
Contents lists available at ScienceDirect

Solar Energy

journal homepage: www.elsevier.com/locate/solener

Introduction of co-additives to form well dispersed photoactive layer to
improve performance and stability of organic solar cells
Jun Young Choi, Yong Woon Han, Sung Jae Jeon, Eui Jin Ko, Doo Kyung Moon⁎

Nano and Information Materials Laboratory (NIMs Lab.), Department of Chemical Engineering, Konkuk University, 120, Neungdong-ro, Gwangjin-gu, Seoul 05029,
Republic of Korea

A R T I C L E I N F O

Keywords:
Organic solar cells
Co-additives
Well-distributed photoactive layer
Fullerene system
Non-fullerene system
Stability

A B S T R A C T

We fabricated organic solar cells (OSCs) based on bulk-heterojunction photoactive layers with fullerene
(PTB7:PC71BM) and non-fullerene (PBDB-T:ITIC) systems by introducing 1,8-diiodooctane (DIO) and 4-fluor-
obenzaldehyde (4-FBA) as co-additives, respectively. Introduction of the co-additives led to a uniform surface
morphology of photoactive layer and formed well distributed interpenetrating networks between donors and
acceptors. Carrier recombination were reduced due to the favorable structure for charge transport.
Consequently, the devices with co-additives achieved an enhanced performance with a PCE of 8.5%
(JSC= 16.4mA/cm2 and FF=68.3%) in the fullerene system, and a PCE of 10.1% (JSC= 16.9mA/cm2 and
FF= 67.8%) in the non-fullerene system. In addition, the devices with co-additives showed improved stabilities
compared to those with single additives. Correspondingly, the reduction ratio of PCE at ambient atmosphere
conditions decreased from 17.07% to 10.59% in the fullerene system, and 34.02% to 24.75% in the non-full-
erene system.

1. Introduction

Organic solar cells (OSCs), which are solution processable, have
been attracting increased attention as next-generation solar cells be-
cause they offer numerous advantages, such as flexibility, low cost,
light weight, and large fabrication areas via roll-to-roll processes (Han
et al., 2018b; Park et al., 2009; Zhao et al., 2016a). The methods used to
achieve high-power conversion efficiency (PCE) in these OSCs include
the design of new donor/acceptor materials to increase low-carrier
mobility and the low-absorption coefficient of the organic semi-
conductors (Bin et al., 2018; Jeon et al., 2018), and the use of inter-
facial engineering to increase the charge collection based on energy
level alignment (Choi et al., 2016; Lee et al., 2016a; Xu et al., 2016).
Moreover, the method of controlling the morphology by introducing
additives to achieve high stability is an important issue as well (Kim
et al., 2015; Lou et al., 2011; Qin et al., 2017).

For the photoactive layers of OSCs, a bulk heterojunction (BHJ)
structure based on polymer donor and fullerene acceptor has been
studied (Han et al., 2016; Lee et al., 2015; Liu et al., 2010). Generally, a
fullerene acceptor, such as [6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM), have high-electron affinity and electron mobility. The full-
erene acceptor was blended with (poly[[4,8-bis[(2-ethylhexyl)oxy]
benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)

carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7)—a polymer donor with
a low bandgap—the PCE exceeded 9% (He et al., 2012; Wienk et al.,
2003). However, fullerene derivatives have limited bandgap control
and low absorption properties in the visible light region. Moreover,
because of their strong intermolecular attraction, they exhibit a ten-
dency to easily aggregate in the presence of heat, which limits their
ability to function as acceptors for high-performance OSCs (An et al.,
2018; Chao et al., 2016). Recently, non-fullerene acceptors have been
actively researched to overcome the problems associated with fullerene
acceptor (Kini et al., 2018; Meng et al., 2016). 3,9-bis(2-methylene-(3-
(1,1-dicyanomethylene)-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), a
typical non-fullerene acceptor, is a small molecule that can easily
control molecular energy levels. In addition, it exhibits increased short
circuit current density owing to its long-wavelength absorption prop-
erties (Lin et al., 2015). According to literature, blending ITIC with the
polymer donor 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-ethyl-
hexyl)benzo[1′,2′-c:4′,5′-c’]dithiophene-4,8-dione))] (PBDB-T) resulted
in a PCE that exceeded 11% (Zhao et al., 2016b). Accordingly, both
fullerene and non-fullerene systems can enhance device performance
and stability by optimizing the photoactive layer morphology through
microstructure control, such as solvent vapor annealing, and the
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introduction of additives (Kwon et al., 2017; Lee et al., 2017; Moulé and
Meerholz, 2009; Sun et al., 2017).

Therefore, the morphology of the photoactive layer has a con-
siderable effect on the efficiency and stability. Accordingly, to control
the morphology, it becomes necessary to control the phase separation of
the polymer donor and acceptor (Bi et al., 2018; Cha et al., 2018; Yan
et al., 2018). Solvents with high boiling points, such as 1,8-diio-
dooctane (DIO), diphenyl ether (DPE), and chloronaphthalene (CN), are
typically used as additives to control morphology (Collins et al., 2013;
Kwon et al., 2015; Zheng et al., 2016). Furthermore, studies have been
conducted on the use of 4,4′-biphenol (BPO) and (HxN3)2-SiPc as the
third component used to enhance the PCE and stability of photoactive
layer (Cheng et al., 2016; Grant et al., 2017). Meanwhile, DIO has a
higher selective solubility toward the acceptor than the donor. Conse-
quently, it is the most extensively used additives as it is capable of
nanoscale phase separation based on the formation of donor and ac-
ceptor domains (Sai-Anand et al., 2018). In the fullerene system, most
of optimum concentration of the processing additives was found to be
2–3% v/v that enhanced the aggregation of the polymer but reduced
the fullerene domain size. It can improve the carrier mobility as it fa-
cilitates the molecular packing (Ren et al., 2011; Song et al., 2018). On
the other hand, most of optimum concentration of the processing ad-
ditives was found to be less than 0.5% v/v that enhanced the crystalline
content and the domain size in the non-fullerene system. The reason of
the performance drops at concentration above 0.5% v/v is that forms a
large-scale phase separation of donors and acceptors which has a ne-
gative effect on charge transport and collection (Chen et al., 2019).
However, because residual additives in the photoactive layer can cause
photodegradation, processes such as methanol treatment and vacuum
treatment are necessary (Tremolet De Villers et al., 2016; Ye et al.,
2013).

Chen et al. (2017) used 2-chlorobenzaldehyde (2-CBA) with a low-
boiling point in their study on fast removable solvent additives that did
not require vacuum drying. The boiling point of 2-CBA (211.9 °C) with
polar functional groups was lower than that of DIO (332.5 °C), but
higher than the main solvent chlorobenzene (131 °C). Furthermore, it
had a higher solubility property for the acceptor compared to the
donor. Such characteristics allow the microstructure of the photoactive
layer to be controlled, and also serve as an alternative to DIO, which
requires the removal of residual additives.

In addition, Aïch et al. (2014) and Oseni and Mola (2017) reported
that it was possible to control the acceptor domain and nanoscale
morphology of the photoactive layer by using a co-additives system
based on two types of solvent additives. Such a system results in im-
proved charge extraction by reducing carrier recombination (Wan
et al., 2016; Ye et al., 2012).

Accordingly, OSCs based on a co-additives system that simulta-
neously introduces two additives with different boiling points can im-
prove charge transport properties by controlling the microstructure of
the photoactive layer.

In the present study, we fabricated OSCs with an inverted structure
by introducing a co-additives system using DIO and 4-fluor-
obenzaldehyde (4-FBA) to the photoactive layer. We also evaluated the
performance and stability according to changes in the morphology of
the photoactive layer in the fullerene (PTB7:PC71BM) and non-fullerene
systems (PBDB-T:ITIC), respectively. Herein, 4-FBA which was in-
troduced as co-additives could control the morphology by forming well-
distributed donors and acceptors within the photoactive layer. As a
result, there was an increase in the interpenetrating networks. The re-
duction in the charge trap site in the co-additives system was confirmed
by atomic force microscopic (AFM) analysis. Moreover, X-ray photo-
electron spectroscopy (XPS), cross-sectional scanning electron micro-
scopy (SEM), and contact angle analysis, were used to confirm that the
photoactive layer with well-distributed donor and acceptor had been
formed. This resulted in the formation of a favorable structure for im-
proving the charge transport properties, while JSC and FF also

improved. Consequently, improved PCE of 8.5% and 10.1% were
achieved in the fullerene and non-fullerene systems, respectively.
Moreover, the performance of the fullerene system with co-additives
showed decreased by the reduction of VOC and JSC (PCE= from 8.5% to
7.9%, rate of decrease= 7.06%), after 350 h of storage at ambient at-
mosphere conditions. Similarly, the performance of the non-fullerene
system with co-additive showed decreased by the reduction in JSC and
FF (PCE= from 10.1% to 8.6%, rate of decrease= 14.85%). These
results revealed that devices with co-additives were more stable that
those with a single additives.

2. Experimental

2.1. Materials

PTB7 and PC71BM, which were used as donor and acceptor in the
fullerene system, were purchased from 1-Material (Canada). PBDB-T,
used as donor of the non-fullerene system, was synthesized in our group
by reference to the synthesis method of Qian et al. (2012). In addition,
ITIC used as acceptor was purchased from Derthon (China). Chlor-
obenzene (CB, 99.8%) used as the main solvent, and 1,8-diiodooctane
(DIO, 98%) and 4-fluorobenzaldehyde (4-FBA, 98%) used as solvent
additives were purchased from Sigma Aldrich (USA).

2.2. Preparation of photoactive solution

The photoactive solution of fullerene system were formed at 1:1.5
ratio of PTB7 and PC71BM which dissolved in CB(DIO, 3% v/v) solution
of single additives system or CB(DIO, 3% v/v+4-FBA, 0.5% v/v) so-
lution of co-additives system. The photoactive solution of non-fullerene
system were formed at 1:1 ratio of PBDB-T and ITIC which dissolved in
CB(DIO, 0.5% v/v) solution of single additives system or CB(DIO, 0.5%
v/v+4-FBA, 0.2% v/v) solution of co-additives system. The solutions
were then used after 8 h of stirring at 40 °C and 50 °C, respectively.

2.3. Device fabrication

To fabricate the inverted OSCs device, ITO glass was cleaned by
ultra-sonication using acetone, neutral detergent, isopropyl alcohol,
deionized water in sequence, after that, UVO cleaning (Ahtech LTS AH
1700) was performed. After cleaning, zinc oxide (ZnO) sol-gel precursor
was spin-coated in ambient condition and annealed at 200 °C to form
the 30 nm thick of electron transporting layer (ETL). Prepared
PTB7:PC71BM solution of the fullerene system was spin coated, and
dried for one hour in N2-filled glove box to form the 100 nm thick layer.
Prepared PBDB-T:ITIC solution of the non-fullerene system were spin
coated and the film annealed at 160 °C to form the 100 nm thick layer.
MoO3 (5 nm) and Ag (100 nm) anodes formed 0.04 cm2 electrodes using
the thermal evaporation with high-vacuum chamber (less than
1×10−6 torr).

2.4. Device characterization

The current density (J) – voltage (V) characteristics of fabricated
OSCs were measured by Keithley 2400 source measure unit and an AM
1.5G solar simulator (Oriel, 1000w). The incident photon-to-current
conversion (IPCE) was measured to determine the external quantum
efficiency (EQE) using the Polaronix K3100 IPCE measurement system
(Mc science). The electrostatic potential (ESP) of DIO and 4-FBA used as
the solvent additives were calculated through the Hartree-Fock 3-21G
method of Gaussian 09. The atomic force measurement (AFM) was used
PSIA XE-100 to measure the morphology of the photoactive layer. The
electrochemical impedance spectroscopy (EIS) was measured in Z-θ
mode for a varying frequency (from 500Hz to 1MHz) with an AC drive
bias of 25mV. To determine the atomic concentration of the photo-
active layer surface, the X-ray photoelectron spectroscopy (XPS) was
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measured using the PHI 5000 VersaProbe. To determine the atomic
distribution of the photoactive layer, the energy dispersive X-ray
spectra (EDS) mapping method of the scanning electron microcopy
(SEM) was measured using the SU8010 FE-SEM (Hitachi). The contact
angle and surface energy characteristics were measured and calculated
using the contact angle analyzer (DSA100, KRUSS). The electron and
hole mobilities were calculated using the SCLC method. In addition, UV
absorption property was measured using Agilent 8453 and photo-
luminescence was measured using Perkin Elmer LS55.

3. Results and discussion

Fig. 1 shows the structure of the fabricated device and the polymer
donor and acceptor materials used on the photoactive layer. The fab-
ricated device had an inverted structure (ITO/ZnO/photoactive layer/
MoO3/Ag) (in Fig. 1(a)). For the fabrication of the device, chlor-
obenzene (boiling point= 131 °C) was used as the solvent. For both the
fullerene and non-fullerene systems, DIO was used as the single ad-
ditives, while DIO and 4-FBA were used together as the co-additives.
For the photoactive layers, a BHJ structure with a mixture of a fullerene
acceptor (PC71BM) and PTB7 (Fig. 1(b)), and a BHJ structure with a
mixture of a non-fullerene acceptor (ITIC) and PBDB-T (Fig. 1(c)), were
used for the fullerene and non-fullerene systems, respectively. Fig. 1(d)
shows the molecular structure and electrostatic potential (ESP) of DIO
(boiling point= 332.5 °C) and 4-FBA (boiling point= 181 °C), which
were used as solvent additives. According to the solubility results re-
ported, DIO exhibits a very low solubility in polymer donors, and re-
latively higher solubilities in the fullerene and non-fullerene acceptors
(Lee et al., 2016b; Zheng et al., 2018). Fig. S1 shows the solubility
properties of DIO and 4-FBA, which were additives of PTB7 and
PC71BM (fullerene system, Fig. S1(a)), and PBDB-T and ITIC (non-

fullerene system, Fig. S1(b)). As shown in Fig. S1, the additives DIO and
4-FBA had higher solubility properties to the acceptors (PC71BM and
ITIC) than the donor (PTB7 and PBDB-T). In particular, PC71BM ex-
hibited improved solubilities in both DIO and 4-FBA, whereas ITIC
exhibited higher solubilities in 4-FBA. As confirmed by ESP, 4-FBA
exhibited higher acceptor solubility than DIO owing to the large and
strong polarization from the increased electronegativity of the fluorine
that was substituted on the benzene ring.

Fig. 2 and Table 1 show the current density-voltage (J-V) char-
acteristics, external quantum efficiency (EQE) characteristics, and
photovoltaic properties of the fabricated devices. In the fullerene sys-
tems, Device 1 showed a maximum PCE of 8.2% (JSC= 16.0mA/cm2,
VOC=0.757 V, and FF=67.5%) with the use of a single additives. By
contrast, Device 2 which used co-additives, achieved a PCE of 8.5%
(JSC= 16.4mA/cm2, VOC= 0.757 V, and FF=68.3%). In the non-
fullerene systems, Device 3, which used a single additives, showed a
PCE of 9.7% (JSC= 16.8mA/cm2, VOC=0.878 V, and FF= 65.4%),
whereas Device 4 which used co-additives achieved a PCE of 10.1%
(JSC= 16.9mA/cm2, VOC=0.878 V and FF=67.8%). In conclusion,
both fullerene (JSC: from 16.0mA/cm2 to 16.4mA/cm2, FF: from 67.5%
to 68.3%) and non-fullerene (JSC: from 16.8mA/cm2 to 16.9mA/cm2,
FF: from 65.4% to 67.8%) systems achieved improved PCE due to im-
provements in JSC and FF. According to a study by Lou et al. (2011) on
the effects of additives, the introduction of solvent additives can change
the domain size of the donor and acceptor based on phase separation.
Additionally, Kim et al. (2013) also reported that the introduction of
additives can lead to a well-distributed phase, which can facilitate more
balanced charge transport. In addition, Aïch et al. (2012) demonstrated
that the morphology of the photoactive layer can be controlled by co-
additives. Similarly, the introduction of 4-FBA as a co-additives caused
changes in the domain size of fullerene and non-fullerene systems and

Fig. 1. Schematic image of (a) Organic solar cells device structure and, chemical structure of (b) PTB7 and PC71BM, (c) PBDB-T and ITIC, (d) 1,8-Diiodooctane and 4-
Fluorobenzaldehyde.
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helped form a well-distributed photoactive layer that resulted in an
increased JSC due to the improved charge transport. This also led to a
decrease in the carrier recombination, which caused an increase in FF.
As a result, the PCE improved.

Tables S1 and S2 shows the photovoltaic properties according to the
co-additives used. The devices shown in Tables S1 were fabricated with
the ratio of DIO matched the best performance conditions (Table 1),
while the ratio of 4-FBA was altered. In the fullerene system, compared
to the device with single additives, the device with co-additives of 0.5%
v/v 4-FBA achieved the highest PCE, which was attributed to an in-
crease of FF. However, JSC improved as the ratio of 4-FBA increased, but
VOC and FF tended to decrease, which resulted in a lower PCE. In the
non-fullerene system, the device with co-additives of 0.2% v/v 4-FBA
exhibited an improved PCE owing to an increase in FF compared to that
with the single additives. At 0.5% v/v, the results showed a more de-
creases in FF than increases in JSC. As shown, when the ratio of 4-FBA
was increased, decreases in FF caused excessive phase separation. The
devices shown in Tables S2 were fabricated with fixed ratio of 4-FBA,
while the ratio of DIO was altered. The optimized DIO uses 3% v/v in
the fullerene system, and 0.5% v/v in the non-fullerene system. In the
fullerene system, the device with co-additives of 0.5% v/v 4-FBA
achieved the highest PCE, which was attributed to an increase of FF.
However, JSC improved as the ratio of 4-FBA increased, but VOC and FF
tended to decrease, which resulted in a lower PCE.

Fig. 3 shows the morphological characteristics of the film with the
single additives or co-additives in the fullerene and non-fullerene

systems immediately (Fig. 3(a)–(d)) and at 10 days (Fig. 3(e)–(h)) after
coating. The fabricated films used the same photoactive layer as De-
vices 1–4. In the fullerene system, the root-mean-square (RMS)
roughness of the single additives was 0.656 nm (Fig. 3(a)). The RMS
roughness of the co-additives showed similar morphological properties
with 0.673 nm, however, the co-additives exhibited increased uni-
formity (Fig. 3(b)). In the non-fullerene system, the RMS roughness of
the single additives was 1.751 nm (Fig. 3(c)), whereas the co-additives
formed a relatively uniform film (Fig. 3(d)) with an RMS roughness of
1.276 nm. Both the fullerene and non-fullerene systems formed sharp
agglomerates when single additives were introduced, but when co-ad-
ditives were introduced, they formed domains with an excellent donor
and acceptor phase separation. The sharp agglomerates found in the
fullerene and non-fullerene systems with single additives can act as
carrier trap sites increasing carrier recombination. Meanwhile, the in-
troduction of co-additives formed excellent phase separation, which
contributed to increased charge transport by the formation of inter-
penetrating networks. Similar to the findings of Ma et al. (2005), in-
creased charge transport occurred because of the formation of inter-
penetrating networks. Fig. 3(e)–(h) and Tables S3 show morphological
characteristics and photovoltaic performance measured after 10 days of
storage at ambient atmosphere conditions, as shown in Fig. 3(a)–(d). In
the fullerene system, the morphology of photoactive layer with single
additives and co-additives became rougher after 10 days compared to
their states immediately after fabrication with the RMS roughness in-
creasing from 0.656 nm to 2.502 nm (Fig. 3(a), (e)) and from 0.673 nm

Fig. 2. Current density-voltage (J-V) characteristics and EQE spectra of (a), (b) fullerene system devices and (c), (d) non-fullerene system devices.

Table 1
Photovoltaics properties of fullerene system devices and non-fullerene system devices.

Device No. Active layer Additives VOC [V] JSC [mA/cm2] FF [%] PCE a (PCEmax) [%] Rs [Ω cm2] Rsh [Ω cm2]

Device 1 PTB7:PC71BM Single 0.757 ± 0.02 16.0 ± 0.3 67.5 ± 0.9 8.03 (8.2) 5.12 639.6
Device 2 Co (4-FBA 0.5% v/v) 0.757 ± 0.02 16.4 ± 0.3 68.3 ± 0.4 8.33 (8.5) 4.78 762.8
Device 3 PBDB-T:ITIC Single 0.878 ± 0.01 16.8 ± 0.4 65.4 ± 0.7 9.56 (9.7) 6.87 924.8
Device 4 Co (4-FBA 0.2% v/v) 0.878 ± 0.01 16.9 ± 0.3 67.8 ± 0.6 9.99 (10.1) 5.64 976.8

a The average PCE values and standard deviation are based on over 10 devices.
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to 1.966 nm (Fig. 3(b), (f)), respectively. Introduction of co-additives
resulted in relatively uniform morphological properties after 10 days. In
the non-fullerene system, single additives showed a rougher mor-
phology after 10 days as compared to immediately after fabrication,
furthermore, the RMS roughness increased from 1.751 nm to 1.985 nm
(Fig. 3(c), (g)). In contrast, co-additives showed uniform morphological
properties, and the RMS roughness decreased from 1.276 nm to
1.182 nm (Fig. 3(d), (h)). The introduction of single additives resulted
in an aggregation over time that increased the RMS roughness of the
film, but the introduction of co-additives prevented aggregation which
resulted in the formation of a uniform morphology. This was due to the
introduction of co-additives at ambient atmosphere conditions and the
elicited phase-freezing effect. As shown in Tables S3, in the fullerene
system, Device 1 (single additives) and Device 2 (co-additives) showed
decreases in PCE of 12.2% (from 8.2% to 7.2%) and 7.06% (from 8.5%
to 7.9%), respectively. Such results were primarily due to decreases in
VOC and JSC. Meanwhile, in the non-fullerene system, Device 3 (single
additives) and Device 4 (co-additives) showed decreases in PCE of
21.65% (from 9.7% to 7.6%) and 14.85% (from 10.1% to 8.6%), re-
spectively. Such results were primarily due to decreases in JSC and FF.

Fig. S2 shows the dark current density–voltage characteristics of the
fabricated initial devices (Devices 1–4) and after 10 days of storage at
ambient atmosphere conditions. As shown in Fig. S2(a) and (b), in both
the fullerene and non-fullerene systems, the initial devices with co-
additives have low leakage current density in the reverse bias region
and high current density in the forward bias region, as compared to the

initial devices with single additives. This demonstrated that JSC and FF
increased due to an increase in the charge transport and a reduction in
carrier recombination. This tendency is consistent with the results
shown in Fig. 2 and Table 1. On the other hand, both single additives
and co-additives devices after 10 days have reduced current density in
the forward bias region, as compared to the initial devices. JSC and FF of
the devices after 10 days were reduced. Nevertheless, co-additives de-
vices after 10 days have less reduction as compared to the single ad-
ditives devices, resulting in more stable. Meanwhile, in the fullerene
systems, the devices after 10 days have increased leakage current den-
sity in the reverse bias region. According to literature, the leakage
current has a related to VOC, and a decrease in VOC can occur as the
leakage current increases through the shockley equation (He et al.,
2010). This tendency is consistent with the results shown in Fig. 3 and
Tables S3.

Fig. S3. and Tables S4 show the electrochemical impedance spec-
troscopy (EIS) characteristics of the initial devices (Device 1–4) and the
devices after 10 days. The Niquist plots were fitted by using the
equivalent circuit modeling of an ohmic series resistance (R1) in series
with a charge transport resistance (R2) in parallel (Zhou et al., 2013).
R1 was contributed from the electrical contacts and the sheet resistance
of the electrodes. R2 was contributed from the charge transport re-
sistance inside the photoactive layer and the interface with electrodes
(Wan et al., 2016). As shown in Fig. S3(a), Device 2 (co-additives)
showed a decreased in R1 (from 33.64Ω cm2 to 29.89 Ω cm2) and R2
(from 55.11 Ω cm2 to 52.44 Ω cm2) compared to Device 1 in the

Fig. 3. Initial and after 10 days AFM image of (a), (e) fullerene system single additives photoactive layer, (b), (f) fullerene system co-additives photoactive layer, (c),
(g) non-fullerene system single additives photoactive layer and (d), (h) non-fullerene system co-additives photoactive layer.
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fullerene system. Similarly, as shown in Fig. S3(b), Device 4 (co-ad-
ditives) showed a decreased in R1 (from 51.82 Ω cm2 to 48.44Ω cm2)
and R2 (from 75.47Ω cm2 to 73.37 Ω cm2) compared to Device 1 in the
non-fullerene system. Decreased R2 was attributed to an increase charge
transfer occurred with the introduction of co-additives. These results
are consistent with the trend of the series resistance (Rs) and shunt
resistance (Rsh) in Table 1 which were calculated from the reciprocals of
the slopes of the J-V characteristics at I= 0mA/cm2 and V=0V (Liao
et al., 2013). On the other hand, as shown in Tables S4, both fullerene
system and non-fullerene system devices after 10 days showed in-
creased in R1 and R2 compared to initial devices. The increased R2 of
the devices after 10 days were due to the aggregation over time as
shown in Fig. 3. Nevertheless, R2 of the co-additives devices after
10 days were relatively less increased than single additives devices. This
was due to the introduction of co-additives elicited phase-freezing ef-
fect.

Figs. 4 and S4 show the surface X-ray photoelectron spectroscopy
(XPS) characteristics of the photoactive layer used in the fabrication of
the devices. Table 2 shows the atomic concentrations calculated by XPS
analysis. In general, surface analysis by XPS analysis can be used to
analyze substances that contain specific atoms (Cheng et al., 2018). As
shown in Fig. 1(a) and (b), the atomic signals were analyzed by tar-
geting C, O, S, and F atoms in the fullerene system and C, O, S, and N
atoms in the non-fullerene system. Fig. 4(a) shows the XPS survey
spectra and Figs. 4(b), (c), S4(a) and (b) show the atomic signals of the
single additives and co-additives used in the fullerene system. Herein,
S2p (at 164.6 eV and 163.6 eV) and F1s (≈687.0 eV) signals were mostly
due to PTB7, while C1s (≈284.4 eV) and O1s (≈532.4 eV) signals were
mostly due to PTB7 and PC71BM. As shown in Table 2, the C/S ratio of
the atomic concentration decreased from 19.41% to 18.77% with co-
additives, as compared to the use of the single additives. Based on these
results, it was determined that using co-additives caused a greater in-
crease in PTB7 and a decrease in PC71BM on the surface of the photo-
active layer compared to the case where only single additives was used.
Fig. 4(d) shows the XPS survey spectra and Figs. 4(e), (f), S4(c) and (d)
show the atomic signals of the single additives and co-additives in the
non-fullerene system. The N1s (≈C^N, 399 eV) signal was mostly at-
tributed to ITIC, while C1s (≈CeC, 284.8 eV, C]O 287.6), S2p
(≈C4S–H (thiophene) 165 eV, 164 eV), and O1s (≈531 eV, 532.3 eV)
signals were mostly attributed to PBDB–T and ITIC. Similar to the
fullerene system, the non-fullerene system also showed a decrease in
the C/S atomic concentration ratio, from 16.17% to 14.39% with co-
additives than with the single additives. This indicated that PBDB-T
which has lower C/S atomic ratio increased on the surface of the
photoactive layer, while ITIC decreased. This was because 4-FBA was
introduced, as a results, PTB7 and PBDB-T were enriched on the top
surface of the photoactive layer. According to literature, donor enriched
on the anode caused by vertical phase separation in an inverted
structure, it is advantageous for charge transport and reduced the car-
rier recombination (Xu et al., 2009). Consequently, the introduction of
co-additives allowed the donor to be well-distributed on the top surface,
which formed a structure favorable for charge transport within the
photoactive layer and caused JSC and FF to increase. This tendency was
consistent with the results shown in Fig. 2 and Table 1.

Fig. 5 shows the water contact angle and surface energy properties
of the photoactive layer film that were used in Devices 1–4. In the

fullerene system, the contact angle and surface energy properties of the
single additives photoactive film (Fig. 5(a)) were 92.5° and 16.88mN/
m, respectively, whereas those of the co-additives (Fig. 5(b)) were 93.0°
and 16.57mN/m, respectively. In the non-fullerene system, the contact
angle and surface energy properties of the photoactive film with the
single additives (Fig. 5(c)) were 100.2° and 12.5mN/m, respectively,
whereas those of co-additives (Fig. 5(d)) were 100.6° and 12.29mN/m,
respectively. In both the fullerene and non-fullerene systems, co-ad-
ditives showed lower surface energies and high hydrophobic surface
properties than single additives. In general, PC71BM has higher hy-
drophilic properties than other polymer donors, such as PTB7, and ITIC
also had high hydrophilic properties than another polymer donor, such
as PBDB-T. Consequently, polymer donor has higher water contact
angle properties compared to PC71BM and ITIC (Cheng et al., 2015; Liu
et al., 2018). Therefore, unlike the introduction of single additives,
introduction of co-additives causes donor-enriched distributions within
the photoactive layer. Correspondingly, as the quantity of acceptor
decreased on the surface, it resulted in hydrophobic surface properties.
Consequently, the donor and acceptor within the photoactive layer
became well-distributed, which caused increases in the charge transport
that contributed to the improvement of PCE. Such tendency is con-
sistent with the results shown in Figs. 2–4.

Fig. 6 shows the results of the analysis of each atom within the
photoactive layer using energy dispersive X-ray spectra (EDS) mapping
and cross-sectional scanning electron microscopy (SEM) on Devices
1–4. Each sample was prepared with ITO (180 nm)/ZnO (30 nm)/
photoactive layer (100–110 nm)/MoO3 (5 nm)/Ag (100 nm). In the
fullerene system (Fig. 6(a) and (b)), EDS mapping of the cross-sections
for S, and F atoms, were analyzed to identify the distributions of PTB7
(S, F atoms). Moreover, in the non-fullerene system (Fig. 6(c) and (d)),
EDS mapping of the cross-sections for S, and N atoms, were analyzed to
identify the distributions of PBDB-T (S atoms) and ITIC (S, N atoms)
(Fig. 6(c) and (d)). In the fullerene system, the mapping image for S
signals showed that Device 2 (Fig. 6(b)) was more uniformly distributed
than Device 1 (Fig. 6(a)). S signals may be used to identify the behavior
of PTB7. Based on the results, PTB7 within the photoactive layer
showed a well-distributed behavior when co-additives were used. Si-
milarly, in the non-fullerene system, the mapping image of N signals
showed that Device 4 (Fig. 6(d)) was more uniformly distributed than
Device 3 (Fig. 6(c)). The behavior of ITIC was examined using N signals
and the results confirmed that ITIC within the photoactive layer showed
a well-distributed behavior when the co-additives were used. As both
the fullerene and non-fullerene system showed well-distributed beha-
viors for the photoactive materials, it was determined that the carrier
mobility was increased due to the formation of interpenetrating net-
works (Choi et al., 2015). Similar to the confirmation by the C/S ratios
in XPS shown in Fig. 4, this tendency confirmed that co-additives were
able to form a photoactive layer with a well-distributed donor and ac-
ceptor in both the fullerene and non-fullerene systems.

Fig. S5 and Table S5 shows the X-ray diffraction (XRD) character-
ization used to measure the crystallinity of fullerene and non-fullerene
films. We used the Bragg’s law to calculate the π-π stacking distance
(d(1 0 0)) and the lamellar distance (d(1 0 0)) (Yu et al., 2019). Fig. S5(a)
shows the out-of-plane patterns and Fig. S5(b) shows the in-plane
patterns of the photoactive layer films used in the fullerene system. The
single additives film presented a (0 1 0) peak at 2θ=19.53° (d(0 1 0):

Table 2
Surface atomic concentration of fullerene system and non-fullerene system photovoltaics.

Active layer Additives C1s [%] O1s [%] S2p [%] F1s [%] N1s [%] C/S ratio

PTB7:PC71BM Single 87.37 6.66 4.5 1.47 . 19.41
Co 87.1 6.82 4.64 1.44 . 18.77

PBDB-T:ITIC Single 89.82 4.03 5.56 . 0.59 16.17
Co 88.07 4.36 6.12 . 1.45 14.39
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0.45 nm) in out-of-plane direction and a (1 0 0) peak at 2θ=3.24°
(d(1 0 0): 2.73 nm) in in-plane direction. The co-additives film presented
a (0 1 0) peak at 2θ=20.62° (d(0 1 0): 0.43 nm) in out-of-plane direction
and a (1 0 0) peak at 2θ=3.19° (d(1 0 0): 2.77 nm) in in-plane direction.
As a result, the co-additives films formed more improved π-π stacking
strength and closed molecular stacking which formed the favorable
structure for charge transport (Han et al., 2018a). Similarly, Fig. S5(c)
show the out-of-plane patterns and Fig. S5(d) shows the in-plane pat-
terns of the photoactive layer films used in the non-fullerene system.
The single additives film presented a (0 1 0) peak at 2θ= 21.18°
(d(0 1 0): 0.42 nm) in out-of-plane direction and a (1 0 0) peak at
2θ=3.89° (d(1 0 0): 2.27 nm) in in-plane direction (Liang et al., 2018).
The co-additives film presented a (0 1 0) peak at 2θ=21.17° (d(0 1 0):
0.42 nm) in out-of-plane direction and a (1 0 0) peak at 2θ=3.98°
(d(1 0 0): 2.22 nm) in in-plane direction. As a result, the co-additives
films formed similar π-π stacking strength, but a more improved closed
molecular stacking which formed the favorable structure for charge
transfer.

Fig. S6 shows the ultraviolet–visible (UV–vis) spectroscopy spectra
of fullerene and non-fullerene films. In the fullerene system (Fig. S6(a)),

the photoactive layer of co-additives showed increased absorption
properties near λ=450–700 nm, as compared to the cases where single
additives were used. Similarly, in the non-fullerene system (in Fig.
S6(b)), the co-additives in the photoactive layer showed increased ab-
sorption properties in all regions, as compared to the single additives
case. This was due to the introduction of co-additives that caused phase
separation in the photoactive layer morphology, which resulted in in-
creased light absorption (Lee et al., 2008).

Fig. S7 shows the photoluminescence (PL) properties of fullerene
and non-fullerene system films. Both the fullerene and non-fullerene
systems showed a lower PL intensity with the introduction of co-ad-
ditives compared to that of single additives. As shown in Fig. S6, both
the fullerene and non-fullerene systems resulted in increased absorption
properties with the introduction of co-additives compared to that of
single additives. Consequently, in both systems, the carrier generation
of the co-additives device increased due to improved absorption prop-
erties. However, lower emission properties were exhibited. This in-
dicated that co-additives show decreased carrier recombination than
single additives. These results were also indicative of the fact that co-
additives formed well-distributed photoactive layer, which decreased

Fig. 4. XPS characteristics of (a), (d) surface and atomic signals of (b), (e) carbon, (c), (f) sulfur with respect to fullerene system and non-fullerene system.
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carrier recombination by increasing charge transport, thereby con-
tributing to the improvement of FF and PCE. Such tendency was con-
sistent with the results shown in Figs. 3–6 and Table 1.

Fig. 7 and Table 3 show the electron and hole mobilities calculated
by the space charge limited current (SCLC) method. To derive the
electron and hole mobilities, an electron-only (ITO/ZnO/photoactive
layer/LiF/Al) and hole-only devices (ITO/PEDOT:PSS/photoactive
layer/MoO3/Ag) were respectively fabricated. Electron and hole

mobilities were calculated using the Mott–Gurney equation (Li et al.,
2018; Sánchez et al., 2017), as shown below:

=J (9/8) µ (V /L )r 0 eff
2 3 (1)

where J is the current density, εr is the dielectric constant of the ma-
terial, ε0 is the dielectric constant of the permittivity of vacuum, μeff is
the carrier mobility, V is the applied voltage, and L is the layer film
thickness. Fig. 7(a) and (b) show the electron and hole mobilities of the

Fig. 5. Water contact angle of (a) fullerene system single additives photoactive layer, (b) fullerene system co-additives photoactive layer, (c) non-fullerene system
single additives photoactive layer, (d) non-fullerene system co-additives photoactive layer.

Fig. 6. Cross-sectional scanning electron microscope (SEM) image and energy dispersive X-ray spectra (EDS) mapping of each element in photoactive layer.
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single additives and co-additives in the fullerene system. The calculated
mobilities were as follows: μe, single= 3.43×10−4 cm2/Vs, μe,
co= 4.42×10−4 cm2/Vs, μh, single= 2.4×10−4 cm2/Vs, and μh,
co= 2.97×10−4 cm2/Vs. Fig. 7(c) and (d) respectively show the
electron and hole mobilities of the single additives and co-additives in
the non-fullerene system. The calculated mobilities were as follows: μe,
single= 1.75× 10−4 cm2/Vs, μe, co= 1.88× 10−4 cm2/Vs, μh,
single= 1.64× 10−4 cm2/Vs, and μh, co= 2.20×10−4 cm2/Vs. When
4-FBA was introduced as co-additives, the hole and electron mobilities
increased, as compared to the single additives. This enhancement was
due to increased charge transport and balanced carrier mobility as a
result of formed the photoactive layer with well-distributed donor and
acceptor. Such a tendency is consistent with the results shown in
Figs. 2–7.

Fig. 8 shows the stability properties of Devices 1–4 measured for
350 h at ambient atmosphere conditions without encapsulation. As
shown in Fig. 8(a), the PCE of Device 1 decreased by 17.07%, from an
initial value of 8.2% to 6.8%, while the PCE of Device 2 decreased by
10.59%, from an initial value of 8.5% to 7.6%. As shown in
Fig. 8(b)–(d), the primary reasons for the decline in performance were
the decreases in JSC and FF for Device 1 and the decrease in JSC for
Device 2. In Fig. 8(e), the PCE of Device 3 decreased by 34.02%, from
an initial value of 9.7% to 6.4%, while the PCE of Device 4 decreased by
24.75%, from an initial value of 10.1% to 7.6%. As shown in

Fig. 8(f)–(h), the primary reason for the decline in performance were
the decrease in JSC and FF for Device 3, whereas Device 4 showed re-
latively small decreases. These results were similar to the AFM mor-
phology of the photoactive layer measured after 10 days in ambient
atmosphere conditions (Fig. 3). The introduction of the co-additives
maintained the phase by preventing aggregation within the photoactive
layer, thus resulting in decreased carrier trap sites due to the formation
of a relatively uniform film compared to the single additives. These
properties contributed to the improvement in JSC and FF, and as a re-
sult, co-additives were able to exhibit a higher stability than single
additives. Such tendency is highly consistent with the results of
Figs. 2–7.

4. Conclusions

In this study, we successfully fabricated OSCs with the introduction
of DIO and 4-FBA as co-additives in the photoactive layers of fullerene
(PTB7:PC71BM) and non-fullerene (PBDB-T:ITIC) systems. The photo-
active layer exhibited a uniform morphology when co-additives were
introduced. Moreover, because the introduction of co-additives allowed
the formation of a well-distributed molecular order, the properties be-
came more favorable for charge transport. Furthermore, there was a
reduction in carrier recombination due to decreases in sharp agglom-
erates that acted as charge trap sites on the surface of the photoactive
layer. Due to these effects, we were successful in fabricating devices
with maximum PCE of 8.5% and 10.1% due to increases in JSC and FF.
When the stability of the devices at ambient atmosphere conditions was
assessed, the reduction ratio of PCE decreased which ranged from
17.07% to 10.59% in the fullerene system, and from 34.02% to 24.75%
in the non-fullerene system. This indicated significant improvements in
stability due to the introduction of co-additives. The results of this study
may contribute significantly to large area and mass production of OSCs.

Fig. 7. SCLC characteristics of (a) fullerene system electron only device and (b) hole only device, (c) non-fullerene system electron only device and (d) hole only
device.

Table 3
The carrier mobilities of fullerene system and non-fullerene system devices.

Device No. Active layer Additives μe (cm2//VS) μh (cm2/VS)

Device 1 PTB7:PC71BM Single 3.43×10−4 2.40× 10−4

Device 2 Co 4.42×10−4 2.97× 10−4

Device 3 PBDB-T:ITIC Single 1.75×10−4 1.64× 10−4

Device 4 Co 1.88×10−4 2.20× 10−4
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