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ABSTRACT: Two strategies were investigated to improve the efficiency of organic
solar cells (OSCs) with the aim of controlling the interfacial resistance in the
devices: the use of a ternary active layer and the introduction of conjugated
polymers. The ternary active layer was formed by introducing PC71BM between a
high-performance non-fullerene photoactive material P(Cl−Cl) (BDD = 0.2) and
the IT-4F-based binary active layer, thereby reducing the interfacial resistance
between the donor and acceptor via vertical phase separation. Furthermore, the
introduction of the conjugated polymer PFN-Br created a well-dispersed separation
attributable to enhancement of the interfacial contact with the active layer and
simultaneous reduction of the interfacial resistance. Consequently, the synergetic
effect of the ternary active layer and PFN-Br enhanced the short-circuit current
density (JSC) and fill factor (FF) to realize a power conversion efficiency (PCE) of
13.2%.

KEYWORDS: organic solar cells, power conversion efficiency, interfacial resistance, ternary active layer, conjugated polymers

1. INTRODUCTION

Previous studies on organic solar cells (OSCs) have
demonstrated that they are advantageous in several ways; for
example, they are lightweight and cost-effective. Furthermore,
OSCs have the potential to be used in flexible devices, they can
be fabricated via a solution process, and a power conversion
efficiency (PCE) of 17% or more has been reached in unit
cells.1−5 In particular, OSCs have attracted attention as next-
generation energy sources that have the potential to be easily
commercialized because flexible OSC modules can be
manufactured through an all-solution process that is based
on the roll-to-roll process.6−11 Attempts to improve the
performance capabilities of OSCs have prompted studies to
investigate the effects of modifications to the molecular design
of the photoactive layer and modification of device
structures.12−17

An inverted structure, which is a typical OSC structure,
comprises a stack of organic and inorganic semiconductors.
The layers forming the structure consist of a transparent
electrode, electron transport layers (ETLs), an active layer,
hole transport layers (HTLs), and a metal electrode. The
performance of OSCs can be analyzed by measuring their
physical and chemical properties such as the degree and
mobility of carrier movement. The resistance of the interface
can be analyzed by configuring the internal interface of an
OSC as one circuit because resistance is a measure of the
ability of charges to move through the layers.18−20 Con-
sequently, it is important to enhance carrier transport by

reducing the internal resistance occurring at the interface
between the different layers of an OSC circuit.21,22 The ETLs
mainly comprise inorganic semiconductors such as ZnO and
TiOx, and the active layer has a bulk-heterojunction (BHJ)
composed of binary blends with an organic donor and
acceptor. In this case, the domain size and morphology of
the donor and acceptor in the active layer determine the
interfacial resistance, resulting in carrier trapping and
recombination.18 Thus, the addition of additives such as
diiodooctane (DIO) can be helpful for controlling domain size
and morphology.23,24 Moreover, the interfacial resistance
increases when incompatibility at the interface between the
inorganic ETLs and organic active layer causes poor contact
between the layers, thereby resulting in carrier trapping and
recombination.25,26 Thus, enhancement of the process of
carrier transport, which can be implemented by interfacial
resistance control, is essential to obtain high-performance
OSCs.
Various studies on the enhancement of carrier transport

have recently been conducted. First, carrier transport can be
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improved by including a ternary active layer in which a third
component is introduced into a binary active layer. Generally,
the ternary active layer is composed of one donor with two
acceptors (D:A1:A2) or two donors with one acceptor
(D1:D2:A), which exhibit optoelectronic properties superior
to those of the binary active layer.27 In this regard, Zhan and
co-workers introduced [6,6]-phenyl C71 butyric acid methyl
ester (PC71BM) as the third component into a binary active
layer composed of poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
fluoro)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)] (PM6) and 2,2′-((2Z,2′Z)-
((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro[1,2,5]-
thiadiazolo[3,4-e]thieno[2″,3″:4′,5′]thieno[2′,3′:4,5]pyrrolo-
[3,2-g]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-diyl)bis-
(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-in-
dene-2,1-diylidene))dimalononitrile (Y6) and reported an
increase in carrier generation due to the formation of an
effective morphology; thus, a PCE of 16.7% was achieved.21

Furthermore, Sun and co-workers introduced poly[[4,8-bis[5-
(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b′]dithiophene-2,6-
diyl]-2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-dioxo-
4H,8H-benzo[1,2-c:4,5-c′]dithiophene-1,3-diyl]] polymer
(PBDB-T1), which is a donor with highly crystalline
properties, into a binary active layer composed of poly[4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b′]-dithio-
phene-co-3-fluorothieno[3,4-b]thiophene-2-carboxylate]
(PTB7-Th) and PC71BM. They reported enhanced carrier
transport and dissociation improved the PCE from 8.7% to
10.2%.28

Second, carrier transport can also be improved by
introducing conjugated polymers into the buffer layer. Shen
and co-workers introduced SnO2 and poly[(9,9-bis(3′-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluor-
ene)] (PFN) as a buffer layer to fabricate OSCs, and they
reported that the interfacial dipoles resolved the misalignment
of energy levels, resulting in a maximum PCE of 11.05%.29

Third, a reduction in the internal resistance of a device can
decrease carrier recombination and increase carrier transport.
Guo and co-workers introduced a poly(ethylenimine) (PEI)/
SnO2/PFN structure into SnO2 ETLs, thereby reducing the
interfacial resistance by establishing effective contact between
the active and cathode layers, and they reported that a
reduction in carrier recombination resulted in an improvement
in the PCE from 5.51% to 7.18%.30 Furthermore, an
inducement of vertical phase separation in active layer can
cause efficient carrier transport and drastic enhancement of
performances.31 Wei, Yang, and co-workers proved that the
vertical phase separation resulted from thermodynamically
changed surface properties increased PCE of devices with
efficient charge extraction.32 It would therefore be reasonable
to expect that the formation of a ternary active layer in
combination with the introduction of conjugated polymers
would improve the optoelectronic properties of OSCs and
increase the carrier transport and PCE by reducing the
interfacial resistance and enhancing efficient charge extraction.
In this study, both a ternary active layer and poly(9,9-bis(3′-

(N,N-dimethyl)-N-ethylammoniumpropyl-2,7-fluorene)-alt-
2,7-(9,9-dioctylfluorene)) dibromide (PFN-Br) were intro-
duced to improve carrier transport and dissociation by
controlling the interfacial resistance. The ternary active layer
mainly extended the optoelectronic properties by introducing
PC71BM, which exhibits absorption properties in the short-

wavelength region into a binary active layer based on a non-
fullerene acceptor, which absorbs in the long-wavelength
region, to enhance carrier generation. The ternary active layer
served to achieve vertical phase separation of the donor and
acceptor, resulting in a decrease in interfacial resistance and
improvement in carrier transport.33 Furthermore, the intro-
duction of the PFN-Br buffer layer improved the interfacial
contact between the active layer and the ZnO layer used as
ETL. These results induced the well-distributed vertical phase
separation of the active layer to reduce the interfacial
resistance. Consequently, the synergetic effects of the ternary
active layer and PFN-Br effectively reduced the interfacial
resistance of the OSCs and achieved a PCE of 13.2%.

2. EXPERIMENTAL SECTION
2.1. Materials. P(Cl−Cl) (BDD = 0.2) used as donor was

synthesized with the same process as the previous literature.34

Photoactive materials of 3,9-bis(2-methylene-((3-(1,1-dicyano-
methylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]-
dithiophene (IT-4F, used as an acceptor) and PC71BM (used as an
acceptor and third components) were purchased from 1-Materials
(Canada) and Solarmer (China), respectively. Chlorobenzene (CB)
and 1,8-diiodooctane (DIO) used as solvent and additives were
purchased from Sigma-Aldrich (Germany). PFN-Br (PFN-P2) used
as buffer layer was purchased from 1-Materials (Canada). ITO glass
used as an electrode for OSCs was purchased from AMG (Republic of
Korea).

2.2. Preparation of Solution. The solution of binary active layer
was formed at 1:1 ratio of P(Cl−Cl) (BDD = 0.2) and IT-4F which
dissolved in CB (DIO, 0.5% v/v) solution. The solution of ternary
active layer was formed at various ratios from 1:1:0 to 1:0.7:0.3 and
1:0:1 of P(Cl−Cl) (BDD = 0.2), IT-4F, and PC71BM which dissolved
in CB (DIO, 0.5% v/v) solution and was then used after stirring at 90
°C for 1 h. PFN-Br solution was prepared with concentration of 0.5
mg/mL in methanol.

2.3. Device Fabrication. To fabricate the inverted OSCs,
patterned ITO glass was cleaned by ultrasonication using Alconox
(neutral detergent), isopropyl alcohol (IPA), and deionized water (DI
water). After these processes, UVO cleaning (Ahtech LTS AH 1700)
was performed. After cleaning,the sol−gel derived ZnO precursor was
spin-coated in ambient conditions and annealed at 200 °C to form the
ETLs with thickness of 30 nm. Prepared PFN-Br solution was spin-
coated onto ZnO layer with thickness of 5−20 nm in control devices.
Prepared active solutions (binary and ternary) were spin-coated, and
then the films were annealed at 140 °C for 10 min with a thickness of
80−100 nm in a N2-filled glovebox. Finally, MoO3 (5 nm) and Ag
(100 nm) electrodes were formed through thermal evaporation with a
high-vacuum chamber (under 1 × 10−6 Torr). The active areas of
fabricated devices were 0.04 cm2 and 1 cm2.

2.4. Device Characterization. The current density−voltage (J−
V) characteristics of fabricated OSCs were measured by a Keithely
2400 source measure unit and solar simulator (Oriel, AM 1.5G, 100
mW/cm2). The incident photon-to-current conversion efficiency
(IPCE) was measured to determine the external quantum efficiency
(EQE) by using a Polarnix K3100 IPCE measurement system (Mc
science). Absorption and emission properties were measured using
ultraviolet−visible (UV−vis) spectrometer (Agilent 8453) and
photoluminescence (PL) spectrometer (PerkinElmer, LS55), respec-
tively. Interfacial resistance properties of fabricated OSCs were
measured by using electrochemical impedance spectroscopy (EIS)
under 1 sun illumination conditions (AM 1.5G, 100 mW/cm2)
applied at a frequency from 500 Hz to 1 MHz. Energy level alignment
was analyzed via ultraviolet photoelectron spectroscopy (UPS)
(AXIS-NOVA). Carrier transport properties calculated via the space
charge limited current (SCLC) method with fabricating electron and
hole only devices. Grazing incidence wide-angle X-ray scattering
(GIWAXS) was measured to analyze crystalline structures of the
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formed film by using the 3C beamline at the Pohang Accelerator
Laboratory (PAL). Atomic force microscopy (AFM) was measured to
determine surface morphology analysis using a PSIA XE-100. Surface
atomic profiles and cross-sectional analysis were measured by using
field-emission scanning electron microscopy (FE-SEM) and the
energy dispersive X-ray spectroscopy (EDS) mapping method.

3. RESULTS AND DISCUSSION
Figure 1 shows the structure of the materials and fabricated
devices that were introduced into the devices fabricated in this
study. The binary active layer based on P(Cl−Cl) (BDD =
0.2) (used as donor, Figure 1a), IT-4F (used as acceptor,
Figure 1b), and the ternary active layer consisting of PC71BM
(used as the third component, Figure 1c) that was introduced

into the binary active layer were incorporated into the device
structure. In addition to the ternary layer, the conjugated
polymer, PFN-Br (Figure 1d), was introduced between the
ZnO (ETLs) and the active layer. Reference devices were
fabricated by using an inverted structure (ITO/ZnO/active
layer/MoO3/Ag) (Figure 1e), and devices containing the
ternary active layer and PFN-Br were introduced as control
devices for comparison, either individually or together.

3.1. Photovoltaic Performance. Figure 2 and Table 1
present the current density−voltage (J−V) curve and external
quantum efficiency (EQE) characteristics of the devices
fabricated in this study. Specifically, the PCE of the device
containing a ZnO/binary active layer (hereinafter termed

Figure 1. Structures of (a) P(Cl−Cl) (BDD = 0.2) used as donor, (b) IT-4F used as acceptor, (c) PC71BM used as third component, (d) PFN-Br
as buffer layer, and (e) structures of fabricated devices (left: reference device; right: control device).

Figure 2. (a) Current density−voltage (J−V) curve and (b) external quantum efficiency (EQE) characteristics of fabricated devices.

Table 1. Photovoltaic Properties of Fabricated Devicesa

ETLs active layer VOC (V) JSC (mA/cm2) FF (%) PCEmax
b (PCEave)

b (%) RS (Ω cm2) RSh (Ω cm2)

ZnO Binaryc 0.878 (0.859 ± 0.02) 20.0 (19.9 ± 0.14) 69.1 (68.5 ± 0.57) 12.1 (11.9 ± 0.23) 5.8 998.0
Ternaryd 0.878 (0.859 ± 0.02) 20.9 (20.6 ± 0.31) 70.1 (69.8 ± 0.32) 12.8 (12.3 ± 0.49) 4.2 1251.4

ZnO/PFN-Bre Binaryc 0.878 (0.859 ± 0.02) 20.5 (20.4 ± 0.11) 70.3 (70.0 ± 0.27) 12.7 (12.4 ± 0.25) 4.6 1385.2
Ternaryd 0.878 (0.859 ± 0.02) 21.2 (21.1 ± 0.14) 70.7 (70.6 ± 0.11) 13.2 (13.0 ± 0.15) 3.9 1752.4

aThe devices were fabricated into inverted structure (ITO/ZnO(PFN-Br)/BHJ layer/MoO3/Ag, active area of 0.04 cm2). bPCEmax is the
maximum value, and PCEave are calculated values among 10 individual devices. cOptimized ratio of P(Cl−Cl) (BDD = 0.2) and IT-4F is 1:1.
Optimized thickness of binary active layer is 100 nm with thermal annealing at 140 °C for 10 min. dOptimized ratio of P(Cl−Cl) (BDD = 0.2), IT-
4F, and PC71BM is 1:0.9:0.1. Optimized thickness of ternary active layer is 100 nm with thermal annealing at 140 °C for 10 min. eOptimized
thickness of PFN-Br is 10 nm.
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“Binary”) was 12.1% (JSC = 20.0 mA/cm2, VOC = 0.878 V, FF =
69.1%), whereas that of the device into which a ZnO/ternary
active layer was introduced (hereinafter referred as “Ternary”)
was 12.8% (JSC = 20.9 mA/cm2, VOC = 0.878 V, FF = 70.1%).
Moreover, the PCE of the Binary device into which the PFN-
Br was introduced (hereinafter termed “PFN-Br/Binary”) was
12.7% (JSC = 20.5 mA/cm2, VOC = 0.878 V, FF = 70.3%), and
that of the Ternary device to which PFN-Br was introduced
(hereinafter termed “PFN-Br/Ternary”) was 13.2% (JSC = 21.2
mA/cm2, VOC = 0.878 V, FF = 70.7%). The Ternary device
improved both the JSC (from 20.0 to 20.9 mA/cm2) and FF
(from 69.1 to 70.1%) in comparison with the Binary device. In
a similar manner, the introduction of PFN-Br also enhanced
both the JSC (from 20.0 to 20.5 mA/cm2) and FF (from 69.1 to
70.3%). As a result, the introduction of both the ternary layer
and PFN-Br significantly improved both the JSC and FF. This
enhancement resulted from a decrease in the series resistance
(RS) as a consequence of introducing the ternary layer and
PFN-Br (from 4.7 to 3.9 Ω cm2). (The optimized performance
of the Ternary and PFN-Br devices with respect to various
concentrations and thicknesses are exhibited in Figures S1 and
S2 as well as Tables S1 and S2). In the EQE characteristics
(Figure 2b), the calculated JSC values were measured as 17.44,
17.59, 17.49, and 18.16 mA/cm2 for the Binary, Ternary, PFN-
Br/Binary, and PFN-Br/Ternary devices, respectively.35 As
shown in Figure 2a, the introduction of the ternary layer and
PFN-Br led to a significant increase in JSC.
3.2. Optoelectronic Characteristics. Figure 3 shows the

UV−vis absorption and photoluminescence (PL) properties of
the fabricated devices. The absorption properties of P(Cl−Cl)
(BDD = 0.2) as a donor were observed in the region of λ =
450−700 nm and for IT-4F as an acceptor in the region of λ =

500−850 nm. In contrast, the absorption properties of
PC71BM were observed in the region of λ = ∼750 nm,
showing a particularly strong intensity at short wavelengths
(Figure 3a). After the introduction of the ternary layer, the
absorption properties increased in the short wavelength region
because of the influence of PC71BM (Figure 3b). This
extension of the absorption range of the Ternary device
increased the number of photogenerated carriers.36

The PL characteristics were analyzed to determine whether
photoinduced carrier transport occurred among the compo-
nents of the active layer.34−38 Figure 3c shows the emission
spectra measured at the region of λ = 600−900 nm with
excitation at λ = 530 nm, which is the excitation peak of P(Cl−
Cl) (BDD = 0.2). The intensity of this peak weakened after
introduction of the acceptors. In particular, the introduction of
IT-4F resulted in a high quenching rate, whereas the
introduction of PC71BM resulted in a low quenching rate.
These were resulted from different performances due to most
efficient carrier dissociation and transport which were occurred
with IT-4F (shown in Figure S1 and Table S1). Furthermore,
the introduction of both acceptors led to the highest
quenching rate. These results suggest that carrier dissociation
and transport occur from P(Cl−Cl) (BDD = 0.2) to IT-4F and
PC71BM and that the formation of the ternary layer resulted in
the most effective carrier transport dynamics.39

Figure 3d shows the emission spectra at the region of λ =
600−900 nm with excitation at λ = 630 nm, which is the
excitation peak of IT-4F. The introduction of P(Cl−Cl) (BDD
= 0.2) and PC71BM induced PL quenching. In this case, a low
quenching rate was observed between IT-4F and PC71BM,
confirming the occurrence of carrier transport. Similar to the
case represented in Figure 3c, the formation of the ternary

Figure 3. UV−vis absorption characteristics of (a) donor and acceptors, (b) binary active layer, ternary active layer, and PL spectra of pristine
materials and optimized polymer blends: the samples were excited at (c) 530 nm and (d) 630 nm, respectively.
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layer shows the highest quenching rate, inducing effective
carrier dissociation and transport. As a result, the formation of
the ternary layer extended the absorption range, and the
concomitant increase in the number of photogenerated carriers
improved the JSC. Moreover, the formation of the ternary layer
effectively induced carrier dissociation and transport, thereby
decreasing carrier recombination and thus contributing to the
enhancement of FF.40

3.3. Electrochemical Characteristics. Figure S3 presents
an analysis of the electronic characteristics and energy level
alignment of devices after introduction of the ternary layer and
PFN-Br using ultraviolet photoelectron spectroscopy (UPS).
The levels of the highest occupied molecular orbitals
(HOMO) (EHOMO) and those of the conduction band (ECB)
of the active layer were calculated via the following equation,
and the optical band gap (Eg) was calculated by using the onset
peak of absorption properties.

ν= − −E h E E( )HOMO(CB) cutoff onset

The onset peak of binary layer occurs at approximately λ = 849
nm, exhibiting Eg = 1.46 eV as well as the characteristics
corresponding to Ecutoff = 16.79 eV, Eonset = 1.70 eV, EHOMO =
−5.50 eV, and ELUMO = −4.04 eV. In contrast, the onset peak
of ternary later occurs at approximately λ = 873 nm, exhibiting
Eg = 1.42 eV as well as the characteristics corresponding to
Ecutoff = 16.71 eV, Eonset = 1.70 eV, EHOMO = −5.57 eV, and
ELUMO = −4.15 eV. Moreover, pristine ZnO exhibited the
characteristics corresponding to Ecutoff = 17.40 eV, Eonset = 3.70
eV, and ECB = −3.82 eV. However, ZnO/PFN-Br showed
Ecutoff = 17.69 eV and Eonset = 3.70 eV, corresponding to ECB =
−4.27 eV. The energy level alignment is indicated on the basis
of the calculated results (Figure S3c). These results confirmed
the formation of a small energy barrier between the ITO
electrode and ZnO/PFN-Br rather than pristine ZnO as well as
the minimization of interfacial energy loss. These results
suggest the availability of effective dissociation and transport of
increased photogenerated carriers by ternary layer as well as
carrier recombination control.41 Consequently, the energy
alignment resulting from the introduction of PFN-Br, which is
favorable to carrier transport, contributed to the enhancement
of JSC and FF.
The dark J−V curve shown in Figure S4 confirms these

results. The introduction of the ternary and PFN-Br layers
resulted in low leakage current density in the reverse bias
region with determining lower carrier recombination.42,43 Also,

to determine carrier dissociation and transport tendency, the
photocurrent density−effective voltage (Jph−Veff) dependence
were measured (shown in Figure S5). The Jph−Veff dependence
was calculated with Jph = JL − JD (where JL is current density
under light illumination and JD is under dark conditions) and
Veff = V0 − Vapp (where Vapp is the applied voltage and V0 is
Vapp when the current density is Jph). The device introduced
both of ternary and PFN-Br exhibited highest saturated Jph,
with a strong tendency of exciton generation and carrier
dissociation.44 These results indicate that the introduction of
the ternary and PFN-Br layers induced efficient carrier
dissociation and transport, thereby contributing to the
enhancement of JSC and FF, as is shown in Figure 3.
The observed enhancement of the JSC and FF via carrier

transport can be attributed to the internal change in interfacial
resistance. This was examined by using electrochemical
impedance spectroscopy (EIS) to measure the electrochemical
characteristics. Figure 4 shows the equivalent circuit model and
Nyquist plot for the fabricated OSCs under 1 sun illumination.
In addition, the parameters that were employed to fit the
impedance spectra are provided in Table 2. In the equivalent

circuit, constant phase element (CPE), CPE-T, and CPE-P
refer to the nonideal behavior of the capacitor, applied
amplitude, and the degree of ideal behavior, respectively.
Specifically, as the value of CPE-P approaches 1, ideal
capacitor behavior without defects becomes more preva-
lent.45,46 In this case, the value of R1 at high frequencies is

Figure 4. (a) Equivalent circuit employed in fitting impedance curves. (b) Nyquist plots of the cells with fabricated devices measured under 1 sun
illumination.

Table 2. Parameters Employed for the Fitting of the
Impedance Spectra by Use of an Equivalent Circuit Modela

ETLs
active
layer R1 (Ω) R2 (Ω) CPE-T CPE-P

ZnO Binaryb 38.67 105.01 1.69 × 10−8 0.984
Ternaryc 37.27 74.83 2.17 × 10−8 0.986

ZnO/PFN-Brd Binaryb 39.94 95.22 2.12 × 10−8 0.983
Ternaryc 38.49 69.79 2.26 × 10−8 0.991

aThe EIS analysis conducted with fabricated devices into inverted
structure (ITO/ZnO/(PFN-Br)/BHJ layer/MoO3/Ag, active area of
0.04 cm2). bOptimized ratio of P(Cl−Cl)(BDD = 0.2) and IT-4F is
1:1. Optimized thickness of binary active layer is 100 nm with thermal
annealing at 140 °C for 10 min. cOptimized ratio of P(Cl−Cl)(BDD
= 0.2), IT-4F, and PC71BM is 1:0.9:0.1. Optimized thickness of
ternary active layer is 100 nm with thermal annealing at 140 °C for 10
min. dOptimized thickness of PFN-Br is 10 nm.
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attributed mainly to the sheet resistance of ITO, also taking
into account the contact resistance between the ITO and ZnO
layer.47 The electrochemical impedance spectrum was
recorded at the VOC in the frequency range of 500 Hz−1
MHz with an amplitude of 25 mV under 1 sun illumination.
The Nyquist plot was constructed via a complex number plane
composed of the real (Z′) and imaginary (Z″) impedance
components, according to the respective applied frequencies.
The appearance of the same type of semicircle in this case
indicates that the same process occurs at the interface.
All devices with the same ITO/ETLs (ZnO) interfacial

structure showed similar R1 values (38.67, 39.94, 37.27, and
38.49 Ω). Furthermore, R2 refers to the carrier transport
resistance, which corresponds to the sum of (1) the interfacial
resistance between the donor and acceptor in the active layer
and (2) the interfacial resistance between the active layer and
ETLs.48−50 The value of R2 decreased more in the Binary
device (R2 = 105.01 Ω) than in the Ternary device (R2 = 74.83
Ω) and was even lower because of the introduction of PFN-Br
(R2 = 95.22 Ω). Furthermore, the introduction of both the
ternary layer and PFN-Br led to the lowest resistance (R2 =
69.79 Ω) and exhibited ideal CPE-P (0.991).
Figure S6 shows the Nyquist plots of the devices measured

under dark conditions. In this condition, the size of the EIS
semicircle reflects the recombination resistance (Rrec). The
high Rrec is consistent with the suppressed carrier recombina-
tion probabilities in OSCs.51,52 The device introducing both of
ternary and PFN-Br exhibited the highest Rrec which was
consistent with highest shunt resistance (RSh) in Table 1.
These results suggest that introduction of the ternary layer
resulted in the reduction of the interfacial resistance between
the donor and acceptor within the active layer and that the
introduction of PFN-Br decreased the interfacial resistance
between the active layer and the ZnO layer.
Figure S7 and Table S3 show the electron and hole

mobilities, which were calculated by using the space carrier
limited current (SCLC) method. For the purpose of this
analysis, electron-only devices (ITO/ZnO/(PFN-Br)/active
layer/LiF/Al) and hole-only devices (ITO/PEDOT:PSS/

active layer/MoO3/Ag) were fabricated, and the calculations
were performed by using the Mott−Gurney equation:53

ε ε μ=J V L(9/8) ( / )r 0 eff
2 3

where J, εr, ε0, μeff, V, and L refer to the current density,
dielectric constant, free space permittivity, carrier mobility,
applied voltage, and film thickness, respectively. The following
values were calculated for the electron mobility (μe) and hole
mobility (μh) of Binary and Ternary devices: μe = 2.78 × 10−5

cm2/(V s), μh = 1.11 × 10−5 cm2/(V s) and μe = 5.18 × 10−5

cm2/(V s), μh = 1.57 × 10−5 cm2/(V s), respectively.
Moreover, the electron mobilities after the introduction of
PFN-Br were calculated as μe = 3.05 × 10−4 and 6.49 × 10−4

cm2/(V s) for PFN-Br/Binary and PFN-Br/Ternary devices,
respectively. As a result, the introduction of the ternary layer
increased both the electron and hole mobilities, and the
introduction of PFN-Br increased the electron mobility.
Consequently, the introduction of both the ternary layer and
PFN-Br resulted in improvements in the carrier transport
properties by reducing the interfacial resistance on the interior
and exterior of the active layer, thereby contributing to the
enhancement in JSC and FF.

3.4. Nanostructure and Morphological Character-
istics. The reduction in interfacial resistance can be identified
through the nanoscale phase control that occurs in the interior
of the active layer as well as at the interface between the active
layer and PFN-Br. Figure 5 shows the molecular behavior for
the various device structures, which was analyzed using cross-
sectional field-emission scanning electron microscopy (FE-
SEM) and energy-dispersive X-ray spectroscopy (EDS)
mapping.54−56 To identify the distribution of P(Cl−Cl)
(BDD = 0.2), IT-4F, and PC71BM, visual images were
obtained for the C 1s, O 1s, S 2p, and F 1s atomic signals
by using EDS mapping. As shown for the molecular structures
in Figures 1a−d, P (Cl−Cl) (BDD = 0.2) was analyzed by
using the S 2p signals, which comprise a large portion of its
molecular structure, and IT-4F was analyzed by using the
characteristic F 1s atomic signal. P(Cl−Cl) (BDD = 0.2)
exhibited a relatively low C/S ratio of 7.53, meaning high
contents of S atoms, while IT-4F exhibited 23.5, meaning

Figure 5. Cross-sectional field-emission scanning electron microscope (FE-SEM) image and energy dispersive X-ray spectra (EDS) mapping of
each element in active layer: (a) Binary, (b) Ternary, (c) PFN-Br/Binary, and (d) PFN-Br/Ternary.
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lower contents. Furthermore, PC71BM was analyzed by using
the O 1s and C 1s signals. The mapping properties of the
respective atomic signals were used to determine the behavior
of the corresponding molecules in the active layer.54

The formation of the ternary layer by the addition of
PC71BM resulted in a noticeable trend in the O 1s signals
(Figure 5b). In this case, S 2p signals were prominent on the
upper portion of the active layer, whereas the C 1s, O 1s, and F
1s signals were prominent on the lower portion. This result
suggests that because of the introduction of PC71BM, most
P(Cl−Cl) (BDD = 0.2) is distributed across the upper portion
of the active layer, and IT-4F and PC71BM are distributed
across the lower portion, which corresponds to the behavior of
vertical phase separation.33

Moreover, after the introduction of PFN-Br, the S 2p signals
tended to be distributed across the upper portion of the active
layer, whereas the C 1s, O 1s, and F 1s signals were distributed
across the lower portion. The introduction of PFN-Br caused
the properties of the ZnO surface to change, thereby
improving the interfacial contact with the active layer.57,58 As
a result, the introduction of both the ternary layer and PFN-Br
resulted in the formation of well-dispersed vertical phase
separation, exhibiting both of the aforementioned trends of the
two strategies.
We also characterized cross-sectional depth-profiling char-

acteristics through time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) analysis for deeper understanding of
vertical phase separation (shown in Figure S8). In depth
profiling, the Cl ionic signals from P(Cl−Cl) (BDD = 0.2)
mainly distributed at the top of photoactive layer. However,
the F ionic signals from IT-4F were distributed across the
photoactive layer, but they exhibited a bottom dominant
tendency. The O ionic signals also exhibited a bottom
dominant tendency. These O ionic signals mainly resulted
from PC71BM exhibiting different tendency with F and Cl
ionic signals. With ternary and PFN-Br, the Cl ionic signals
moved toward the top of the photoactive layer, while the F and
O ionic signals distributed toward the bottom layer. These
results are consistent with the behavior of vertical phase
separation.32

Figure 6 shows the crystalline structures and line-cut profiles
of the formed active layer and ETLs films measured by grazing
incidence wide-angle X-ray scattering (GIWAXS). All films
composed of P(Cl−Cl) (BDD = 0.2) and IT-4F exhibited
obvious face-on dominant crystalline structure with a large
(010) peak around qz = 1.75 Å−1 with ∼0.36 nm of π−π
stacking distance (d010) and, furthermore, a high (100) peak
around qxy = 0.29 Å−1 with ∼2.17 nm of lamellar stacking
distance (d100). After addition of PC71BM, the ternary layer
exhibited an amorphous ring peak and slightly shifted (010)
peak around qz = 1.77 Å−1 with ∼0.35nm, which means more
close-packed molecular stacking. Also, the ternary layer
exhibited a high-intensity (010) peak with enhanced π−π
stacking resulting from vertical phase separation (in Figure
6b). After addition of PFN-Br, the film exhibited slightly
enhanced face-on crystalline structure resulting from a well-
distributed molecular formation (in Figure 6c). Finally, by the
synergetic effects of ternary layer and PFN-Br, the formed film
exhibited highest close-packed and well-ordered molecular
stacking. These results could be obtained because PC71BM,
having a relatively high surface energy within the ternary active
layer, accumulated in the PFN-Br layer by way of rearrange-
ment during the film-formation process.33 The introduction of
the ternary layer and PFN-Br formed a well-dispersed vertical
phase that favors carrier transport, resulting in the effective
control of carrier recombination and thus contributing to the
enhancement of JSC and FF.59−61

Figures S9 and S10 show the morphological characteristics
of the formed active layer and ETL films, which were analyzed
by using atomic force microscopy (AFM) and FE-SEM top
scanning. The root-mean-square roughness (Rq) properties
were determined to be 1.427 and 1.319 nm for the binary and
ternary layer films, respectively, resulting in the formation of a
uniform morphology and fine domains in ternary layer. In
addition, a binary layer with the introduction of PFN-Br
resulted in a more uniform morphology (Rq = 1.267 nm)
because of the improved interfacial contact. These results were
obtained because of the change in the morphological
characteristics resulting from the introduction of PFN-Br as
well as from the change in the surface properties (Figure

Figure 6. Crystalline structure measured by grazing incidence wide-angle X-ray scattering (GIWAXS) of formed active layer and ETL films: (a)
Binary layer, (b) Ternary layer, (c) PFN-Br/Binary layer, and (d) PFN-Br/Ternary layer. Line-cut profiles for (e) in-plane (IP) direction and (f)
out-of-plane (OOP) direction.
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S9c,d). Furthermore, the introduction of the ternary layer and
PFN-Br resulted in the most uniform morphology (Rq = 1.245
nm) and the densest film (Figures S9f and S10d). These
uniform and dense morphological characteristics reduced the
interfacial resistance and then increased the effective carrier
transport.
The strategies involving the introduction of the ternary layer

and PFN-Br were expanded by successfully fabricating a large-
area device (with an active area of 1.0 cm2) via spin-coating (in
Figure 7). The fabricated large-area device exhibited a PCE of
10.6% (VOC = 0.878 V, JSC = 20.7 mA/cm2, and FF = 58.2%)
and high EQE characteristics in excess of 80% in the λ = 550−
800 nm region, indicating efficient carrier dissociation and
transport as a result of the decreased interfacial resistance.

4. CONCLUSION

This study aimed to introduce a ternary active layer and
conjugated polymer to reduce the interfacial resistance in both
the interior and on the exterior of the active layer and further
enhance carrier transport. PC71BM was introduced into a
device with a binary active layer based on P(Cl−Cl) (BDD =
0.2) and IT-4F to form a ternary active layer. In this case, the
ternary active layer was extended of optical properties and
induced vertical phase separation in the active layer to reduce
the interfacial resistance between the donor and the acceptor.
Moreover, the conjugated polymer, PFN-Br, was introduced
between the active layer and ZnO (ETLs) with the aim of
controlling the surface properties, and the formation of a well-
dispersed vertical phase reduced the interfacial resistance
between the active layer and ETLs. The introduction of the
ternary layer and PFN-Br enabled the formation of a phase in
which efficient carrier dissociation and transport were both
realized, thereby successfully reducing the interfacial resistance.
Consequently, the significant increase in JSC and FF resulted in
a high PCE of 13.2%. The reduction in the interfacial
resistance of OSCs is of key importance for high performance,
and the results from in-depth studies such as this one could be
applied to flexible and large-area devices.
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