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ABSTRACT: Fullerene tris-adducts have the potential of  4f e
achieving high open-circuit voltages (V) in bulk heterojunction - @‘g%/ﬁ
(BHJ) polymer solar cells (PSCs), because their lowest __3} Bridging Effect =
unoccupied molecular orbital (LUMO) level is higher than those & - OXCMA
of fullerene mono- and bis-adducts. However, no successful & 2t 250 +
examples of the use of fullerene tris-adducts as electron acceptors & R Trapping Effect /‘,so
have been reported. Herein, we developed a ternary-blend 1t ‘ @
approach for the use of fullerene tris-adducts to fully exploit the =
OXCTA

merit of their high LUMO level. The compound o-xylenyl Cg tris-
adduct (OXCTA) was used as a ternary acceptor in the model
system of poly(3-hexylthiophene) (P3HT) as the electron donor
and the two soluble fullerene acceptors of OXCTA and fullerene monoadduct (o-xylenyl C4, monoadduct (OXCMA), phenyl
Cg;-butyric acid methyl ester (PCBM), or indene-Cg, monoadduct (ICMA)). To explore the effect of OXCTA in ternary-blend
PSC devices, the photovoltaic behavior of the device was investigated in terms of the weight fraction of OXCTA (Wqxcra)-
When Woxcra is small (<0.3), OXCTA can generate a synergistic bridging effect between P3HT and the fullerene monoadduct,
leading to simultaneous enhancement in both V¢ and short-circuit current (Jsc). For example, the ternary PSC devices of
P3HT:(OXCMA:OXCTA) with Woycra of 0.1 and 0.3 exhibited power-conversion efficiencies (PCEs) of 3.91% and 3.96%,
respectively, which were significantly higher than the 3.61% provided by the P3HT:OXCMA device. Interestingly, for Woxcra >

0.4 0.6 0.8 1.0

WOXCT A

0.0 0.2

0.7, both Vo and PCE of the ternary-blend PSCs exhibited nonlinear compositional dependence on Wyxcra. We noted that the
nonlinear compositional trend of P3HT:(OXCMA:OXCTA) was significantly different from that of P3HT:(OXCMA:0-xylenyl
Cgo bis-adduct (OXCBA)) ternary-blend PSC devices. The fundamental reasons for the differences between the photovoltaic
trends of the two different ternary-blend systems were investigated systemically by comparing their optical, electrical, and

morphological properties.
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B INTRODUCTION

Extensive research activities have been focused on developing
new p-type low-bandgap polymers in order to increase light
harvesting; these polymers produce high efficiencies in a binary
blend of BHJ-type PSCs greater than 6—8%.' ' However, the
maximized efficiency of a binary blend type polymer:fullerene
BHJ PSCs theoretically is expected to be limited to 10—12%.">
Recently, ternary-blend PSCs that consist of three active
materials in a single layer have been recognized as an efficient
strategy for further increasing the efficiency of the device without
involving more complex design and fabrication (i.e., the tandem
cell approach)."*~*! For example, a low-bandgap polymer can be
incorporated into the binary P3HT:PCBM blend in order to

PCBM has been used extensively as a conventional fullerene
acceptor, but it has a relatively low-lying LUMO level that limits
the Vo value of the BHJ-type PSCs. In this regard, various
fullerene bis-adducts with higher LUMO levels have been
designed and synthesized recently for producing high Vi values
in BHJ-type PSCs.”* ">’ Therefore, ternary-blend PSCs based on
one donor and two fullerene acceptors that have different LUMO
levels could be an effective approach for optimizing V¢ and,
consequently, the PCE in PSCs.>* *° For example, Thompson
and co-workers recently reported that the value of V5¢ can be
tuned in a ternary-blend of P3HT:PCBM:indene-Cg, bis-adducts
(ICBA) largely by varying the composition ratio between PCBM
and ICBA.*** However, the study of ternary-blend PSCs based
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Scheme 1. Schematic Illustration of Ternary-Blend BHJ PSCs Used in This Study; Two Different Series of P3HT:
(OXCMA:OXCTA) and P3HT:(OXCMA:OXCBA) were Used for the Active Layer in the PSCs
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Table 1. Photovoltaic Properties of P3HT:(OXCMA:OXCTA) under AM 1.5G-Simulated Solar Illumination (100 mW cm™2)

P3HT:0XCMA:OXCTA (w/w/w)

1:0.6:0 0
1:0.54:0.06 0.1
1:0.42:0.18 0.3
1:0.30:0.30 0.5
1:0.18:0.42 0.7
1:0.15:0.45 0.75
1:0.12:0.48 0.8
1:0.09:0.51 0.85
1:0.06:0.54 0.9
1:0:0.6 1.0

OXCTA fraction in fullerene (Woxcra)

Voc (V) Jsc (mA cm™) FE PCE (%)
0.634 9.59 0.59 3.61
0.657 9.65 0.62 391
0.674 10.34 0.57 3.96
0.690 8.34 0.48 276
0.675 6.40 0.36 1.53
0.659 473 0.33 1.03
0.626 3.53 0.30 0.65
0.590 2.75 0.28 0.46
0.616 1.85 0.28 0.32
0.899 4.47 0.33 1.31

on two different fullerene acceptors has been very limited and a
vast number of fundamental questions remain to be answered.>
Fullerene tris-adducts, including three solubilizing groups onto a
fullerene core, are interesting materials because their LUMO
level is even greater than the level of fullerene bis-adducts.
However, despite their potential for further enhancing the V¢
values in the PSCs, the binary BH] PSC based on fullerene tris-
adducts as a single-component electron acceptor had low Js and
fill-factor (FF) values. They suffered from low electron mobility
because of the presence of many regio-isomers, which hampers
fullerene crystallization,*®>%3>#~*3

Herein, we develop a ternary-blend approach for the use of
fullerene tris-adducts to fully exploit their high LUMO levels
while avoiding adverse influence on electron mobility. The
fullerene tris-adduct, OXCTA, was used as a ternary acceptor in a
system that consisted of P3HT and two soluble fullerene
acceptors of OXCTA and fullerene monoadduct (Scheme 1).
Three different fullerene monoadducts of OXCMA, PCBM, and
ICMA were used to demonstrate the generality of this ternary-
blend approach. When a small amount of OXCTA was
incorporated into the P3HT:OXCMA binary blend, the
OXCTA can enhance the V¢ in a ternary device and, at the
same time, facilitate charge separation and transfer at the P3HT/
tullerene interface. For instance, the ternary-blend PSC device at
Woxcra = 0.3 had a PCE of approximately 4%, exceeding the
PCE:s of the corresponding P3HT:OXCMA and P3HT:OXCTA
binary blends, i.e, 3.61 and 1.31%, respectively. Therefore, for
the first time, we report a successful example of using fullerene
tris-adducts in BHJ PSCs. In contrast, the performance of P3HT:
(OXCMA:OXCTA) ternary-blend PSCs is even lower than that
of the P3HT:OXCTA binary device when OXCTA is the major
fullerene component in the ternary device, i.e., Woxcra > 0.7,
which indicates that there is a nonlinear compositional
dependence on Wyxcra. As a control ternary-blend system, we
fabricated P3HT:(OXCMA:OXCBA) (OXCBA, a ternary
acceptor) devices that had almost linear trends of photovoltaic
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parameters in terms of Wyycpa. To gain direct evidence of
differences in the photovoltaic trends between the two types of
ternary devices, we measured external quantum efliciency
(EQE), internal quantum efficiency (IQE), space charge limited
current (SCLC) charge mobility, and light intensity-dependent
Voc in terms of Woxcra or Woxcaa

B RESULTS AND DISCUSSION

To investigate the effect of the fullerene tris-adducts on the
photovoltaic performance of the ternary-blend PSCs, OXCTA
was used as a ternary acceptor in the BH] PSCs of P3HT and two
fullerene acceptors composed of OXCTA and fullerene
monoadduct. Three different series of ternary PSCs ((1)
P3HT:(OXCMA:OXCTA), (2) P3HT:(ICMA:OXCTA), and
(3) P3HT:(PCBM:OXCTA)) were fabricated with various
weight fractions of OXCTA ranging from 0 and 1. Wxcry is the
weight fraction of OXCTA to OXCTA:fullerene monoadduct in
the device. Each normal-type PSC was fabricated with stack order
ITO/PEDOT:PSS/P3HT:(fullerene monoadduct:OXCTA)/
LiF:Al. And all the ternary devices were prepared under identical
conditions, including the 100—120 nm thickness of the BHJ
active layer (spuncast from 15 mg/mL P3HT in the ternary-
blend solution). The overall ratio of the P3HT:fullerene mixture
(1:0.6 for P3HT:(OXCMA:OXCTA) and P3HT:(ICMA:OXC-
TA) and 1:0.7 for P3HT:(PCBM:OXCTA)) was used to
optimize each different series of the ternary-blend PSCs. Table 1
and Table SI in the Supporting Information summarize the
optimized average values of the photovoltaic characteristics
(Voo Jso, FF, and PCE) of the ternary-blend PSC devices
measured at AM. 1.5 illumination condition. Table 1 lists the
device parameters of the P3HT:(OXCMA:OXCTA) ternary-
blend PSCs as a function of Wqxcra. First, the PCEs of two
reference devices of PBHT:OXCMA and P3HT:OXCTA blends
were 3.61% (Voc, 0.634 V; Js, 9.59 mA cm™2; and FF, 0.59) and
1.31% (Voc, 0.899 V; Jso, 447 mA cm™% and FF, 0.33),
respectively, which agrees well with our previously reported
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Table 2. Characteristics of Ternary-Blend BHJ PSCs Based on P3HT:(OXCMA:OXCBA) (1:0.6 weight ratio, AM 1.5G

illumination conditions)

P3HT:0XCMA:OXCBA (w/w/w) OXCBA fraction in fullerene (Woxcpa) Voc (V) Jsc (mA cm™) FF PCE (%)
1:0.6:0 0 0.634 9.59 0.59 3.61
1:0.54:0.06 0.1 0.639 10.46 0.59 3.94
1:0.42:0.18 0.3 0.665 10.60 0.58 4.03
1:0.30:0.30 0.5 0.680 10.30 0.54 3.79
1:0.18:0.42 0.7 0.70S 10.19 0.51 3.69
1:0.06:0.54 0.9 0.765 10.29 0.52 4.11
1:0:0.6 1.0 0.843 10.32 0.58 5.06

5 -(a) 09} (b) =@— P3HT:0XCMA:OXCBA
~@—-P3HT:0OXCMA:OXCTA
al
- __ o8
Rs| =
w (5
o
& a2} 07

1 [ =@=P3HT:0XCMA:OXCBA
=@=P3HT:0XCMA:OXCTA
o 1 1 1 1 1 1
0.0 0.2 04 0.6 0.8 1.0
WoxcBa (©©r WoxcTa)
12

(c)

10

2
Joe (mA/cm’)
[}

| =9=P3HT:0OXCMA:OXCBA

2
=@=P3HT:OXCMA:OXCTA
0 0:0 0:2 0:4 0:6 0:8 1:0
Woxcga (or WoxcTa)

0.6

1.0

0:2 O:4 0:6 0:8
WoxcBa (or Woxcta)

06}
o5t
X
preg
Y04t
—o— P3HT:OXCMA:OXCBA
0.3 5 P3HT:0XCMA:OXCTA
00 02 04 06 08 10
Woxcsa (or Woxcra)

Figure 1. Variation of photovoltaic parameters ((a) PCE, (b) Vo, (c) Jsc, and (d) FF) as a function of the Wxcpa or Woxcra in ternary-blend PSC

devices.

values.*® Despite the high V¢ value 0of 0.9V, the P3HT:OXCTA
blend device had alow PCE value with low ] and FF. However,
when OXCTA was added as the ternary acceptor in the
P3HT:OXCMA blend, a higher PCE value of the P3HT:
(OXCMA:OXCTA) was observed. As the OXCTA component
increased up to Woycra of approximately 0.3, the PCEs of the
ternary devices increased noticeably by 8.3% and 9.7%, going
from 3.61% with P3HT:OXCMA at Woxcra= 0 to 3.91% and
3.96% with P3HT:(OXCMA:OXCTA) at Woxcra =0.1and 0.3,
respectively. Because of the higher LUMO level of OXCTA, at
Woxcra = 0.3, the Vo value increased from 0.634 to 0.674 V
and, at the same time, the J;c value increased from 9.59 to 10.34
mA cm ™2 Thus, the OXCTA ternary acceptor (Woycra = 0.1—
0.3) produced a synergistic effect by bridging the P3HT and
OXCMA domains.*"**

When the Woxcra values were over 0.3, there was a striking
difference in the photovoltaic trend of the P3HT:(OXC-
MA:OXCTA) devices in terms of Woxcra. As the Woxcra Was
increased further, the PCE of the ternary devices decreased
significantly, from 3.96% (Woxcra= 0.3) to 1.31% (Woxcra=
1.0). Interestingly, the PCEs of the ternary devices in the range of
Woxcra= 0.75—0.9 were even lower than that of the
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P3HT:OXCTA binary device. For example, the PCE of the
device at Woxcra= 0.9 was only one-fourth compared to that of
the P3HT:OXCTA device. Consequently, it brings out the
nonlinear compositional dependence of the ternary device
parameters (Voc, Jsc, FF, and PCE) on Woyycra. The
photovoltaic performances of P3HT:(ICMA:OXCTA) (see
Table Sla in the Supporting Information) and P3HT:
(PCBM:OXCTA) (see Table S1b in the Supporting Informa-
tion) ternary-blend PSCs were also measured and compared. In
both systems, the photovoltaic parameters had nonlinear
compositional dependence on Wgycra, which demonstrated
the generality of the photovoltaic trends of P3HT:(fullerene
monoadduct:OXCTA) ternary blends as a function of Woycra.

As a control ternary-blend system, a series of P3HT:
(OXCMA:OXCBA) ternary-blend PSCs were fabricated using
OXCBA as an alternative ternary acceptor, and their photovoltaic
performances are summarized in Table 2. Also, the essential
device parameters (Voc, Jsc, FF, and PCE) of the P3HT:
(OXCMA:OXCTA) and P3HT:(OXCMA:OXCBA) ternary-
blend PSC devices are compared in Figure 1a—d. The PCE of the
binary P3HT:OXCBA device was 5.06%, which agrees well with
our previously reported value.*® It is important to note that, in

dx.doi.org/10.1021/am400695e | ACS Appl. Mater. Interfaces 2013, 5, 4401—4408
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contrast to the nonlinear compositional dependence of the
P3HT:(OXCMA:OXCTA) ternary devices, all of the P3HT:
(OXCMA:OXCBA) ternary-blend PSCs had high Jgc values,
exceeding 10.20 mA cm > (Figure 1c), and high FF values
(Figure 1d) for the entire range of Woycpa from 0 to 1. In
addition, as the Wgoxcpa increased, the Vo of the P3HT:
(OXCMA:OXCBA) ternary devices showed a continuous
increase from 0.634 to 0.843 V (Figure 1b). This trend was
consistent with that of the P3HT:(PCBM:ICBA) ternary-blend
system reported by other groups.®® The electrical, optical, and
morphological properties of both the P3HT:(OXCMA:OXC-
TA) and P3HT:(OXCMA:OXCBA) ternary blends are
discussed in detail below to elucidate the reasons that the
P3HT:(OXCMA:OXCTA) devices have a nonlinear composi-
tional dependence on Woxcra-

Light absorption in the active layer is one of the major factors
that affects the Jsc values of PSC devices. Accordingly, thin-film
UV—vis absorption spectra of both the P3HT:(OXCMA:OXC-
TA) and P3HT:(OXCMA:OXCBA) ternary blends were
measured under optimized device conditions (Figure 2). The
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Figure 2. UV—vis absorption spectra of (a) P3HT:(OXCMA:OXCBA)
and (b) P3HT:(OXCMA:OXCTA) ternary-blend films in terms of
Woxcpa and Woycra- The ternary-blend films were prepared identically
at optimized device conditions.

absorption spectra of all ternary-blend films displayed three
maxima in the 500—600 nm range. Among the three maxima
absorption peaks, the most important feature of the thin-film
absorption spectra is the presence of the strong vibronic feature
at ~600 nm, which is indicative of a high degree of P3HT
interchain ordering.32 The relative intensities of the Ag..,,q peak
at ~550 nm (Lgcona/Ins) and the vibronic peak (Ip/Is) at
~600 nm compared to the first absorption peak at ~520 nm for
all of the ternary blend films were calculated, and the results are
summarized in Table S2 in the Supporting Information. The
absorption spectra of P3HT:OXCBA had slightly reduced values
of Iecond/ Irse and L/ I compared to P3BHT:OXCMA, but the
differences were negligible. And the PZHT:OXCTA film showed
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a significant change in the location of the first absorption peak,
with a strong hypsochromic shift (4, = 511 nm) and a reduced
value of I/l (= 0.57) compared to P3HT:0XCMA.>
However, the optical properties of the P3HT:(OXCMA:OXC-
TA) device were almost independent of Wqycra up to 0.9. For
example, the 4., Iecond/Tarswy and L/ Iy values of the P3HT:
(OXCMA:OXCTA) ternary device with Wqycra= 0.7 were 519,
0.97, and 0.68, respectively, which were identical to the values of
the highly performing P3HT:OXCBA device. The photo-
luminescence (PL) of the P3HT:(OXCMA:OXCTA) and
P3HT:(OXCMA:OXCBA) ternary-blend films were measured
with an excitation wavelength of 430 nm (see Figure S1 and
Table S3 in the Supporting Information). The PL quenching
efficiencies in all of the P3HT:(OXCMA:OXCBA) and P3HT:
(OXCMA:OXCTA) ternary-blend films were in the range of
87—89%, relative to pristine P3HT. Therefore, the optical and
morphological properties cannot explain the nonlinear composi-
tional dependence of the performance of the P3HT:
(OXCMA:OXCTA) ternary-blend PSCs.***

EQE and IQE values were measured to evaluate the spectral
responses of the P3HT:(OXCMA:OXCTA) and P3HT:
(OXCMA:OXCBA) PSCs. The IQE spectra, which can be
obtained by dividing the EQE values by the light absorption
intensities of the blend films, provide information on the
components that are primarily responsible for converting the
absorbed photons to collected electrons and holes.*® As shown in
Figure 3 and Figure S2 in the Supporting Information, both the
maximum EQE and IQE values at Woycra= 0.3 (58 and 67%,
respectively) outperformed those of the P3HT:OXCMA blend
(55 and 64%, respectively), which clearly reflected the higher Jgc
and PCE values in the ternary PSCs at Woxcrs = 0.3. On the
other hand, the maximum EQE and IQE values (35 and 43%,
respectively) at Woxcra = 0.9 were significantly lower than those
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Figure 3. EQE curves of (a) P3HT:(OXCMA:OXCTA) and (b) P3HT:
(OXCMA:OXCBA) ternary-blend PSCs in terms of Wyxcra and
Woxcea- The ternary-blend films were prepared identically at optimized
device conditions.
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of the PBHT:OXCTA device (43 and 50%, respectively) despite
their better optical absorption, including larger A, Lecona/Tirsts
and L,/ I values at Woyxcra = 0.9 compared to those at Wy cora
= 1.0. In contrast to the strong dependence of the EQE and IQE
values of the P3HT:(OXCMA:OXCTA) devices on Woxcra,
P3HT:(OXCMA:OXCBA) ternary-blend PSCs exhibited sim-
ilar EQE and IQE values that were independent of Wy cga. The
combined results of UV—vis absorption, PL quenching, and EQE
measurements suggested that the difference in the electrical
properties, such as the charge transfer and transport, could be the
main reason for the completely different photovoltaic response in
terms of Woycpa (0r Woxcra) between the two different series of
the ternary blends.” ™

To examine this possibility, we measured and compared the
SCLC charge mobilities of both hole and electron-only devices of
the P3HT:(OXCMA:OXCTA) and P3HT:(OXCMA:OXCBA)
ternary blends. Hole and electron-only devices were constructed
at optimized device conditions, with the structure of ITO/
PEDOT:PSS/ternary-blends/Au and ITO/ZnO/ternary-
blends/LiF:Al, respectively. Figure S3 and Table S4 in the
Supporting Information show that the measured hole mobilities
of all of the ternary blends were approximately the same, i.e., on
the order of 1 X 10™* cm?/(V s) regardless of the types of ternary
accepto1‘s.30’32 In contrast, there were significant differences in
the electron mobilites between the P3HT:(OXCMA:OXCBA)
and P3HT:(OXCMA:OXCTA) ternary-blend samples, as
shown in Figure S4 and Table SS in the Supporting Information.
The electron mobilities of all of the P3HT:(OXCMA:OXCBA)
ternary blends were in the range of 1 X 107> to 1 X 10~* em?/(V
s), showing well-balanced electron and hole mobilities. In
contrast, the electron mobility of the P3HT:(OXCMA:OXCTA)
ternary blends dramatically decreased by 3 orders of magnitude,
from 2.78 X 10™* cm?/(V's) at Woxcra= 0t0 4.10 X 1077 cm?/(V
s) at Woxcra= 1.0. Figure 4 compares the electron mobilities of
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Figure 4. Variation in electron mobilties calculated by the SCLC
method as a function of Woycpa and Woxera in electron-only devices.

P3HT:(OXCMA:OXCBA) and P3HT:(OXCMA:OXCTA) in
terms of Woxcpa and Woxera. It was clearly seen that the
electron mobilities of the P3HT:(OXCMA:OXCTA) ternary
blends in the range of Wxcra= 0.7—1.0 decreased nonlinearly as
their PCE trends (decreasing order: Woxcra= 0.5, 0.7, 1.0, and
0.9). For example, the electron mobility (1.16 X 1077 cm*/(V's))
of the device at Wycpa= 0.9 was four times lower than that at
Woxcra = 1.0. Therefore, although the OXCMA, itself, can be
efficient fullerene acceptor in binary-type polymer:fullerene BHJ
solar cells,***' the presence of OXCMA in the OXCTA-
dominant fullerene phase had an adverse impact on electron
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mobility and the device performance of the ternary-blend PSC
devices.

Figure S illustrates the energy-bandgap alignment of the
materials used in the ternary-blend PSCs in our system. Two
different bridging and trapping effects of Woxcra on the
performance of the P3HT:(OXCMA:OXCTA) PSCs were
observed to be dependent on the Wyxcra values: (a) bridging
effect of OXCTA for the case of Woycra= 0.1-0.3 and (b)
trapping effect by OXCMA for Woycra= 0.7—0.9. For the case in
which OXCMA was used as the additive in the ternary blend
(Woxcra= 0.7—0.9), OXCMA can act as charge-trapping sites in
the OXCTA-dominant fullerene phase due to the significantly
unmatched LUMO levels (about 0.33 eV) between OXCMA and
OXCTA.> The presence of electron traps could give rise to
immobilized electrons, which leads to highly unbalanced charge
transport. As a result, trap-assisted recombination loss via
combination of trap electrons and free holes can occur.**™>® In
contrast, when OXCTA was used as the additive in the ternary
blend (Woxcra = 0.1—0.3), OXCTA can produce a synergistic
effect on the device by bridging the P3HT and OXCMA
domains, as shown in Figure Sa. OXCTA molecules can enhance
the V¢ in the ternary device and, at the same time, promote
charge transfer at the P3HT /fullerene interface. Therefore, we
believe that the change in the electrical properties of the P3HT:
(OXCMA:OXCTA) ternary blend driven by two different
bridging and trapping effects of Wxcra was mainly responsible
for the nonlinear compositional dependence of the device
performance on Woxcra-

A deeper insight into the effect of Woxcpa or Woxcra On the
performance of the device can be obtained by measuring the
dependence of the Vi on light intensity, which determines the
degree of electron trapping and trap-assisted electron—hole
recombination. At open-circuit condition, all of the photo-
generated charge carriers recombined because there was no
current extraction. Therefore, at this condition, the photovoltaic
parameters of a solar cell are strongly influenced by the
recombination process.”****” Tt is well-known that the Vi
values of the PSCs depend on the natural logarithm of the light
intensity with a slope (S) with units of kzT/q (where kj is the
Boltzmann constant, T is temperature, and g is the elementary
charge). Thus, the magnitude of the slope S depends on the
strength of the charge recombination.>’ Figure 6 shows the
dependence of V¢ on light intensity for two different series of
P3HT:(OXCMA:OXCBA) and P3HT:(OXCMA:OXCTA) at
different Wgoxcpa or Woxcra values. The P3HT:(OXC-
MA:OXCBA) ternary-blend PSCs had similar values of S =
1.1—1.2 for the entire Wyycp, range, which explained the trend
of high Jsc and FF values in the PSCs that are independent of
Woxcpa- In contrast, there were striking differences in the effect
of Woxcpa and Woxcra on the slope S between two ternary
blends. The P3HT:(OXCMA:OXCTA) devices at Woycra= 0.3
exhibited a similar value of S = 1.19 + 0.05 as that at Woycpa= 0
(S =125 £ 0.05), but the presence of OXCMA in the OXCTA-
dominant fullerene phase induced significant increase in the
slope values (i.e., at Woxcra = 0.9, S= 3.22 + 0.25). First, our
results agreed well with the previous finding that binary-type
polymer:fullerene solar cells based on fullerene tris-adducts had a
larger dependence of the V¢ on light intensity than those of
mono- and bis-adducts fullerene.*® More importantly, the S value
at Woxcra = 0.9 was even 46% higher than that of the
P3HT:OXCTA blend (S =2.21 + 0.17). The strong dependence
of Voc on light intensity (large S) indicated the presence of
electrons in the trap level, thus trap-assisted recombination was
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Figure S. Energy levels (eV) of electrodes and materials used in our ternary-blend PSC system. The LUMO levels of the fullerene multiadducts
(OXCMA: —3.83 eV, OXCBA: —3.66 eV, and OXCTA: —3.50 eV) were estimated by CV measurements. Two different bridging and trapping effects on
the performance of the P3HT:(OXCMA:OXCTA) PSCs were observed to be dependent on the Wqycr4 values: (a) bridging effect of OXCTA for the
case of Woxcra = 0.1—0.3 and (b) trapping effect by OXCMA for Woxcra = 0.7—0.9.
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Figure 6. Vo values of various ternary-blend PSCs measured at
different light intensities. The slopes S of the V¢ vs light intensity in
units of [kT/q] for P3HT:(OXCMA:OXCBA) were determined: S =
1.25 + 0.05 (Woxcpa = 0); S = 1.08 + 0.05 (Woycpa = 0.3); S=1.14 +
0.07 (Woxcpa = 0.9); S = 1.19 + 0.05 (Woxcpa = 1). In contrast, the S
values for P3HT:(OXCMA:OXCTA) were strongly dependent on
Woxcra: S=1.25 +0.05 (Woxera=0); S = 1.19 £ 0.05 (Woxcra = 0.3);
S=3.22 + 0.25 (Woxcera = 0.9); S =2.21 + 0.17 (Woxera = 1).

dominant over Langevin recombination.>* Therefore, as shown
in Figure Sb, because the LUMO level of OXCMA (—3.83 eV)
was much lower than that of OXCTA (—3.50 eV), the electrons
in the P3HT:(OXCMA:OXCTA) that were trapped by the
addition of OXCMA promoted trap-assisted recombination,
which limited the Jsc and FF values of the PSCs. Similar effects
were reported by other groups using MDMO-PPV:PCBM:
TCNQ®® and PCDTBT:PCy,BM:PCg,BM>>***%% systems. In
other words, the nonlinear compositional dependence of the
photovoltaic behaviors and electron mobilities in the range of
Woxcra= 0.7—1.0 was caused mainly by the presence of the
charge-trapping sites of OXCMA.

Further evidence of the electron trapping effect of OXCMA in
two different series of P3HT:(OXCMA:OXCBA) and P3HT:
(OXCMA:OXCTA) ternary-blend PSCs were obtained by
investigating the values of saturation current density (Jo).
Because J; is a measure of “leakage” of charge carriers across
the P—N junction, which induces the nonideality of the diode, it
could provide useful information about the degree of the defect
states at the P3HT:fullerene interface.***%* Table 3 summa-
rizes the J, values that were measured for different P3HT:
(OXCMA:OXCBA) and P3HT:(OXCMA:OXCTA) ternary
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Table 3. Calculated ], Values from the y-Intercept of Log Plots
of the Dark Current Density against Applied Voltage in the
P3HT:(OXCMA:OXCBA) and P3HT:(OXCMA:OXCTA)
Ternary-blend PSCs

P3HT: Jo P3HT: To
(OXCMA:OXCBA) (mAcm™2) (OXCMA:OXCTA) (mA cm™2)
Woxcpa = 0 40x107° Woxcra= 0 40 % 107¢
Woxcpa = 0.3 5.6%x107° Woxcra= 0.3 6.9 %107
Woxcpa = 0.7 53x107° Woxcra= 0.7 1.1x107*
Woxcpa = 0.9 39107 Woxcra= 0.9 9.8 X 107*
Woxcsa = 1.0 3.3%x107° Woxcra= 1.0 42%107*

blends. Each ], value was determined from the y-intercept of log
plots of the dark current density against applied volta§e curves
(see Figure S5 in the Supporting Information).>>***"%* The
P3HT:(OXCMA:OXCBA) ternary-blend PSCs for the entire
Woxcsa range had similar ], values on the order of 1 X 107°.
Therefore, the possibility of OXCMA acting as charge-trapping
sites in the OXCBA-dominant fullerene phase should be low. In
contrast, for a series of the P3HT:(OXCMA:OXCTA) ternary-
blend PSCs, each sample had significantly different ], values. The
P3HT:(OXCMA:OXCTA) devices at Woxcra = 0and 0.3 had J,
values of 4.0 X 107® and 6.9 X 1075, respectively, which are
similar to those of the P3HT:(OXCMA:OXCBA) PSCs. In
contrast, the J, values was dramatically increased by 2 orders of
magnitude when Wgycr, is higher than 0.7. Among them, the
device at Woycra = 0.9 exhibited the highest J, value of 9.8 X
107* and, thus, the highest defect sites in the device. Therefore,
the trend of measured J; values was in excellent agreement with
the trends of the electron mobility as well as the light intensity-
dependent V¢ values in both types of ternary-blend PSCs.

B CONCLUSIONS

We investigated the effect of the fullerene tris-adduct, OXCTA as
a ternary acceptor on the photovoltaic behaviors of P3HT:
(fullerene monoadduct:OXCTA). OXCTA additives can
enhance the Vc and PCE values in the P3HT:(OXCMA:OXC-
TA) ternary device by producing synergistic bridges between the
P3HT and OXCMA domains. For example, the device at
Woxcra = 0.3 showed 4% in PCE, which was about 10% increase
compared to that of the PBHT:OXCMA reference device. To the
best of our knowledge, our ternary-blend approach is the first
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successful example for the use of the fullerene tris-adducts in
PSCs. For the range of Woxcra = 0.7—1.0, there was a striking
difference in the photovoltaic trend of the P3HT:(OXC-
MA:OXCTA) devices in terms of Wgxcra. P3HT:(OXC-
MA:OXCTA) ternary-blend PSCs had a nonlinear composi-
tional dependence of the photovoltaic trends in contrast to those
of P3HT:(OXCMA:OXCBA) ternary-blend PSCs. OXCMA
additives act as charge-trapping sites in the P3HT:(OXC-
MA:OXCTA), thus preventing efficient charge transport and
promoting trap-assisted recombination, as evidenced by the
dramatic decrease in the SCLC electron mobility and much
stronger dependence of V¢ on light intensity. For example, the
electron mobility at Woxcra = 0.9 was four times lower than that
at Woxcra = 1.0, whereas the slope of the Vi, dependence on
light intensity at Woyxcra = 0.9 was 46% higher than that at
Woxcra = 1.0. Our work provides a model system for
fundamental understanding of the ternary-blend device function
based on one donor-two fullerene acceptors and suggests the
design rule of ternary-blend for efficient PSCs.
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