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ABSTRACT: The photovoltaic performance of poly(3-hexylthiophene) (P3HT) has been improved greatly by using indene−
C60 bisadduct (ICBA) as acceptor instead of phenyl-C61-butyric acid methyl ester (PCBM). However, the solvent of
dichlorobenzene (DCB) used in fabricating polymer solar cells (PSCs) limited the application of the PSCs, because of the
environmental problem caused by the harmful halogenated solvent. In this work, we fabricated the PSCs based on P3HT/ICBA
processed with four low-harmful non-halogenated solvents of toluene, o-xylene, m-xylene, and p-xylene. The PSCs based on
P3HT/ICBA (1:1, w/w) with toluene as the solvent exhibit the optimized power conversion efficiency (PCE) of 4.5% with
open-circuit voltage (Voc) of 0.84 V, short circuit current density (Jsc) of 7.2 mA/cm2, and fill factor (FF) of 71%, under the
illumination of AM 1.5G at 100 mW/cm2. Upon using 1% N-methyl pyrrolidone (NMP) as a solvent additive in the toluene
solvent, the PCE of the PSCs was greatly improved to 6.6% with a higher Jsc of 10.3 mA/cm

2 and a high FF of 75%, which is even
higher than that of the devices fabricated with halogenated DCB solvent. The X-ray diffraction (XRD) measurement shows that
the crystallinity of P3HT increased with the NMP additive. The investigations on morphology of the active layers by atomic force
microscopy (AFM) and transmission electron microscopy (TEM) indicate that the NMP additive promotes effective phase
separation and formation of nanoscaled interpenetrating network structure of the active layer, which is beneficial to the
improvement of Jsc and PCE for the PSCs fabricated with toluene as the solvent.
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■ INTRODUCTION

Bulk-heterojunction (BHJ) polymer solar cells (PSCs) possess
a simple sandwich structure with a thin blend layer of a
conjugated polymer donor and a fullerene derivative acceptor
between two electrodes. The two electrodes include a high
workfunction positive electrode and a low workfunction
negative electrode, and at least one of them should be
transparent. In comparison to inorganic semiconductor solar
cells, PSCs demonstrate advantages of low cost, lightweight,
and capability to be fabricated into flexible devices. Therefore,
in recent years, PSCs have drawn great interest from basic
research scientists and the industrial community.1−11

Poly(3-hexylthiophene) (P3HT) is the most representative
conjugated polymer donor, with the advantages of higher hole
mobility and crystalline structure, which makes it easy to form a
nanoscaled interpenetrating network with fullerene derivative
acceptors. In addition, good reproducibility of the photovoltaic
performance and thicker (ca. 200 nm) optimized active-layer
thickness of the PSCs based on P3HT as a donor are also very
attractive for large area production of the PSCs. Therefore, a
large amount of research work has focused on the optimization
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of the photovoltaic performance of P3HT by thermal
annealing,12 solvent annealing,13 and new acceptors.14−28

Especially, the fullerene bisadduct acceptors with higher lowest
unoccupied molecular orbital (LUMO) energy level than
PC60BM ([6,6]-phenyl-C61-butyric acid methyl ester) improved
the photovoltaic performance of P3HT greatly.16−25 For
example, with indene−C60 bisadduct (ICBA) as an acceptor
and o-dichlorobenzene (o-DCB) as a processing solvent, the
open circuit voltage (Voc) and power conversion efficiency
(PCE) of the PSCs based on P3HT reached 0.84 V and 6.48%,
respectively,18 in comparison to the open-circuit voltage (Voc)
of 0.58 V and PCE of 3.84% for the PSCs with phenyl-C61-
butyric acid methyl ester (PCBM) as an acceptor under the
same experimental conditions. However, the halogenated
solvent of o-DCB is toxic, which is a serious problem for
future large area fabrication and application, because the solvent
has to be evaporated to air during the device fabrication
processes. Actually, the solvents used at present in fabricating
high-performance PSCs are all of the toxic halogenated

solvents, including chloroform (CF), chlorobenzene (CB),
and o-DCB. Therefore, it is of crucial importance to replace the
toxic halogenated solvents with environmentally friendly
solvent.
Non-halogenated organic solvents, such as toluene and

isomers of xylene, are of low toxicity and easier to be removed
from their environmental accumulation.29 Actually, toluene and
xylene are widely used solvents in fabricating polymer light-
emitting diodes (PLEDs) because they are good solvents for
the representative light-emitting polymers of poly(2-methoxy-
5-[20-ethyl-hexyloxy]-1,4-phenylenevinylene) (MEH-PPV)
and poly(2-methoxy-5-(30,70-dimethyloctyloxy)-1,4-phenyle-
nevinylene) (MDMO-PPV). However, in early studies of
PSCs based on MEH-PPV or MDMO-PPV as the donor and
PC60BM as the acceptor, the devices fabricated with o-DCB as
the solvent showed better photovoltaic performance than that
processed with xylene,30 and the CB solvent demonstrated 2.6
times higher efficiency than the toluene solvent for the PSCs
based on MDMO-PPV/PCBM.31 Then, in the following

Scheme 1. Molecular Structures of (a) Active-Layer Materials and (b) Non-halogenated Solvents

Figure 1. Absorption spectra for calculating solubility: (a and c) absorption spectra of standard solutions of ICBA and PCBM, respectively, (b) plot
of ICBA absorbance at 248 nm versus concentration, and (d) plot of PCBM absorbance at 332 nm versus concentration.
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studies of PSCs, almost all of the researchers used CB, o-DCB,
or CF as the solvents to fabricate the devices for pursuing
higher efficiency. Recently, non-halogenated solvents attracted
attention from the consideration of environmental issues
caused by the halogenated solvents.32−35 Park et al. used a
mixed solvent of acetophenone and mesitylene instead of o-
DCB in fabricating the PSCs based on P3HT/PCBM and
obtained a PCE of 3.38%.32 Jen et al. reported high-efficiency
PSCs based on poly(indacenodithiophene-co-phenanthro[9,10-
b]quinoxaline) (PIDT-PhanQ) with PCE > 6% using toluene
as the processing solvent and 2% 1-methylnaphthalene as the
solvent additive33 and PCE > 7% for the PSCs based on
indacenodithieno[3,2-b]thiophene−difluorobenzothiadiazole
(PIDTT−DFBT) using 1,2,4-trimethylbenzene as the process-
ing solvent and 2.5 vol % of 1,2-dimethylnaphthalene as the
solvent additive.34

In this work, we used the non-halogenated solvent, including
toluene, o-xylene, m-xylene, and p-xylene (as shown in Scheme
1), to fabricate the PSCs based on P3HT/ICBA and optimized
the photovoltaic performance of the PSCs using non-
halogenated N-methyl pyrrolidone (NMP) solvent additive.
Under the optimized conditions with the P3HT/ICBA weight
ratio of 1:1, using toluene solvent with 1% vol NMP additive
and pre-thermal annealing at 150 °C for 10 min, a PCE as high
as 6.6% was achieved, with a Voc of 0.85 V, a short circuit
current density (Jsc) of 10.3 mA/cm2, and a fill factor (FF) of
75%, under the illumination of AM 1.5G, 100 mW/cm2. The
photovoltaic performance of the PSCs processed with the non-
halogenated solvent is even better than that of the device
processed with the halogenated o-DCB solvent.

■ RESULTS AND DISCUSSION

Photovoltaic Properties. First, we fabricated the P3HT/
PCBM-based PSC devices using non-halogenated toluene
solvent with a typical structure of indium tin oxide (ITO)/
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PE-
DOT:PSS)/P3HT/PCBM/Ca/Al. Figure S1 of the Supporting
Information shows the current density−voltage (J−V) and the
external quantum efficiency (EQE) curves of the PSCs based
on P3HT/PCBM (1:1, w/w) using toluene as the solvent
under the optimized conditions of P3HT/PCBM weight ratio
of 1:1 and pre-thermal annealing at 150 °C for 10 min. The Voc,
Jsc, and FF of the PSC are 0.64 V, 5.0 mA/cm2, and 58%,
respectively, leading to a low PCE of 1.8%.
As known, the solubility of a fullerene derivative strongly

affects the efficiency of the PSCs,36 PCBM shows poor
solubility in many non-halogen solvents,37 but ICBA shows
good solubility in the non-halogenated solvent;38 therefore, we
can expect that the PSCs based on P3HT/ICBA with non-
halogenated solvent could obtain a higher PCE. To understand
the effect of solubility of the fullerene derivatives in the non-
halogenated solvent on the photovoltaic performance of the
PSCs processed with the non-halogenated solvent, we
measured the solubility of ICBA and PCBM in the toluene
solvent with the standard calibration curve method. The
detailed measurement processes are described in the Exper-
imental Section. Figure 1 shows the standard calibration curves
for ICBA and PCBM. The solubility values calculated from the
working curves are 94.5 mg/mL for ICBA and 9.5 mg/mL for
PCBM. Obviously, ICBA is a promising acceptor for the PSCs
processed with toluene solvent from the solubility point of
view.

The PSC devices were fabricated with a typical structure
using P3HT/ICBA (1:1, w/w) as the active layer with pre-
thermal annealing at 150 °C for 10 min, to investigate the effect
of processing solvents (o-DCB, toluene, o-xylene, m-xylene, and
p-xylene) on the photovoltaic performance of the PSCs. Figure
2a shows the dark and photo J−V curves of the optimized PSCs

based on P3HT/ICBA with different processing solvents. Table
1 summarizes the photovoltaic performance data of the PSCs,
including the Voc, Jsc, FF, and PCE of the devices. It can be seen
that, when the processing solvent is the commonly used o-
DCB, the PCE is 4.0%. The non-halogenated solvent toluene
gave better photovoltaic performance with PCE of 4.5%, while
the non-halogenated solvents of o-xylene, m-xylene, and p-
xylene gave similar PCE values of 3.9−4.0% in comparison to
the halogenated solvent o-DCB. Obviously, the PSCs fabricated
with the toluene solvent demonstrated the highest PCE with a
higher Jsc and a higher FF. Furthermore, the morphologies of
the P3HT/ICBA blend coated from different non-halogenated
solvent were investigated by atomic force microscopy (AFM),
as shown in Figure S2 of the Supporting Information. It was
found that the blend film coated from toluene showed the best
morphology with well phase separation, which is in agreement
with the device performance.
The EQE of the PSCs based on P3HT/ICBA (1:1, w/w)

with different processing solvents are shown in Figure 2b. The
Jsc values integrated from EQE spectra (as shown in Table 1)
agree very well with those measured from the corresponding
PSCs mentioned above. Processed from different solvents, the
EQE curves of the PSCs cover a broad wavelength range from
350 to 650 nm, and the device fabricated with toluene solvent
displayed an EQE up to 50%, which is higher than that of the

Figure 2. (a) J−V curves of the polymer solar cells based on P3HT/
ICBA (1:1 w/w) fabricated with different solvents. (b) EQE curves of
the corresponding devices.
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devices fabricated with the solvent of o-DCB, o-xylene, or m-
xylene. It should be mentioned that the optimized active-layer
thickness of the PSCs with the toluene solvent is ca. 300 nm,
which is thicker than the devices fabricated with other solvents.
The thicker active-layer thickness of the PSCs with the toluene
solvent is another advantage of the toluene solvent, because the
thicker active-layer thickness will make the fabrication of large
area devices easier and will be beneficial for future application
of the PSCs.
Because of the best performance of toluene among the four

non-halogenated solvents in fabricating the PSCs, we used the
solvent additive39,40 to further optimize the photovoltaic
performance of the PSCs with toluene as the processing
solvent. In considering the relatively lower boiling temperature
of toluene, we used a high-boiling-temperature non-halogen-
ated solvent additive of NMP. The higher boiling point of the
additive is beneficial to the appropriate aggregation and self-
organization of P3HT and ICBA to obtain the preferred
interpenetrating network morphology for high-performance
PSCs. Figure 3a shows the J−V curves of the PSCs based on
P3HT/ICBA (1:1, w/w) using toluene as the solvent with
NMP additive, and Table 2 summarizes the photovoltaic
performance data of the corresponding devices. Interestingly,
with 1 vol % NMP additive, PCE of the PSCs based on P3HT/
ICBA reached 6.6%, with a Voc of 0.85 V, a Jsc of 10.3 mA/cm

2,
and a high FF of 75%. The Jsc and FF increased greatly for the
devices with the NMP additive. However, when the NMP
concentration increased to 2%, the PCE of the PSCs dropped
to 5.2% with a lower Jsc of 9.2 mA/cm2 and a lower FF of 66%.
Furthermore, the photovoltaic performance of PSCs based on
P3HT/ICBA fabricated using o-xylene, m-xylene, or p-xylene as
the solvent with 1% NMP additive was also characterized, as
shown in Figure S3 and Table S2 of the Supporting
Information. It was found that, although the Jsc and PCE of
the corresponding devices also increased using NMP as the
additive, the maximum PCE was only 5.5%, which is much
lower than that of the device fabricated using toluene as the
solvent.
Figure 3b shows the EQE curves of the PSCs based on

P3HT/ICBA fabricated using toluene as the solvent with NMP
as the additive. The Jsc values integrated from the EQE spectra
(see Table 2) also agree very well with those measured from
the corresponding PSCs. The maximum EQE value of the PSC
without NMP additive was 50%, which increased to 65% and
57% after adding 1% and 2% NMP, respectively.
For comparison, we also used NMP additive in fabricating

the PSCs based on P3HT/PCBM. Figure S1 of the Supporting
Information shows the J−V curves of the PSCs based on
P3HT/PCBM (1:1, w/w) using toluene as the solvent with
NMP additive, and Table S1 of the Supporting Information
summarizes the photovoltaic performance data of the
corresponding devices. It can be seen that adding NMP

additive can also improve PCE of the PSCs based on P3HT/
PCBM for some extent.

Effect of the NMP Additive on the Active-Layer
Morphology. We investigated the morphology of the
P3HT/ICBA blend active layers by atomic force microscopy
(AFM), to understand the effect of the NMP additive on the
photovoltaic performance of the PSCs. Figure 4 shows the
AFM images of the P3HT/ICBA blend films (1:1, w/w)
processed with toluene solvent with or without NMP additive
and with pre-thermal annealing at 150 °C for 10 min. It can be
seen that, with 1% NMP additive, the blend film demonstrated
more uniform morphology and better donor/acceptor inter-
penetrating network than that of the film without NMP
additive. In comparison of the AFM height images (see panels
a, c, and e of Figure 4), it can be seen that the surface of the
blend films processed with the NMP additive became rougher
than that of the film without using the solvent additive, and the
roughness increased with the increase of the NMP concen-
tration from 1 to 2%. From the phase images of the blend films
in panels b, d, and f of Figure 4, the ordered domains of the

Table 1. Photovoltaic Performance Data of the PSCs Based on P3HT/ICBA (1:1, w/w) Processed with Different Solvents
under the Illumination of AM 1.5G, 100 mW/cm2

processing solvent Voc (V) Jsc
a (mA/cm2) FF (%) PCE best (%) PCE averageb (%) thickness (nm)

o-DCB 0.86 ± 0.03 7.0 ± 0.2 (6.9) 66 ± 1 4.0 3.8 205 ± 5
toluene 0.84 ± 0.03 7.2 ± 0.2 (7.2) 71 ± 1 4.5 4.4 300 ± 5
o-xylene 0.85 ± 0.03 6.3 ± 0.2 (6.3) 72 ± 1 3.9 3.8 210 ± 5
m-xylene 0.85 ± 0.03 6.4 ± 0.2 (6.3) 71 ± 1 3.9 3.8 210 ± 5
p-xylene 0.83 ± 0.03 7.1 ± 0.2 (7.0) 67 ± 1 4.0 3.8 220 ± 5

aThe values in parentheses are the Jsc values calculated from EQE spectra. bThe average PCE obtained from 20 devices.

Figure 3. (a) J−V curves of the PSCs based on P3HT/ICBA (1:1, w/
w) processed with toluene solvent with and without NMP additive.
(b) EQE curves of the corresponding devices.
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donor and acceptor were improved with the 1% NMP additive
in comparison to that without additive, but the domain sizes
became too big when the concentration of the NMP additive
increased to 2%. The results indicate that the ordered chain
alignment is achieved when using NMP as the solvent additive.
Obviously, the improvement of the device performance with
1% NMP additive should be beneficial from the improved
donor/acceptor interpenetrating network of the blend layer
with the additive. However, the domain sizes of the blend layers
are too large with 2% NMP additive to decrease the
photovoltaic performance. These results indicate that morphol-
ogy control using an appropriate amount of additive is an
effective approach to improve the photovoltaic performance of
PSCs.
Actually, the AFM measurement can only observe surface

morphology of the blend active layer, while transmission

electron microscopy (TEM) can be used to probe the inner-
phase-separated morphology of the film. Figure 5 shows the
TEM images of the P3HT/ICBA blends processed using
toluene as the solvent with or without NMP additive and with
pre-thermal annealing at 150 °C for 10 min. The TEM images
correlate well with the morphologies observed from AFM. The
most significant feature of the films with NMP additive in
comparison to that without the additive is the high-contrast
dark clusters in the film. The dark clusters in the TEM images
should be the ICBA-rich domains reported by Yang et al.35

Obviously, the NMP additive resulted in the appropriate
aggregation of the fullerene acceptors, which improved the
photovoltaic performance of the PSCs. The results agree with
the literature reports that the solvent additive helps to increase
the fullerene domain sizes39−42 and enlarges the nanoscaled
phase separation of the blend films in comparison to that

Table 2. Photovoltaic Results of the PSCs Based on P3HT/ICBA (1:1, w/w) Processed with Toluene Solvent with or without
NMP Additive under the Illumination of AM 1.5G, 100 mW cm−2

processing solvent Voc (V) Jsc
a (mA/cm2) FF (%) PCE best (%) PCE averageb (%)

toluene 0.84 ± 0.03 7.2 ± 0.2 (7.2) 71 ± 1 4.5 4.4
toluene + 1% NMP 0.85 ± 0.03 10.3 ± 0.2 (9.9) 75 ± 1 6.6 6.4
toluene + 2% NMP 0.85 ± 0.03 9.2 ± 0.2 (8.9) 66 ± 1 5.2 5.1

aThe values in parentheses are the Jsc calculated from EQE spectra. bThe average PCE obtained from 20 devices.

Figure 4. (a, c, and e) AFM (5 × 5 μm) topography and (b, d, and f) phase images of P3HT/ICBA blend films (1:1, w/w) processed with toluene
solvent: (a and b) without additive, (c and d) with 1% NMP additive, (e and f) with 2% NMP additive.

Figure 5. TEM images of the P3HT/ICBA (1:1, w/w) blend films processed with toluene solvent: (a) without additive, (b) with 1% NMP additive,
and (c) with 2% NMP additive.
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without using the additive. From the TEM image of the blend
film with 1% NMP additive, evident polymer fibrils can be
observed in the donor/acceptor interpenetrating networks of
the film, which is beneficial to the charge separation and
transportation,42−45 to obtain higher Jsc and FF. However, with
2% NMP additive, the aggregation sizes of the polymer donor
and fullerene acceptor are too big for efficient exciton charge
dissociation; therefore, the photovoltaic performance was
decreased.
To fully understand the effect of the additives on the

interpenetrating networks of the P3HT/ICBA (1:1, w/w)
active layers, we measured X-ray diffraction (XRD) patterns of
the active layers. Figure 6 shows the XRD patterns of the active

layers prepared with toluene solvent with or without NMP
additive. The XRD pattern exhibits three diffraction peaks at 2θ
= 5.32°, 10.64°, and 15.89°, which are the (100), (200), and
(300) diffraction peaks of P3HT, respectively. Obviously, the
treatment with NMP additive results in an increase of the XRD
peak intensity of the blend films; especially, the peak at 2θ =
5.32° (corresponding to the interlayer spacing of ordered
P3HT aggregations) is enhanced significantly by the treatment
of the NMP additive. The stronger XRD peak indicates the
increased crystallinity (or ordered structure) of P3HT
aggregation in the blend films with NMP additive. The results
confirm that the NMP additive treatment improved the
nanoscaled aggregation morphology of the donor and acceptor
materials, which agrees very well with the morphologies
observed from the AFM and TEM images.
To understand further the origin of the increased photo-

voltaic performance of the PSCs with the NMP additive, we
measured the absorption spectra of P3HT/ICBA (1:1, w/w)
blend films processed under the same conditions (thermal
annealing at 150 °C for 10 min) with the device fabrication, as
shown in Figure 7. We can see that, when using NMP as the
additive, the absorbance of the blend films significantly
enhanced, which should be attributed to the aggregation of
ICBA and the increased crystallinity of P3HT, which have been
proven in the above morphological studies and XRD
characterization. The stronger absorption of the blend films
with the treatment of the NMP additive should be beneficial to
the increase of Jsc and EQE values for the PSCs with the NMP
additive.
The charge carrier mobility was measured by the space

charge limited current (SCLC) method.46 The hole mobility

was measured with a hole-only device of ITO/PEDOT:PSS/
active layer/Au and estimated by the equation J ≅ (9/8)εε0μV

2

exp(0.89(V/E0L)
1/2)/L3.47 The electron mobility was measured

with an electron-only device of ITO/Al/active layer/Al and
estimated by the equation J = (8/9)εrε0μe(V

2/L3).48 Figure 8
shows the J−V curves and the plots calculated from J−V curves
of different blend films. The detailed hole and the electron
mobilities (μh and μe) are listed in Table 3. Because a PSC
device should keep the electric neutrality during the whole
photoelectric conversion process, the carrier transport ability
should be determined by the “bucket effect”; that is, carrier
transport capability of the BHJ blend is determined by the
lower one of μh and μe. According to the mobility results shown
in Table 3, we can see that 1% NMP can improve both the μh
and μe, while when the additive content increased to 2%, the μh
improved a lot but the μe decreased. The μe values of these four
devices can be arranged by the order of μe,1% NMP > μe,without >
μe,2% NMP, while the μh values of these four devices can be
arranged by the order of μh,2% NMP > μh,1% NMP > μh,without.
Because the balanced μh and μe in the BHJ blend is the key to
realize good FF,49 1% NMP additive treatment results in the
most balanced μh and μe, so that the higher FF value of the
corresponding PSCs was obtained.
From the results mentioned above, we can see that the

treatment of 1% NMP additive improved the morphology and
interpenetrating network of the active blend layer of the P3HT
donor and ICBA acceptor. Actually, the mechanism of adding
additive to improve the photovoltaic performance of the PSCs
has been well-studied in the literature.20,39,40 It is well-
recognized that the higher boiling point than the processing
solvent and selective solubility of the additive for the polymer
donor and fullerene derivative acceptor in the active layer play
key roles in improving the morphology. To understand further
the effect of the NMP additive on the photovoltaic performance
of the PSCs based on P3HT/ICBA, we measured the solubility
of P3HT and ICBA in toluene and in NMP. P3HT is not
soluble in NMP, but ICBA shows excellent solubility of 137.6
mg/mL in NMP, as shown in Table S3 of the Supporting
Information. The boiling point of NMP is 202 °C, while that of
toluene is 110.6 °C, as also shown in Table S3 of the
Supporting Information. Obviously, NMP also shows the
selective solubility for the acceptor ICBA and a higher boiling
point than toluene, which should be the reason for the
improvement of morphology of the active layer of P3HT/ICBA

Figure 6. XRD patterns of the P3HT/ICBA (1:1, w/w) blend films
prepared with the toluene solvent and with or without the NMP
additive.

Figure 7. Absorption spectra of the blend films of P3HT/ICBA (1:1,
w/w) prepared from toluene solution with or without the NMP
additive after thermal annealing at 150 °C for 10 min.
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prepared from toluene solution with NMP additive than that
without the NMP additive.

■ CONCLUSION
To replace toxic halogenated solvents commonly used in the
fabrication of PSCs, we used four non-halogenated solvents of
toluene, o-xylene, m-xylene, and p-xylene to fabricate PSCs
based on P3HT as the donor and ICBA as the acceptor and
compared to the commonly used halogenated solvent o-DCB.
The PSCs based on P3HT/ICBA (1:1, w/w) with toluene as
the solvent and with thermal annealing at 150 °C for 10 min
exhibited the optimized performance, with a Voc of 0.84 V, a Jsc
of 7.2 mA/cm2, and a FF of 71%, resulting in a PCE of 4.5%,
under the illumination of AM 1.5G at 100 mW/cm2. Then,
using 1% NMP solvent additive, the PSCs demonstrated an
improved PCE of 6.6%, with a Voc of 0.85 V, a Jsc of 10.3 mA/
cm2, and a FF of 75%. We measured AFM and TEM images,
XRD patterns, and ultraviolet−visible (UV−vis) absorption
spectra of the blend films to investigate the influence of the
NMP additive. The results indicate that, with the treatment of
1% NMP additive, the aggregation and crystallinity of P3HT
increased and the nanoscaled interpenetrating network of
P3HT/ICBA was improved, which are beneficial for the

improvement of Jsc and PCE. The fabrication of high-
performance PSCs with the non-halogenated solvent will play
an important role in promoting the commercial application of
PSCs.

■ EXPERIMENTAL SECTION
Materials. P3HT (4002-E) was purchased from Rieke Metals, Inc.

and used as received. ICBA was synthesized in our laboratory
according to the procedure reported in our previous paper.17 The
ultradry solvents used in fabricating PSCs were bought from Alfa
Aesar. PEDOT:PSS (Clevious P VP AI 4083) was obtained fron H. C.
Stark, Germany.

Solubility Measurement. Solubilities of ICBA and PCBM in
toluene solvent were measured by a standard calibration curve method.
First, the absorbance of different concentrations (0.01, 0.02, 0.025,
0.04, and 0.05 mg/mL) of ICBA and PCBM solutions were measured
separately to make the standard calibration curves, as shown in Figure
1. Second, ICBA or PCBM powder was added to the toluene solvent
to make saturated solutions and centrifuged at 13 500 rpm for 15 min.
Then, the top clear solutions in the centrifuge tubes were filtered
through a 0.25 μm filter and diluted to measure their absorbance. The
solubility values were calculated on the basis of the absorbance values
and the working curves.

Device Fabrication and Characterizations. PSC devices with
the structure of ITO/PEDOT:PSS/P3HT/ICBA (1:1, w/w)/Ca/Al
were fabricated under conditions as follows. A blend solution of P3HT
and ICBA was prepared in different solvents at a concentration of 17
mg/mL (P3HT/solvent) and stirred for 5 h at room temperature for
complete dissolution. The treatment of ITO-coated glass substrate and
its modification with the PEDOT:PSS layer is the same with that
reported in ref 20. The P3HT/ICBA blend solution was spin-coated at
800 rpm on the ITO/PEDOT:PSS electrode in a nitrogen glovebox,
and then the active layers were thermal-annealed at 150 °C for 10 min.

Figure 8. J−V characteristics of the (a) hole-only and (c) electron-only diodes and corresponding fits to the SCLC model of the (b) hole-only and
(d) electron-only diodes of P3HT/ICBA blend films (1:1, w/w) with or without additives.

Table 3. Mobilities of the Blend Films of P3HT/ICBA (1:1,
w/w) with or without Additives

additive μh (cm
2 V−1 s−1) μe (cm

2 V−1 s−1) FF (%)

without 1.6 × 10−4 3.1 × 10−4 71 ± 1
1% NMP 3.8 × 10−4 4.5 × 10−4 75 ± 1
2% NMP 1.3 × 10−2 9.9 × 10−5 66 ± 1
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The devices were completed by evaporating a Ca (20 nm)/Al (80 nm)
negative electrode by mask. The thickness was measured by the Bruker
Dektak XT profilometer. The current density−voltage (J−V) curves
were measured in a N2 atmosphere using an AM 1.5G solar simulator
with an irradiation intensity of 100 mW/cm2. The EQE was measured
by a solar cell spectral response measurement system QE-R3011 (Enli
Technology Co., Ltd.). The light intensity at each wavelength was
calibrated with a standard single-crystal Si photovoltaic cell.
Absorption spectra were measured on a Hitachi U-3010 UV−vis

spectrophotometer. The P3HT/ICBA (1:1, w/w) blend films from
different solvents for the UV−vis absorption measurements were
prepared on quartz glass substrates. The AFM measurement of the
surface morphology of samples was performed on a NanoScope III
(Digital Instruments, Tonawanda, NY) in contacting mode with a 5
μm scanner. The P3HT/ICBA (1:1, w/w) blend films on ITO/
PEDOT:PSS substrates prepared by the same method as that for
device fabrication were used for the AFM measurements. TEM was
conducted on a JEOL 2200FS instrument at 200 kV accelerating
voltage. In the preparation of the samples for the TEM measurements,
the thin active layers (about 100 nm) were prepared by spin coating
the donor/acceptor blend solution on ITO/PEDOT:PSS substrates
and then thermal annealing at 150 °C for 10 min. The ITO glass with
the active layers was submerged in deionized water for ca. 10 min to
make the active layers float on the surface of the water. Then, the
floating films were picked up on 200-mesh copper grids, which were
used as the active-layer samples for the TEM measurement. The XRD
patterns of the blend films were measured by a Bruker D8 ADVANCE
with Cu Kα (λ = 1.5406 Å) operating on active-layer (about 300 nm)
films spin cast on the SiO2 surface, which is treated with
octadecyltrichlorosilane (OTS). A blend film was spin-cast on top of
the OTS-treated SiO2 substrate. Then, the active layer was heated at
150 °C for 10 min.
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