mation of favorable molecular order. As shown in Figure 2c, 
the dark current density–voltage characteristics revealed the 
leakage current of fabricated devices. Brabec and co-workers 
have reported that the higher carrier recombination usually 
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Figure 1.  Schematic images of fabricated organic solar cells and their materials structures.
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resulted in lower FF.[48] Devices 1 and 4 showed higher 
leakage current in revers bias region exhibiting lower FF 
rather than Devices 2 and 3. Also, Heeger and co-workers 
have reported the relationship between JSC and light intensity 
with respect to carrier recombination. The JSC dependence on 
light intensity measurements provides the tendency of carrier 
recombination. The linear relationship of JSC and light inten-
sity means the weakness of bimolecular recombination.[49] As 
shown in Figure 2d, Devices 1–4 exhibited the slope of 1.43, 
1.04, 0.99, and 1.38, respectively. As a result, Devices 1 and 
4 exhibited low FF properties which resulted from increased 
carrier recombination. These result is consistent with Table 1 
and Figure 2a.

Figure 3 shows the contact angle and surface energy proper-
ties of the formed active layer film. BHJ (Figure 3a), composed 
of a donor and an acceptor, showed a contact angle of 92.7° 
and surface energy properties of 16.76 mN m−1. BHJ + CPEs 
(Figure 3b) showed a contact angle of 103.4° and surface energy 
properties of 10.89 mN m−1. Additionally, the contact angle and 
surface properties of PTB7 (Figure  3c), the donor, were 104.8° 
and 10.23 mN m−1, respectively, and for PC71BM (Figure 3d), the 
acceptor, they were 60.8° and 40.85 mN m−1, respectively. The 
PFT-D (Figure  3e) showed a contact angle of 57.6° and surface 
energy properties of 43.53 mN m−1. The BHJ that consisted of 
PTB7 and PC71BM showed hydrophobic surface properties, and  
BHJ + CPEs with PFT-D showed higher hydrophobic surface  
properties than the BHJ. It was possible to arrange toward ITO 

(ultraviolet-ozone (UVO) treated, 71.4 mN m−1) 
which has similar high surface energy proper-
ties as PFT-D.[50] This was because PFT-D has 
the highest surface energy properties among 
the three components (PTB7, PC71BM, and 
PFT-D) that consist of BHJ + CPEs with its 
self-assembled properties.[50,51] In general, 
lower surface energy materials were exposed 
to the interface of the film and air, and higher 
surface energy materials were presented in the 
interface of the film and electrode.[52] There-
fore, BHJ + CPEs showed higher hydrophobic  
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Table 1.  Photovoltaic performances of fullerene based BHJ (PTB7: PC71BM) + CPEs (PFT-D) 
hybrid solar cells.

Device structure JSC
a) [mA cm−2] VOC

a) [V] FFa) [%] PCEa) [%]

Device 1 (BHJ) 15.3 (15.2 ± 0.10) 0.676 (0.67 ± 0.01) 61.1 (61.0 ± 0.09) 6.3 (6.1 ± 0.15)

Device 2 (BHJ + CPEs) 16.3 (16.2 ± 0.10) 0.737 (0.73 ± 0.01) 72.6 (72.1 ± 0.04) 8.7 (8.5 ± 0.18)

Device 3 (PEDOT:PSS/BHJ) 15.5 (15.4 ± 0.08) 0.737 (0.73 ± 0.01) 72.9 (72.5 ± 0.10) 8.3 (8.2 ± 0.18)

Device 4 (PEDOT:PSS/ 

BHJ + CPEs)
15.6 (15.5 ± 0.11) 0.737 (0.73 ± 0.01) 69.6 (69.4 ± 0.05) 8.0 (7.8 ± 0.17)

a)The average values and deviations were obtained from 10 devices.

Figure 2.  a) Current density–voltage characteristics, b) external quantum efficiency characteristics, c) dark current density–voltage characteristics, 
and d) current density–light intensity dependence characteristics of fabricated hybrid solar cells.
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surface properties compared with BHJ because PTB7 and 
PC71BM, which showed low surface energy properties, were 
exposed to air in the BHJ with PFT-D.

However, Figure S1 (Supporting Information) shows the 
surface energy properties of the PEDOT:PSS film and the 
film with the introduction of the BHJ film on the PEDOT:PSS 
layer. PEDOT:PSS (in Figure S1a, Supporting Information) 
and PEDOT:PSS/BHJ in which the BHJ film are deposited on 
PEDOT:PSS (in Figure S1b, Supporting Information) showed 
43.9° and 99.5° contact angles and surface energy properties 
of 54.63 and 12.87 mN m−1, respectively. The PEDOT:PSS/
BHJ structure had higher hydrophobic surface properties 
(12.87 mN m−1) than the pristine BHJ (16.67 mN m−1). This was 
because PC71BM, which had a relatively high surface energy, 
was arranged toward the ITO, whereas PTB7, which had a low 
surface energy, was exposed to air. Furthermore, the PFT-D and 
PEDOT:PSS had similar surface energy properties resulted in 
accumulation of PFT-D between BHJ and PEDOT:PSS. This 
can be explained by a similar tendency of arrangement through 
the self-assembled properties of PFT-D in BHJ + CPEs.

Figure  4 shows the XPS depth profiling characteristics and 
ultraviolet photoelectron spectroscopy (UPS) characteristics of 
BHJ and BHJ + CPEs. We characterized XPS analysis for inves-
tigating the vertical phase separation of hybrid active layer by 
detecting atomic signals.[53] The sample was manufactured in 
the same manner as the device fabrication process, and the 
behavior of the CPEs was evaluated for the BHJ (Figure 4a) and 
for the BHJ + CPEs (Figure 4b). Depth profiling of the manu-
factured sample was performed by a sputtering process from 
the top (0 min) to the bottom of the active layer (100 min). The 
detected signal from the atoms is described as the atomic con-
centration (%). In Figure 4a, the C1S and O1S signals were high 
due to PTB7 and PC71BM. The F1S and the S2P signals emerged 
at the beginning but gradually decreased, and the Na1S signal 
did not appear. This is because, as shown in Figure  3, PTB7, 
which has low surface energy properties in the BHJ, maintains 
molecular order at the upper side of the BHJ above the PC71BM 
distribution.

By contrast, in Figure  4b, similar to Figure  4a, the C1s and 
O1s signals were high, and the F1s and S2p signals showed a 
gradual decreasing tendency. The Na1s signal tended to increase 
at ≈100 min. This occurred due to the Na1s signal that came from 
PFT-D, which indicated that PFT-D is located at the bottom of 
the active layer with thickness of ≈10 nm. As shown in Figure 3, 
PFT-D with a high surface energy in BHJ + CPEs was moved 
toward the bottom of the active layer in the BHJ, whereas PTB7 
and PC71BM with relatively low surface energies were moved 
toward the top of the active layer. Additionally, unlike Figure 4a, 
in Figure  4b the signal of C1s tended to increase as it moved 
toward the bottom of the active layer and then decreased again. 
This suggests that the molecular order of PTB7/PC71BM/PFT-D 
was formed from the top in the BHJ + CPEs. As a result, in 
the BHJ + CPEs, the PFT-D was moved toward the ITO by its 
self-assembled properties and served as HTLs at the interface of 
ITO and BHJ. Thus, we improved the JSC, VOC, and FF through 
charge transport and recombination control, which contributed 
to performance improvement. The results are consistent with 
Figures 2 and 3 and Table 1.

The UPS characteristics and schematic energy level diagram 
are shown in Figure 4c,d. The highest occupied molecular orbital 
(HOMO) level properties of BHJ and BHJ + CPEs hybrid active 
layer were calculated by UPS measurement.[54,55] The calculated 
HOMO level of BHJ active layer was 6.16 eV. When the PFT-D 
was introduced to BHJ active layer, HOMO level shifted slightly 
up to 5.82 eV. Because of HOMO level shift, the PFT-D doped 
hybrid active layer (5.82  eV) exhibited decreased energetic bar-
rier between ITO (4.7 eV) and BHJ active layer (6.16 eV) (from 
1.46 to 1.12  eV, shown in Figure  4d). This tendency of PFT-D 
in active layer enhanced internal built-in potential and offered 
favorable charge transport resulted in increased VOC and FF.

Figure  5 shows the XPS characteristics of the BHJ and 
BHJ + CPEs. The XPS characteristics were determined by using 
a monochromatic Al-Kα (1486.6  eV) source. Figure  5a shows 
the XPS spectra of film surfaces manufactured in the same 
manner as those for Devices 1–4. No new peaks were formed in 
all films. Only the intensity of the spectra changed. Figure 5b–f 
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Figure 3.  Contact angle characteristics and surface energy characteristics of a) BHJ, b) BHJ + CPEs, c) PTB7, d) PC71BM film, and e) PFT-D.
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shows the XPS spectra corresponding to the C1s, O1s, F1s, S2p, 
and Na1s elements. The main peak for C1s appeared at 284.8 eV 
(Figure  5b), and the peaks for other elements were compared 
by using the C1s. The main peak for O1s appeared at 532.5 eV 
(Figure  5c), which is the binding energy corresponding to 
organic CO bonds. The main peak or F1s appeared at 687.2 eV 
(Figure  5d), which corresponds to organic fluorine units. The 
main peak for S2p appeared at 163.9  eV (Figure  5e), which 
corresponds to the S in thiophene. Next, a sub-peak also was 
present at 165.0  eV, which corresponds to the CS bonds. 
Finally, the main peak for Na1s appeared at 1071 eV; however, 
there were no meaningful peaks to represent the chemical 
structure (Figure 5f).

The intensity of an atomic signal in the XPS spectra 
allows analysis of the behavior of materials containing spe-
cific atoms.[5,56] The behavior of PTB7, which has a relatively 
high ratio of F and S atoms, can be analyzed by using the sig-
nals from O1s, F1s, and S2p, whereas the behavior of PC71BM, 
which has a relatively high level of C atoms, can be analyzed 
by using the C1s signal. The behavior of PFT-D in the BHJ can 
be investigated by the Na1s signal. Figure  5b–e indicated that 
the introduction of PFT-D in the BHJ reduced the C1s signal 
and increased the O1s, F1s, and S2p signals. Additionally, as 

shown in Figure 5f, the Na1s signal was not found for all film 
surfaces for both BHJ and BHJ + CPEs. This occurred because 
the introduction of CPEs in the BHJ led to the rearrangement 
of the internal molecular order. As shown in Figure 4, PFT-D 
was arranged at the bottom of the active layer, and PTB7 has a 
molecular order that was arranged at the top of the active layer. 
Additionally, as shown in Figure  4b, PC71BM, which has sur-
face energy properties in the middle between PFT-D and PTB7, 
showed a molecular order arrangement in the middle area.

However, the XPS spectra of the pristine BHJ and the 
BHJ + CPEs film revealed a higher intensity than the film with 
the introduction of PEDOT:PSS. This results suggests that the 
introduction of PEDOT:PSS changed the molecular order of 
the BHJ. Specifically, the introduction of PEDOT:PSS signifi-
cantly reduced the intensity of C1s. Thus, the introduction of 
PEDOT:PSS, similar to the introduction of PFT-D, controlled 
the molecular order within the BHJ. PC71BM moved to the 
bottom of the active layer, and PTB7 moved to the top of the 
active layer in the molecular order, as PEDOT:PSS reduced 
the surface energy mismatch between the ITO electrode and 
the BHJ. This process exhibited favorable properties for charge 
transport. By contrast, the BHJ + CPEs that was introduced 
on the PEDOT:PSS showed a similar result, as shown in the 

Adv. Mater. Interfaces 2018, 1801396

Figure 4.  XPS depth-profiling characteristics of a) BHJ active layer and b) BHJ + CPEs hybrid active layer, c) UPS characteristics of BHJ and BHJ + CPEs 
layer, d) schematic energy level diagram of BHJ and BHJ + CPEs layer.
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XPS spectra of the BHJ and BHJ + CPEs mentioned earlier by 
having slightly lower C1s signals and higher O1s, F1s, and S2p 
signals than the PEDOT:PSS/BHJ film. As a result, this film 
showed a rather low performance with a low FF because of the 
high carrier recombination, although the carrier transport was 
increased due to the arrangement of the PFT-D in the direction 
of the PEDOT:PSS.

Figure 6 shows X-ray diffraction (XRD) characterization used 
to measure the crystalline structure of the hybrid active layer. 
The figures show the out-of-plane patterns (Figure 6a) and the 
in-plane pattern (Figure  6b) of pristine BHJ and BHJ + CPEs 

films. Both pristine BHJ and BHJ + CPEs films showed highly 
π–π ordered structure indicating high intense (010) peak.[57–59] 
The XRD pattern of pristine BHJ film showed (010) peak 
at 2θ  = 20.07° in out-of-plane direction and (100) peak at 
2θ  = 3.20° in in-plane direction. The π–π stacking distance 
(dπ–π) was 0.44 nm and lamellar distance (dlamellar) was 2.76 nm. 
The XRD pattern of BHJ + CPEs hybrid film showed (010) 
peak at 2θ = 21.38° in out-of-plane direction and (100) peak at 
2θ = 3.18° in in-plane direction. The π–π stacking distance (dπ–π) 
was 0.41 nm and lamellar distance (dlamellar) was 2.77 nm. As a 
result, the BHJ + CPEs hybrid film formed more highly π–π 

Adv. Mater. Interfaces 2018, 1801396

Figure 5.  Surface XPS profiling characteristics of a) total survey, b) C1s, c) O1s, d) F1s, e) S2p, and f) Na1s atoms signal.
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ordered structure and closed molecular stacking than pristine 
BHJ film. With XPS and XRD analyses, the PFT-D introduced 
in the BHJ induced molecular rearrangement and vertical 
phase separation that order of PTB7, PC71BM, and PFT-D from 
the top of the BHJ. The ordered structure and closed stacking 
favored for hole transport properties resulted in enhanced 
photovoltaic performance.

Scheme 1 shows a molecular order image of the BHJ + CPEs 
via XPS and XRD analyses. Because of this property, PFT-D 
showed favorable properties for carrier transport by reducing 
the surface energy mismatch with the ITO electrode having a 
role as HTLs in the BHJ. PFT-D incorporated in the BHJ also 
exhibited excellent JSC and FF characteristics by lowering the 
carrier recombination. Additionally, PFT-D arranged in the 
bottom of the BHJ enhanced internal built-in potential resulted 
in high VOC. This enhancement shows that it is an advanta-
geous method for simplifying the process with a high perfor-
mance by merely introducing CPEs into the BHJ without an 
additional coating process for introducing HTLs. These results 
are consistent with Figures 2–4 and Table 1.

Figure S2a (Supporting Information) shows a schematic 
image of the post-treatment of the BHJ + CPEs devices fabri-
cated with a conventional structure. Figure S2b–d and Table S1 
(Supporting Information) show the surface energy properties, 
XPS depth profiling analyses, and photovoltaic characteris-
tics according to the post-treatment direction. Device 5 was 
fabricated by using the opposite direction for post-treatment 
(downside) during the process of making Device 2 (Figure S2a, 
Supporting Information). Device 5 showed a PCE of 4.6%  
( JSC = 15.5 mA cm−2, VOC = 0.676 V, and FF = 44.4%), which 
was lower than Devices 1 and 2. This low performance of 
Device 5 was related to the fact that PFT-D did not play the 
role of HTLs because the orientation of PFT-D in the BHJ 
became the opposite to that of Device 2. The surface energy 
properties were increased from 10.89 to 13.90 mN m−1 (shown 
in Figure S2c, Supporting Information) and the Na1s signals 
were detected at 20–60 nm (shown in Figure S2d, Supporting 
Information). When the direction of post-treatment changed, 
the surface properties showed more hydrophilic properties. 
This tendency was resulted from diffusion of PFT-D from the 

bottom to the top of the active layer and this diffusion affected 
by synergistic effects of surface energy and gravity.[60] As a 
result, the direction of post-treatment changed vertical phase 
separation of hybrid active layer resulted in decreased photo-
voltaic performance of Device 5. Thus, the FF was significantly 
lowered because the carrier recombination increased due to the 
orientation of PFT-D upon the opposite treatment.

Figure S3a,b and Table S2 (Supporting Informa-
tion) show the photovoltaic characteristics and dark cur-
rent density–voltage characteristics of devices fabricated 
with inverted structures (ITO/ZnO/active layer/MoO3/Ag). 
Figure S3c (Supporting Information) shows contact angle and 
surface energy properties of films coated on ZnO and MoO3 
layer. Figure S3d (Supporting Information) shows dark current 
density–voltage characteristics. The devices that were intro-
duced only with BHJ or BHJ + CPEs without ETLs of ZnO 
exhibited a low performance regardless of the introduction 
of PFT-D. Otherwise, Device 9, which was fabricated with the 
ZnO as ETLs with the active layer of Device 1, showed a PCE 
of 8.8% ( JSC = 16.4 mA cm−2, VOC = 0.757 V, and FF = 70.6%). 
Device 10 was fabricated with the incorporation of ZnO 
with the active layer of Device 2 with structure of ITO/ZnO/
PFT-D–BHJ/MoO3/Ag. Device 10 showed a low PCE of 8.2% 
( JSC = 16.5 mA cm−2, VOC, = 0.737 V, and FF = 67.3%) because 
the FF was significantly reduced. Device 11, which was fabri-
cated similarly to the process of Device 10 but with post-treat-
ment on the downside after the introduction of the BHJ + CPEs, 
showed a PCE of 9.0% ( JSC = 17.4 mA cm−2, VOC = 0.737 V, and 
FF = 69.8%). The high performance of Device 11 was a result of 
the much improved JSC and FF from Device 10.

As shown in Figure S3c (Supporting Information), The ZnO 
showed a contact angle of 60.1° and surface energy properties 
of 40.12 mN m−1. Also, MoO3 showed a contact angle of 34.2° 
and surface energy properties of 61.61 mN m−1. In Device 11, 
the surface energy properties of BHJ + CPEs hybrid active layer 
were changed. When the direction of post-treatment changed, 
both BHJ + CPEs hybrid active layer film on ZnO and MoO3 
showed more hydrophilic surface properties. Similar with 
Device 5, in Device 11, the PFT-D accumulated between BHJ 
and MoO3 resulted from synergistic effects of surface energy 

Adv. Mater. Interfaces 2018, 1801396

Figure 6.  X-ray diffraction characteristics of pristine BHJ and BHJ + CPEs films with respect to a) out-of-plane direction and b) in-plane direction.
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and gravity.[60] In Device 11, similar with Device 5, the accu-
mulation of PFT-D caused carrier recombination. As shown in 
Figure S3d (Supporting Information), the dark current density–
voltage characteristics of Device 11 showed increased leakage 
current in reverse bias. This tendency in carrier recombination 
in Device 11 resulted in low FF. Although the FF of Device 11 
was slightly decreased resulted from carrier recombination, the 
JSC and PCE were higher than Device 9 because of thermody-
namic factors following mechanism.

Scheme S1 (Supporting Information) shows the schematic 
image of thermodynamic film formation with respect to direc-
tion of post-treatment. As per the reported results by Chen 
and co-workers, the decreased surface energy of ITO through 
surface modification, the amount of polymer donor increases 
at ITO surface.[61] In our report, both devices fabricated with 
conventional and inverted structure showed PFT-D accu-
mulated at the bottom of active layer through up side post-
treatment (Devices 2 and 10). These tendency resulted from 
surface energy similarity of PFT-D with ITO and ZnO. Because 
of PFT-D arranged at the ITO, the surface energy of ITO was 
decreased by PFT-D. In this formation, most of PC71BM and 
some PTB7 arranged toward PFT-D. This tendency is con-
sistent with Figure  4b that slightly increased F1s signal at the 
interface of PFT-D. Then, favorable structure for carrier trans-
port was formed in conventional device (Device 2). Also, not 
favorable structure for carrier transport was formed in inverted 
device (Device 10). However, the PFT-D diffused toward top of 
the active layer through down side treatment forming relative 
hydrophilic surface resulted from synergistic effects of high 
surface energy and gravity (Devices 5 and 11). In this formation, 

most of PC71BM arranged at ITO. Then, favorable structure for 
carrier transport was formed in inverted device (Device 11). 
Also, not favorable structure for carrier transport was formed 
in conventional device (Device 5). These results are well con-
sistent with the Figures  2–4 and Table 1 and Figures S1–S3  
and Tables S1 and S2 (Supporting Information).

Figure S4 (Supporting Information) shows the optical char-
acteristics of the BHJ, BHJ + CPEs film, and PFT-D. The BHJ + 
CPEs films with PFT-D had both higher absorption (Figure S4a, 
Supporting Information) and emission properties (Figure S4b, 
Supporting Information) than pristine BHJ film. The optical 
properties of PFT-D were shown in Figure S4c (Supporting 
Information). PFT-D was introduced into the BHJ, and then 
it formed a self-assembled order in the interface between the 
ITO and BHJ, which controlled the molecular order of the 
BHJ. Given these properties, the BHJ + CPEs film exhibited 
higher absorption properties than the pristine BHJ (like EQE 
in Figure  2b). The PFT-D showed high absorption properties 
around λ = 300–400 nm and high emission properties around 
λ  = 470–750  nm (shown in Figure S4c, Supporting Informa-
tion). However, the absorption properties of BHJ + CPEs film 
were enhanced in entire region. As a result, the enhanced 
absorption properties of BHJ + CPEs film were resulted from 
controlling molecular order. Additionally, enhanced absorp-
tion properties contributed to the improvement in JSC by 
forming more carriers and higher emission properties. Then, 
the enhancemd emission properties of BHJ + CPEs film 
were resulted from both enhanced absorption properties of 
BHJ + CPEs film and enhanced emission of PFT-D around 
λ  = 600–700  nm range. As a result, the enhanced absorption 

Adv. Mater. Interfaces 2018, 1801396

Scheme 1.  Schematic image of a) BHJ film on HTLs and b) well-ordered BHJ + CPEs hybrid film.
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properties and emission properties by introducing PFT-D con-
tributed to high performance of Device 2. These results are 
consistent with Figures 2–4 and Table 1.

Figure 7 shows the morphology characteristics of a film that 
has the same structure as the manufactured devices. The film 
that consisted of only a BHJ (Figure 7a) showed the root mean 
square (RMS) roughness of 1.508 nm, which indicated a rough 
morphology. The BHJ was directly introduced on the ITO 
electrode, and it formed large agglomerates, which revealed a 
rough morphology due to surface energy mismatch. The film 
that had PFT-D introduced into the BHJ (Figure 7b), however, 
showed the RMS roughness of 1.264 nm, which was a relatively 
fine morphology. This is related to the fact that PFT-D was 
introduced into the BHJ, as shown in Figures 3 and 4, and was 
arranged at the bottom of the active layer by the self-assembled 
properties of PFT-D so that the surface energy mismatches with 
ITO was reduced. The introduction of PFT-D helped control 
the molecular order in BHJ, produced a nanostructured mor-
phology, and formed an excellent interpenetrating network for 
carrier transport. For this reason, Device 2 had higher perfor-
mance than Device 1 because JSC and FF were significantly 
improved.

The BHJ film with PEDOT:PSS as HTLs (Figure 7c) had the 
RMS roughness of 1.274 nm and had a relatively finer morphology 
than BHJ. This occurred as PEDOT:PSS, which was introduced 
between the BHJ and the ITO electrode, reduced the surface 
energy mismatch and formed an excellent morphology for car-
rier transport. Therefore, JSC and FF were much more improved 
for Device 3 than for Device 1. However, the BHJ + CPEs film 
(Figure 7d) with PEDOT:PSS as HTLs had the RMS roughness 
of 1.456  nm, which indicated a rougher morphology than the 
BHJ + CPEs without PEDOT:PSS. This is because PFT-D was 
arranged toward PEDOT:PSS in the BHJ due to its self-assembled 
property, but this arrangement contributed to the formation of a 
rough morphology by generating an agglomerate. For this reason, 
Device 4 exhibited a lower JSC and FF than Device 2. These results 
are consistent with Figures 2–5 and Table 1.

Figure 8 shows the surface potential characteristics of the film 
that had the same structure as the fabricated device. The surface 
potential properties of the pristine BHJ film (Figure 8a) and the 
BHJ + CPEs film (Figure 8b) were 465.405 mV (Rq = 5.197 mV) 
and 479.510  mV (Rq  = 1.199  mV), respectively. The intro-
duced PFT-D controlled the molecular order in the BHJ while 
migrating toward the interface between the ITO and BHJ, and it 

Adv. Mater. Interfaces 2018, 1801396

Figure 7.  Morphology characteristics of a) BHJ, b) BHJ + CPEs, c) PEDOT:PSS/BHJ, and d) PEDOT:PSS/BHJ + CPEs.
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showed high and uniform surface potential properties. Wu and 
co-workers reported that they could increase the built-in poten-
tial and decrease the carrier recombination by increasing the sur-
face potential in device fabricated with conventional structure. 
Consequently, they could improve the performance of a device 
through enhancement of the JSC, VOC, and FF.[62] Additionally, 
Friedel and co-workers found that the uniform surface potential 
of HTLs that are introduced into a device fabricated with conven-
tional structure exhibits favorable properties for carrier transport 
and control carrier recombination.[63] Therefore, the introduc-
tion of PFT-D in Device 2 enhanced the JSC, VOC, and FF and 
improved the built-in potential and charge transport characteris-
tics via producing a high and uniform surface potential.

Figure 8c,d shows surface potential properties of 481.270 mV 
(Rq = 1.826 mV) for the BHJ film and 480.160 mV (Rq = 3.279 mV) 
for the BHJ + CPEs film with the introduction of PEDOT:PSS. 
Both films presented high surface potential properties. Notably, 
compared to the pristine BHJ, the BHJ film with PEDOT:PSS 
had a high FF via high and uniform surface potential properties; 
however, it showed relatively rougher surface potential proper-
ties than BHJ + CPEs. Additionally, the surface potential of the 
BHJ + CPEs film increased with the introduction of PEDOT:PSS 
but showed rough surface potential properties compared with the 

BHJ + CPEs film without PEDOT:PSS. This is because the accu-
mulation of PFT-D between BHJ and PEDOT:PSS layer resulted 
from similar surfae energy. Thus, the aggregation occurred 
within the interface between PFT-D and PEDOT:PSS, and FF was 
decreased by increasing the carrier recombination. These results 
are consistent with Figures 2–7 and Table 1.

Table S3 (Supporting Information) shows the hole mobility 
properties that were calculated by using the space charge lim-
ited current method. The hole mobility was estimated by using 
the Mott–Gurney equation and by fabricating a hole only device 
(ITO/active layer/MoO3/Ag or ITO/PEDOT:PSS/active layer/
MoO3/Ag)[64,65]

µε ε ( )( )= 9/8 /0 r
2 3J V L

	
(1)

where µ: Charge carrier mobility,

ε0: Free-space permittivity,
εr: Dielectric constant of the semiconductor,
V: Applied voltage,
L: Thickness of semiconductor layer.

The hole mobilities calculated for the hole-only devices, 
which were made from the films of Devices 1–4, were 

Figure 8.  Surface potential characteristics of a) BHJ, b) BHJ + CPEs, c) PEDOT:PSS/BHJ, and d) PEDOT:PSS/BHJ + CPEs.
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1.47 × 10−3, 2.33 × 10−3, 2.02 × 10−3, and 1.77 × 10−3 cm2 V−1 s−1, 
respectively. The BHJ + CPEs film (Device 2) exhibited the 
highest hole mobility. This was possible by the role of PFT-D as 
HTLs in the BHJ due to its self-assembled properties, which is 
consistent with the results in Figures 2–7 and Table 1.

Figure 9 shows the stability properties of the fabricated devices 
for 200 h. After 200 h, Device 1 showed a PCE of 4.4%, which 
was 30.15% lower than the initial PCE of 6.3%. Device 2 showed 
an excellent stability property, indicating a PCE of 8.2%, which 
was 5.74% lower than the initial PCE of 8.7%. The main factors 
for the weakening of the performance of Device 1 were related to 
the reduction of the VOC and FF. This occurred when the surface 
potential was low, and the carrier recombination increased due 
to the surface property mismatch between the ITO electrode and 
the BHJ. By contrast, Device 2 had a higher stability than Devices 
1, 3, and 4, which attributed to resolving the surface properties 
mismatch that originated from the self-assembled properties of 
PFT-D and to inhibiting the increase in the carrier recombina-
tion via the uniform morphology and surface potential. These 
results are consistent with Figures 2–7 and Table 1.
Figure  10 and Table  2 show molecular structures of BHJ and 
photovoltaic properties of PBDB-T:ITIC-M based hybrid solar 
cells fabricated with PFT-D. The devices with PFT-D showed 
enhanced photovoltaic performance in the nonfullerene based 
system same as fullerene based system. The device with pris-
tine BHJ exhibited the PCE of 8.8% (JSC  = 17.3  mA cm−2, 
VOC  = 0.798  V, and FF = 63.5%). By introducing the PFT-D 

into the nonfullerene based BHJ, the PCE was 10.8% (JSC  = 
17.9  mA cm−2, VOC  = 0.919  V, and FF = 65.7%) which is 
enhanced significantly than pristine BHJ. These results mean 
that our strategy with CPEs is very impact in both fullerene and 
nonfullerene based system.

Figure S5 and Table S4 (Supporting Information) show 
photovoltaic properties of fullerene based hybrid solar cells fab-
ricated with other CPEs series (labeled as PFtT-D, PFbT-D) syn-
thesized in our previous report.[41] The devices with PFtT-D and 
PFbT-D showed enhanced photovoltaic performance same as 
PFT-D. The device with PFtT-D and PFbT-D exhibited the PCE 
of 8.4% (JSC = 15.5 mA cm−2, VOC = 0.737 V, and FF = 73.1%) 
and 8.3% (JSC = 15.4 mA cm−2, VOC = 0.737 V, and FF = 73.2%), 
respectively. By introducing the PFtT-D and PFbT-D into the 
BHJ, the PCE was significantly improved from 6.3% to 8.4% 
and 8.3% because VOC and FF were substantially increased. 
This tendency means that the vertical phase separation could 
be also caused in other CPEs system for favorable enhancing 
photovoltaic performance. These results suggest that devices 
fabricated via one-pot coating process could be applied to high 
performance solar cells industry.

3. Conclusion

Highly efficient and stable OSCs were fabricated through a 
simple coating process. PFT-D, which can act as HTLs via its 

Figure 9.  Stability properties of fabricated devices for around 200 h with respect to photovoltaic factors a) PCE, b) JSC, c) VOC, and d) FF.
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excellent solubility and dipole properties, was introduced into 
the BHJ and formed a self-assembled order due to its surface 
energy properties (Figure  3). PFT-D introduced into the BHJ 
(with its self-assembled order properties) was arranged in the 
interface of the ITO electrode and BHJ, and it controlled PTB7 
and PC71BM and arranged them at the top and the middle of 
the BHJ (Figures 4–6), respectively. These properties led to the 
excellent optical properties within the BHJ and the JSC enhance-
ment through a better carrier generation (Figure S4, Supporting 
Information). PFT-D formed a uniform and nanostructured 
morphology due to its characteristics of the arrangement in 
the BHJ and showed favorable properties for hole transport. 
Additionally, the introduction of PFT-D produced high surface 
potential properties and contributed to the improvement of the 
JSC and FF by controlling the carrier recombination (Figures 2, 
7, and 8; Table S3, Supporting Information). As a result, PFT-D, 
which was introduced into the BHJ, allowed the BHJ compo-
nents to form a favorable molecular order for hole transport 

without additional introduction of HTLs. Additionally, PFT-D 
increased the hole transport and reduced the carrier recombi-
nation, which resulted in an improved JSC and FF. With this 
simple process, we were able to fabricate hybrid OSCs that 
showed a high PCE of 8.7%, and we were able to make a device 
with better performance and stability compared with the device 
that included PEDOT:PSS (8.3%). This strategy to enhancing 
photovoltaic properties can be also applied to other BHJ and 
CPE systems. These results of this research have the potential 
of significantly contributing to the upsizing and commercializa-
tion of OSCs.

4. Experimental Section
Materials: PTB7 and PC71BM used as donor and acceptor materials 

for active layer were purchased from 1-Material (Canada). PBDB-T 
and ITIC-M were purchased from Brilliant Mater (Canada). PFT-D, 

conjugated polyelectrolytes for self-assembled 
properties introduced in hybrid active layer, was 
synthesized as the previous research.[41] ITO glass 
for fabrication of devices was purchased from 
AMG (Republic of Korea). PEDOT:PSS introduced 
as HTLs via additional coating was purchased 
from Heraeus (Germany). PFN introduced as 
ETLs was purchased from 1-Material (Canada). 
Chlorobenzene and 1,8-diiodooctane used as 
solvent and additives were purchased from Sigma-
Aldrich (Germany).

Preparation of Fabrication: To fabrication of 
hybrid solar cells, the ITO glass was cleaned 
in order of acetone, Alconox detergent, 
isopropyl alcohol, and deionized water through 

Figure 10.  a) Molecular structures of PBDB-T and ITIC-M, b) current density–voltage characteristics, and c) external quantum efficiency characteristics 
of fabricated PBDB-T:ITIC-M (nonfullerene) based hybrid solar cells.

Table 2.  Photovoltaic performances of nonfullerene based BHJ (PBDB-T:ITIC-M) + CPEs 
(PFT-D) hybrid solar cells.

Device structure JSC
a) [mA cm−2] VOC

a) [V] FFa) [%] PCEa) [%]

BHJ 17.2 (17.0 ± 0.10) 0.798 (0.79 ± 0.01) 63.5 (63.3 ± 0.07) 8.8 (8.6 ± 0.19)

BHJ + CPEs 17.9 (17.8 ± 0.10) 0.919 (0.91 ± 0.01) 65.7 (65.5 ± 0.05) 10.8 (10.6 ± 0.17)

PEDOT:PSS/BHJ 17.9 (17.8 ± 0.13) 0.919 (0.91 ± 0.01) 63.9 (63.7 ± 0.09) 10.5 (10.3 ± 0.19)

PEDOT:PSS/BHJ + 

CPEs

17.5 (17.4 ± 0.11) 0.919 (0.91 ± 0.01) 62.7 (62.5 ± 0.10) 10.1 (9.9 ± 0.20)

a)The average values and deviations were obtained from 10 devices.
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ultrasonication method. The precleaned ITO glass was treated 
UV-ozone cleaning in UVO cleaner (Ahtech LTS AH 1700) for 15 min. 
The fullerene based BHJ active layer was formulated with PTB7 and 
PC71BM with the ratio of 1:1.5 (concentration of 25  mg mL−1) in 
chlorobenzene (1,8-diiodooctane 3 v/v%). The nonfullerene based BHJ 
active layer was formulated with PBDB-T and ITIC-M with the ratio of 
1:1 (concentration of 20 mg mL−1) in chlorobenzene (1,8-diiodooctane 
1 v/v%). Otherwise, the hybrid BHJ active layer was formulated with 
PFT-D that was synthesized and half time doped (contains of half Na+ 
ions) in the previous report with concentration of 1  mg mL−1 in the 
BHJ active layer.[41]

Fabrication of Devices via One-Pot Coating Process: The one-pot coating 
processed devices fabricated with conventional structure (ITO/BHJ 
active layer/PFN/Al). The BHJ film was formed onto the UVO-treated 
ITO glass via spin-coating process of fabricated the BHJ solution with 
thickness of ≈100  nm. For ETLs, the PFN introduced via spin-coating 
process is similar with previous report.[2] The metal electrode (Al) was 
thermal evaporated in the high vacuum chamber (at 1  ×  10−7  torr) 
with rates of 5.0 Å s−1 with thickness of ≈100  nm. The active area of 
fabricated devices was 0.04 cm−2.

Fabrication of Devices with PEDOT:PSS: The devices with PEDOT:PSS 
layer were fabricated with conventional structure (ITO/PEDOT:PSS/
BHJ active layer/PFN/Al). The PEDOT:PSS layer was formed onto the 
UVO-treated ITO glass via spin-coating process with 4000  rpm and 
thermal treated at 140 °C on the hot-plate. After introducing HTLs, all 
fabrication process were same as devices fabricated via one-pot coating 
process.

Characterization of Fabricated Devices: The characterization of power 
conversion efficiency and current density–voltage, dark current density–
voltage, current density–light intensity dependence properties were 
measured using Keithley 2400 source meter unit. The light source was 
solar simulator (Oriel, 100 mW cm−2). The intensity of incident light was 
measured using reference cell which was calibrated at AM 1.5G. The EQE 
was measured using incident photon to current efficiency measurement 
system (Polaronix K3100, Mc science). The contact angle and surface 
energy properties were measured using contact angle analyzer (DSA100, 
KRUSS). XPS depth and surface profiling analyses were performed by 
using ULVAC-PHI 5000 VersaProbe, Phi(Φ). UPS was performed by 
using AXIS-NOVA, Kratos. The surface morphology and surface potential 
analyses were performed by using AFM and EFM system (PSIA XE-100). 
The absorption and emission properties were measured using UV–vis 
spectrometer (Agilent 8453) and photoluminescence spectrometer 
(LS55, Perkin Elmer), respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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