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ABSTRACT: Bis-adduct fullerenes surrounded by two
insulating addends sterically attenuate intermolecular inter-
action and cause inferior electron transportation. In this
research, we have designed and synthesized a new class of bis-
adduct fullerene materials, methylphenylmethano-C60 bis-
adduct (MPC60BA), methylthienylmethano-C60 bis-adduct
(MTC60BA), methylphenylmethano-C70 bis-adduct
(MPC70BA), and methylthienylmethano-C70 bis-adduct
(MTC70BA), functionalized with two compact phenylmethyl-
methano and thienylmethylmethano addends via cyclopropyl
linkages. These materials with much higher-lying lowest
unoccupied molecular orbital (LUMO) energy levels success-
fully enhanced the Voc values of the P3HT-based solar cell devices. The compact phenylmethylmethano and
thienylmethylmethano addends to promote fullerene intermolecular interactions result in aggregation-induced phase separation
as observed by the atomic force microscopy (AFM) and transmission electron microscopy (TEM) images of the poly(3-
hexylthiophene-2,5-diyl) (P3HT)/bis-adduct fullerene thin films. The device based on the P3HT/MTC60BA blend yielded a Voc
of 0.72 V, a Jsc of 5.87 mA/cm2, and a fill factor (FF) of 65.3%, resulting in a power conversion efficiency (PCE) of 2.76%. The
unfavorable morphologies can be optimized by introducing a solvent additive to fine-tune the intermolecular interactions. 1-
Chloronaphthalene (CN) having better ability to dissolve the bis-adduct fullerenes can homogeneously disperse the fullerene
materials into the P3HT matrix. Consequently, the aggregated fullerene domains can be alleviated to reach a favorable
morphology. With the assistance of CN additive, the P3HT/MTC60BA-based device exhibited enhanced characteristics (a Voc of
0.78 V, a Jsc of 9.04 mA/cm2, and an FF of 69.8%), yielding a much higher PCE of 4.92%. More importantly, the additive-assisted
morphological optimization is consistently effective to all four compact bis-adduct fullerenes regardless of the
methylphenylmethano or methylthienylmethano scaffolds as well as C60 or C70 core structures. Through the extrinsic additive
treatment, these bis-adduct fullerene materials with compact architectures show promise for high-performance polymer solar
cells.
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■ INTRODUCTION

Bulk heterojunction (BHJ) solar cells containing a mixture of
photoactive donor and acceptor materials have attracted
enormous academic and industrial attention.1−6 Fullerene
derivatives have been the most widely used n-type materials in
BHJ photovoltaics due to their low-lying lowest unoccupied
molecular orbital (LUMO) energy levels, fast photoinduced
electron transfer, and high electron mobilities.7−12 The power
conversion efficiency (PCE) of photovoltaic devices is governed
by open-circuit voltage (Voc), short-circuit current density (Jsc),
and fill factor (FF). It is known that the magnitude of Voc is
generally proportional to the energy offset between the highest
occupied molecular orbital (HOMO) energy level of the donor
and the LUMO level of the acceptor.13−15 Therefore, raising the
LUMO energy level of a fullerene acceptor is regarded as a
practical way to obtain a greater Voc value. Compared to a
monoadduct fullerene, saturating two double bonds in a C60 or
C70 results in the formation of a bis-adduct fullerene with a

notable upward shift of the LUMO energy level.9,16−45 However,
the implantation of two insulating addends on a fullerene might
sterically shield the spherical surface from close packing. The
higher content of insulting moieties as well as the attenuation of
intermolecular interaction of a bis-adduct fullerene would reduce
its electron mobility and decrease the photocurrent of the device,
resulting in a trade-off between Voc and Jsc.

46 Therefore, using a
more compact addend to construct a bis-adduct fullerene could
be a solution to maintain higher-lying LUMO energy levels
without sacrificing charge transport capability. The well-known
monoadduct phenyl-C61-butyric acid methyl ester (PCBM) and
bis-adduct PCBM use (butyric acid methyl ester)phenyl
methano moiety as the addends through cyclopropyl groups as
the linkage. By cutting of the butyric acid methyl ester moiety in
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the bis-adduct PCBM, herein we design and synthesize a
methylphenylmethano C60 bis-adduct (MPC60BA) and a
methylphenylmethano C70 bis-adduct (MPC70BA) using a
more compact phenylmethylmethano addend. Besides, their
thiophene-based analogues, methylthienylmethano C60 bis-
adduct (MTC60BA) and methylthienylmethao C70 bis-adduct
(MTC70BA), were also designed and synthesized, respectively
(Scheme 1). The MPC60BA, MPC70BA, MTC60BA, and

MTC70BA materials functionalized with two compact addends
via cyclopropanation are expected to enhance intermolecular
interactions between the fullerene cages for facile charge
transportation. Nevertheless, these compact fullerene architec-
tures could also give rise to aggregation-induced phase
separation, which turns out to reduce the p/n interfacial area.
Incorporation of a solvent additive into a binary blending system
has been commonly used to manipulate the donor/acceptor
interactions and alter the morphology. This strategy is
particularly effective and successful for various low band gap
conjugated polymers47−65 and small molecules66,67 in combina-
tion with PC61BM or PC71BM. Despite the fact that some bis-
adduct fullerene materials have been developed, utilizing the

additive strategy to optimize the morphology of the bis-adduct
fullerene-based binary systems is only sporadically reported and
worthy of in-depth investigation.68 In this research, morpho-
logical engineering using an additive strategy will be employed to
tailor the morphology of P3HT/bis-adduct fullerenes. We found
that 1-chloronaphthalene (CN) is able to intercalate the bis-
adduct fullerenes into the P3HT polymer network to suppress
them from severe aggregation. With the assistance of CN
additive, more homogeneous P3HT/bis-adduct fullerenes
blends with nanoscaled phase separation and bicontinuous
network were obtained. The morphological optimization
benefits the exciton dissociation and charge transportation. By
employing the structural modification and the solvent additive
strategy, the P3HT/MTC60BA-based device yielded the highest
PCE of 4.92% with a Voc of 0.78 V.

■ RESULTS AND DISCUSSION

Synthesis. The synthetic routes for the bis-adduct fullerene
materials are shown in Scheme 2. The acetophenone (1a) and 2-
acetylthiophene (1b) were first converted to the corresponding
tosylhydrazone compounds 2a and 2b. In the presence of NaH,
two equivalents of compound 2 were reacted with C60 or C70 to
furnish the correspondingMPC60BA, MTC60BA, MPC70BA, and
MTC70BA bis-adducts, respectively. These bis-adduct isomers
were separated from the monoadduct and tris-adduct isomers by
multiple chromatography. 1H NMR spectra of the materials
indicated that the final products are a mixture of regioisomers.

Thermal Properties. Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) were used to
investigate the thermal properties (Figures 1 and 2). The bis-
adduct fullerenes exhibited notably high decomposition temper-
atures (Td) at 5% weight loss (613 °C for MPC60BA, 535 °C for
MPC70BA, 513 °C for MTC60BA, and 447 °C for MTC70BA).
The methylphenylmethano scaffolds on fullerenes resulted in
higher thermal stability than themethylthienylmethano scaffolds.
It should be noted that the well-known indene-C60 bis-adduct
(ICBA) fullerene exhibited much lower Td of 250 °C because of
the retro Diels−Alder reaction.69 This result reveals that the
cyclopropyl moiety is a superb bis-adduct linkage in terms of
thermal stability.
Compared to PC61BM, the bis-adduct fullerenes showed

relatively broad endothermic melting transitions above 250 °C in
the DSC measurements, suggesting that a mixture of

Scheme 1. Chemical Structures of PC61BM, Bis-PC61BM,
MPC60BA, MTC60BA, MPC70BA, and MTC70BA

Scheme 2. Synthetic Routes of MPC60BA, MTC60BA, MPC70BA, and MTC70BA
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regioisomers leads to more irregular molecular packing (Figure
2).
Optical Properties. UV−vis spectra of the bis-adduct

fullerenes and PC61BM in the toluene were measured under
the concentration of 10−5 M for comparison (as shown in Figure
3). MTC60BA and MPC60BA showed stronger absorption
intensity than PC61BM. MTC70BA and MPC70BA indeed
exhibited stronger and broader absorption compared to their

C60 analogues in the visible region of 400−700 nm.70 These
results indicate that the bis-adduct fullerenes offer an advantage
over PC61BM on light-harvesting capability.

Electrochemical Properties. The electrochemical proper-
ties of these materials were investigated by cyclic voltammetry in
Figure 4. There are three well-defined and reversible redox waves

for the four materials in the potential ranging from 0 to −2.5 V.
The first reduction potential of these materials shifts negatively
by ca. 0.1 eV compared to that of PC61BM. The LUMO energy
levels of the four materials are estimated to be ca. −3.80 eV
regardless of methylthienylmethano or methylphenylmethano
scaffold on C60 or C70. Because of the much higher-lying LUMO
energy levels, enhanced Voc values of the P3HT/bis-adduct-
based devices could be expected. The onset values of the first
reduction potentials and the estimated LUMO energy levels of
the bis-adduct fullerene derivatives are listed in Table 1.

Photovoltaic and Electron-Mobility Characteristics. To
evaluate these bis-adduct fullerene materials, the BHJ solar cells
based on the configuration of (indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/
P3HT:bis-adduct fullerene/Ca/Al) were fabricated and charac-
terized under simulated 100 mW/cm2 AM 1.5 G illumination.
The current density−voltage curves of the devices are shown in
Figure 5; the corresponding device characteristics with the
optimal blending ratio are shown in Table 2.
All the devices using the bis-adduct fullerenes showed the

much improved Voc values compared to that of traditional
P3HT/PC61BM-based devices. However, the devices exhibited
inferior current densities, which could be presumably ascribed to
the severe aggregation of the bis-adduct fullerenes, resulting in
reduction of p/n junction interfaces and depression of exciton
dissociation. The device using P3HT/MTC60BA blend (1:1 wt
%) exhibits a Voc of 0.72 V, a Jsc of 5.87 mA/cm2, and an FF of
65.3%, resulting in a PCE of 2.76%. The unfavorable morphology
can be optimized by introducing a small amount 1-chloronaph-

Figure 1. Thermogravimetric analysis (TGA) measurement of the bis-
adduct fullerenes with a heating rate of 10 °C/min.

Figure 2. Differential scanning calorimetry (DSC) measurement of the
bis-adduct fullerenes with a heating rate of 10 °C/min.

Figure 3. Absorption spectra of the bis-adduct fullerenes in toluene
solutions (10−5 mol/L).

Figure 4. Cyclic voltammetry of the bis-adduct fullerenes at a scan rate
of 100 mV/s.

Table 1. Onset Values of the First Reduction Potentials and
the Estimated LUMO Energy Levels of the Bis-Adduct
Fullerenes

MTC60BA MTC70BA MPC60BA MPC70BA PC61BM

first reduction
potential (V)

−0.89 −0.88 −0.87 −0.90 −0.8

LUMO (eV) −3.81 −3.82 −3.83 −3.80 −3.90
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thalene (CN) as the processing additive in the active layer. The
P3HT/MTC60BA blend (1:1 wt %)-based device with 3 wt %
CN showed significant improvement of performance with a Voc
of 0.78 V, a Jsc of 9.04 mA/cm2, an FF of 69.8%, and a PCE of
4.92%. Similarly, the device based on P3HT/MPC70BA blend
(1:1 wt %) originally delivered a Voc of 0.78 V, a Jsc of 6.04 mA/
cm2, an FF of 60.4%, and a PCE of 2.84%, but showed a
dramatically improved PCE of 4.5% when 5 wt % CN was
introduced (a Voc of 0.86 V, a Jsc of 8.0 mA/cm2, and an FF of
67%). The positive effect of the CN additive is also applicable to
the MTC70BA and MPC60BA systems. After incorporating 5 wt
%CN additive, the P3HT/MTC70BA-based device improved the
PCE from 3.2% to 3.84%, while the device using P3HT/
MPC60BA improved the PCE from 2.55% to 3.05%. The new
class of bis-adduct fullerene materials exhibit higher FF but lower
Jsc compared with the reference PC61BM. Bis-adduct fullerenes
contain a mixture of isomers that may sterically and electronically
affect the electron transportation.34

Morphological Optimization. The surface morphology of
the P3HT/bis-adduct fullerene blends were investigated by
atomic force microscopy (AFM) shown in Figure 6. The images
of P3HT/MTC60BA (1:1 in wt %), P3HT/MPC60BA (1:0.6 in
wt %), P3HT/MTC70BA (1:0.6 in wt %), and P3HT/MPC70BA
(1:1 in wt %) thin films prepared by spin-coating showed obvious
phase separation due to the strong aggregation of the bis-adduct

fullerenes. This implies that these bis-adduct fullerenes with
compact addends have stronger intermolecular interactions. In
sharp contrast, the domain size in the AFM phase images became
much smaller when the CN additive was introduced, indicating
that the fullerene aggregation is significantly alleviated. The
phenomena were consistently observed in all four P3HT/bis-
adduct fullerene materials, indicating that using CN additive is a
general approach to improve the morphology of these compact
bis-adduct fullerenes. These results are in good agreement with
the improved current densities and fill factors of the devices.
Transmission electron microscopy (TEM) was also used to
observe the morphological evolution before and after adding CN
(Figure 7). Without using CN, the microsized cracks were
observed in the P3HT/MTC60BA film as a result of severe phase
separation of the active layer. Nevertheless, these cracks
disappeared in the film in the presence of 3 wt % CN. These
results are consistent with the morphological evolution of the
AFM images.
The hole and electron mobilities in the binary blends were

evaluated by the space-charge limited current (SCLC) method.
The electron-only devices (ITO/ZnO/P3HT:bis-adduct full-
erene/Ca/Al) and the hole-only devices (ITO/PEDOT:PSS/
P3HT:bis-adduct fullerene/Au) were fabricated (Table 3). The
active layer morphologies in the hole- and electron-only devices
have been optimized by using the CN additive conditions
described above. The bis-adduct fullerenes generally exhibited
slower electron mobilities than PC61BM. Nevertheless, the
MPC60BA-, MTC60BA-, MPC70BA-, and MTC70BA-based
devices showed comparable or even higher electron mobilities
than the PC61BM-based device (ca. 10−5 cm2/(V s)) (Table 3).
This indicates that the compact fullerene architecture benefits
the electron hopping. Furthermore, P3HT/bis-adduct fullerenes
showed similar hole mobilities, suggesting the bis-adduct
fullerenes do not affect P3HT polymer packing. It is also
noteworthy that the thiophene-containing MTC60BA and
MTC70BA devices exhibited higher hole mobilities than the
phenyl-containing MPC60BA nad MPC70BA devices.

■ CONCLUSIONS
We have designed a new class of bis-adduct fullerenes MPC60BA,
MTC60BA, MPC70BA, and MTC70BA by introducing two
compact methylphenylmethano and methylthienylmethano
scaffolds on C60 and C70, respectively. These materials,
synthesized by one-step double cyclopropanation, possess
much high-lying LUMO energy levels of ca. −3.8 eV to
successfully achieve higher Voc values (0.76−0.86 V) in
comparison with the P3HT/PC61BM-based device (0.62 V).
The P3HT/bis-adduct fullerene thin films exhibited severe phase
separation due to the strong intermolecular interactions between
the compact spherical structures of the fullerene materials. The
fullerene aggregation leads to a significant reduction in p/n
interfaces, which are responsible for much lower short-circuit
currents of the P3HT/bis-adduct fullerene devices. For instance,
the device using P3HT/MTC60BA showed a decent Voc of 0.72 V
and FF of 65% but a poor Jsc of 5.87 mA/cm

2 and, thus, a limited
PCE of 2.76%. To circumvent this morphological problem, we
found that 1-chloronaphthalene (CN) is an effective additive to
prevent severe aggregation. By incorporating 5 wt % CN as an
additive, the device exhibited an improved Voc of 0.78 V, a Jsc of
9.04 mA/cm2, and a fill factor of 69.8%, leading to a higher PCE
of 4.92%. Similarly, the PCE of the P3HT/MPC70BA-based
device improved from 2.84% to 4.5% after using 5 wt % CN
additive. The P3HT/MTC70BA-based devices (from 3.20% to

Figure 5. Current density−voltage characteristics of ITO/PE-
DOT:PSS/P3HT:bis-adduct fullerene/Ca/Al devices under illumina-
tion of AM 1.5 G with 100 mW/cm2.

Table 2. Device Characteristics Based on (ITO/
PEDOT:PSS/P3HT:Bis-Adduct Fullerene/Ca/Al)
Configuration

P3HT:bis-adduct fullerene
Voc
(V)

Jsc
(mA/cm2)

FF
(%)

PCE
(%)

MPC60BA (1:0.6 in wt %) without
CN

0.76 5.53 60.1 2.55

MPC60BA (1:0.6 in wt %) with 5 wt %
CN

0.76 6.02 66.7 3.05

MTC60BA (1:1 in wt %) without CN 0.72 5.87 65.3 2.76
MTC60BA (1:1 in wt %) with 3 wt %
CN

0.78 9.04 69.8 4.92

MPC70BA (1:1 in wt %) without CN 0.78 6.04 60.4 2.84
MPC70BA (1:1 in wt %) with 5 wt %
CN

0.86 8.02 67.0 4.50

MTC70BA (1:0.6 in wt %) without
CN

0.78 7.05 58.2 3.20

MTC70BA (1:0.6 in wt %) with 5 wt %
CN

0.80 7.27 66.1 3.84

PC61BM (1:1 in wt %) 0.62 9.75 58.3 3.52
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3.84%) and P3HT/MPC60BA-based devices (from 2.55% to
3.05%) also showed improved performance. With the assistance
of CN additive to well disperse fullerene materials into the P3HT
matrix, the more homogeneous P3HT/bis-adduct fullerenes thin
films were formed. Therefore, the electron mobilities and Jsc
values were significantly improved. By combining intrinsic
structural modification and extrinsic additive treatment to
control the intermolecular fullerene interactions, the compact

bis-adduct fullerene materials with high synthetic efficacy are
promising for high-performance polymer solar cells.

■ EXPERIMENTAL SECTION
Synthesis of CompoundMTC60BA.To a toluene solution (1 L) of

compound 2b (0.66 g, 2.24 mmol) was added sodium hydride (0.26 g,
10.8 mmol) quickly under nitrogen. After the solution was stirred at
room temperature for 20 min, C60 (0.8 g, 1.11 mmol) was added. The

Figure 6.Atomic force microscopy phase images of the blends before adding CN (a) P3HT/MTC60BA (1:1 in wt %), (c) P3HT/MPC60BA (1:0.6 in wt
%), (e) P3HT/MTC70BA (1:0.6 in wt %), and (g) P3HT/MPC70BA (1:1 in wt %) blends; after adding CN (b) P3HT/MTC60BAwith 3 wt % CN, (d)
P3HT/MPC60BA with 5 wt % CN, (f) P3HT/MTC70BA with 5 wt % CN, and (h) P3HT/MPC70BA with 5 wt % CN.
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solution was heated to reflux at 120 °C for 24 h. After cooling to room
temperature, the solution was extracted with NH4Cl(aq). The organic
layer was dried over anhydrous MgSO4, and the solvent was removed by
concentration. Finally, the mixture was loaded into a silica gel column,
using toluene and hexane (v/v, 1/4) as the eluent. The solid was
reprecipitated in methanol from toluene five times. The brown solid was
filtered and washed twice with methanol and dried overnight under
vacuum to get the red−brown MTC60BA (85 mg, 8%). MS (FAB)m/z:
940.
Synthesis of CompoundMTC70BA. In a similar manner described

above, MTC70BA was obtained from 2b (95 mg, 13%). MS (FAB) m/z:
1060.
Synthesis of CompoundMPC60BA. In a similar manner described

above, MPC60BAwas obtained from 2a (100 mg, 15%). MS (FAB)m/z:
928.
Synthesis of CompoundMPC70BA. In a similar manner described

above, MPC70BA was obtained from 2a (80 mg, 10%). MS (FAB) m/z:
1048.
General Measurement and Characterization. All chemicals

were purchased from Aldrich and Acros, unless otherwise specified. 1H
spectra were recorded on a Varian Unity-300 spectrometer. Differential
scanning calorimetry (DSC) was measured on TA Q200 Instrument
under a nitrogen atmosphere at a heating rate of 10 °C/min, and
thermogravimetric analysis (TGA) was recorded on a PerkinElmer Pyris
system under nitrogen atmosphere at a heating rate of 20 °C/min.
Absorption spectra were collected on a Hitachi U-4100 spectropho-
tometer. Electrochemical cyclic voltammetry (CV) was conducted on a
CH Instruments electrochemical analyzer as the workstation. A carbon
glass was used as the working electrode, Pt wire was used as the counter
electrode, and Ag/Ag+ electrode (0.01 M AgNO3, 0.1 M tetrabuty-
lammonium perchlorate (TBAP) in acetonitrile) was used as the
reference electrode in a mixed solution of o-dichlorobenzene/
acetonitrile (4:1) with 0.1M tetrabutylammonium hexafluorophosphate
(TBAPF6) at 100 mV/s. LUMO = −e (Ered on + 4.75), where Ered on is
the onset reduction potential (in volts) versus Ag/Ag+. The AFM images
under tapping mode were taken on a Veeco INNOVAMicroscope AFM
system with a INNOVA Nanodrive controller.
Transmission Electron Microscopy (TEM) Observation. TEM

observations were performed in bright-field, high-resolution mode on a

JEOL JEM-2010 transmission electron microscope with an accelerating
voltage of 200 kV equipped with a Gatan-831 charge-coupled device
(CCD) camera. The thin-film sample was first spin-coated onto a ITO
substrate covered with 40 nm of PEDOT:PSS. The sample was then
immersed into water to dissolve the PEDOT:PSS layer and separate the
thin films from the ITO substrate. Thin films floated on a water surface
were picked up by copper grids coated with an amorphous carbon layer,
dried under vacuum overnight, and used in the TEM observations.

Device Fabrication and Characterization. The ITO/glass
substrates were first cleaned in ultrasonic baths of isopropyl alcohol,
acetone, and isopropyl alcohol, respectively. These were treated with
UV−ozone for 20 min. Then, the surface of the ITO substrate was
modified by spin-coating PEDOT:PSS solution (Clevios P AI4083),
followed by baking at 170 °C for 15 min in a glovebox. The mixture
solution of P3HT (18 mg) and bis-adduct fullerenes (18 mg)
(MTC60BA, MPC70BA) or P3HT (13 mg) and bis-adduct fullerenes
(7.8 mg) (MPC60BA, MTC70BA) in 1 mL of o-dichlorobenzene
(ODCB) was then spin-coated onto the PEDOT:PSS layer. The
P3HT:bis-adduct fullerene blend film was then put into glass Petri
dishes while still wet, to undergo a solvent annealing process. After
drying, the samples were annealed at 150 °C for 10 min prior to the
cathode electrode deposition. The cathode, which was made of calcium
(35 nm thick) and aluminum (100 nm thick), was sequentially
evaporated through a shadow mask under high vacuum (<10−6 Torr).
Each sample consists of four independent pixels defined by an active area
of 0.04 cm2. Finally, the devices were encapsulated and characterized in
air. The devices were characterized under 100 mW/cm2 AM 1.5
simulated light measurement (Yamashita Denso solar simulator).
Current density (J−V) characteristics of devices were obtained by a
Keithley Model 2400 SMU system. Solar illumination conforming the
JIS Class AAA was provided by a SAN-EI 300W solar simulator
equipped with an AM 1.5G filter. The light intensity was calibrated with
a Hamamatsu S1336-5BK silicon photodiode. The performances
presented here are the average of the four pixels of each device. To
investigate the electron mobilities of the different blend films, unipolar
devices have been prepared following the same procedure except that
the PEDOT:PSS layer is replaced by evaporated ZnO (40 nm). For the
hole-only device, Al is replaced by evaporated Au (40 nm). The electron
and hole mobilities were calculated according to space-charge limited
current (SCLC) theory. The J−V curves were fitted according to the
following equation: J = (9/8)εμ(V2/L3) where ε is the permittivity of
the blend film, μ is the hole mobility, and L is the film thickness.
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Figure 7. Transmission electron microscopy (TEM) images of P3HT/
MTC60BA (1:1 wt %) (a) before adding CN and (b) after adding 3 wt %
CN.

Table 3. Carrier Mobilities of the Blends Extracted from the
Space-Charge Limited Current Method

P3HT:bis-adduct fullerenes
with CN

hole mobilitya

(cm2/V s)
electron mobilityb

(cm2/V s)

MPC60BA (1:0.6 wt %) 1.4 × 10−4 2.3 × 10−5

MTC60BA (1:1 wt %) 2.8 × 10−4 1.8 × 10−5

MPC70BA (1:1 wt %) 5.6 × 10−5 3.2 × 10−5

MTC70BA (1:0.6 wt %) 1.5 × 10−4 5.6 × 10−5

PC61BM (1:1 wt %) 9.4 × 10−5 2.1 × 10−5

aHole-only devices based on (ITO/PEDOT:PSS/P3HT:bis-adduct
fullerene/Au). bElectron-only devices based on (ITO/ZnO/
P3HT:bis-adduct fullerene/Ca/Al).
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