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ABSTRACT: In spite of the rapid increase in the power conversion
efficiency (PCE) of polymer solar cells (PSCs), the poor stability of the
photoactive layer in air under sunlight is a critical problem blocking
commercialization of PSCs. This study investigates the photo-oxidation
behavior of a bulk-heterojunction (BHJ) photoactive film made of single-
crystalline poly(3-hexlythiophene) (P3HT) nanofibrils and fullerene
derivatives [phenyl-C61-butyric methyl ester (PCBM), indene-C 60
bisadduct (ICBA)]. Because the single-crystalline P3HT nanofibrils had
tightly packed π−π stacking, the permeation of oxygen and water into the
nanofibrils was significantly reduced. Chemical changes in P3HT were not
apparent in the nanofibrils, and hence the air stability of the nanofibril-
based BHJ film was considerably enhanced as compared with conventional BHJ films. The chemical changes were monitored by
Fourier-transform infrared (FT-IR) spectroscopy, Raman spectroscopy, and UV−vis absorbance. Inverted PSCs made of the
nanofibril-based BHJ layer also showed significantly enhanced air stability under sunlight. The nanofibril-based solar cell
maintained more than 80% of its initial PCE after 30 days of continuous exposure to sunlight (AM 1.5G, 100 mW/cm2), whereas
the PCE of the conventional BHJ solar cell decreased to 20% of its initial PCE under the same experimental conditions.
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■ INTRODUCTION

Polymer solar cells (PSCs) based on polymer-donor and
fullerene-acceptor bulk-heterojunction (BHJ) composites have
received intensive attention because they are potentially
inexpensive, mechanically flexible, lightweight, and adaptable
to printed electronics.1−3 PSCs with more than 10% power
conversion efficiency (PCE), which has been regarded as the
minimum efficiency needed to commercialize PSCs, have been
achieved using low-band-gap polymers.6−8 However, the
instability of PSCs in air under sunlight is a critical problem
that blocks their commercialization.9 The stability remains a
challenging issue to be solved in the near future.
The instability of PSCs in air originates from their corrosive

electrode and photoactive materials, which are vulnerable to
react with oxygen and water in air.10−12 A number of methods
have been introduced to increase the air stability of PSCs,13−23

but failed to incresae it to the remarkable level such as those of
inorganic-based solar cells or dye-sensitized solar cells. The
most effective approach is replacing the oxidative electrode with
an inert electrode, which is called the inverted structure in that
the inert electrode is self-encapsulated.24,25 This inverted
structure is considered to be the proper device configuration
for fabricating air-stable PSCs. However, the inherent instability
of the photoactive materials, especially their vulnerability to
photo-oxidation under sunlight in air, needs thorough study.
Photo-oxidation occurs when a photoactive material is exposed
to light in the presence of water or oxygen. The activated
oxygen causes decomposition of the π-conjugation system of

the light-absorbing molecules, which irreversibly degrades the
PCE.26−29 Consequently, various passivation layers are applied
to prevent penetration of oxygen and water into the
device.30−32 However, these passivation layers cannot com-
pletely block the permeation of oxygen species from the
outside, although the lifetime of the device is significantly
enhanced through these efforts.9,33,34 Thus, in terms of the
materials used, fundamental approaches enhancing the stability
of photoactive materials are required. Changing the chemical
structure by a novel synthesis or optimizing the morphology of
the photoactive polymers may be a possible means of
accomplishing this.
Recently, nanofibril-based photoactive films using polythio-

phene-based donors have been introduced as an alternative
morphology to conventional photoactive films consisting of
randomly oriented nanocrystal donor and acceptor phases.35−39

A nanofibril-based BHJ photoactive film provides a large
donor/acceptor interfacial area and a well-interconnected
current network. The structural advantage results in higher
efficiency than is possible with conventional BHJ films. In
addition, the nanofibril-based PSCs have shown robust
properties in terms of thermal, mechanical stability.35−37 The
nanofibril-based photoactive films can be processed in air with
no difference in PCE in devices prepared in an inert
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environment, demonstrating the enhanced air stability of the
nanofibril-based films. However, studies on the air stability of
nanofibril-based photoactive layers have not yet been reported.
In this study, we investigated the air stability of a photoactive

film under sunlight, focusing on the polymer donor because it
absorbs most of the photons in PSCs and determines the
stability than the fullerene-based acceptor.9,40−42 We used
poly(3-hexylthiophene) (P3HT) as the polymer donor. Phenyl-
C61-butyric methyl ester (PCBM) and indene-C 60 bisadduct
(ICBA) were used as the fullerene acceptor. We observed that
the nanofibril-based BHJ photoactive films had a higher
tolerance to photo-oxidation than the conventional BHJ
photoactive film. Single-crystalline nanofibrils composed of
closely packed π−π stacking are relatively impermeable to
oxygen species, and hence they reduced the photo-oxidation of
P3HT. The nanofibril-based PSC maintained more than 80% of
its initial PCE after 30 days, whereas the PCE of the
conventional BHJ photoactive film decreased significantly to
20% after 30 days. The results suggest that remarkable
improvement in the photo stability of the polymer can be
obtained by generating crystalline nanofibrils. This approach
improving the materials stability is a unique contribution
distinct from the approaches focusing on passivation of the
device.

■ EXPERIMENTAL SECTION
Preparation of Nanofibril-Based Photoactive Film. Poly(3-

hexylthiophene) (P3HT, Mw = 50 000) with ∼95% regioregularity,
phenyl-C61-butyric methyl ester (PCBM), and indene-C60 bisadduct
(ICBA) were purchased from Reike Metal, Nano C, and Solarmer,
respectively. The blended solutions (P3HT:PCBM and P3HT:ICBA =
1:1 w/w, 2 wt % in m-xylene) were cooled to −15 °C and then heated
to room temperature in air, following the procedure previously
reported by our group.35−37 After this cycle of cooling and heating, the
solution contained nanorod-like crystal seeds at room temperature.
Long, uniform-sized nanofibrils were grown from the seed crystals
during spin-coating, thus generating nanofibril-based photoactive BHJ
films.
Sample Characterization. The morphology of the photoactive

films was investigated by scanning electron microscopy (SEM, JSM-
7001F, JEOL) and transmission electron microscopy (TEM, JEM-
2011HC, JEOL). Chemical changes in the P3HT films after photo-
aging were analyzed by Raman spectroscopy using a 532 nm green
laser as the excitation source and infrared spectroscopy (Vertex 70 FT-
IR spectrometer). The crystal structure of P3HT was measured by X-
ray diffraction (XRD, Rigaku Ultima IV). The UV-vis absorbance
spectra of the photoactive films were obtained by a Jasco V-570
spectrophotometer. All photoactive films were thermally annealied at
140 °C for 10 min to correspond with the condition of device
fabrication before characterization.
Device Fabrication and Characterization. ITO-coated glass

substates were sequentially cleaned in an ultrasonic bath of
trichloroethylene, acetone, and isopropy alcohol. Then, the substrates
were treated with UV/ozone for 30 min. A zinc oxide (ZnO) sol−gel
solution was prepared by dissolving 7.4 M zinc acetate dihydrate and
8.1 M ethanoamine in 2-methoxyethanol by magnetic stirring at 80 °C
for 1 h. The ZnO layer (30 nm) was prepared by spin-coating on the
ITO glass and thermal annealing at 200 °C for 30 min. The blend
solutions (P3HT:PCBM and P3HT:ICBA = 1:1 w/w, 2 wt % in m-
xylene) were spin-coated on the ZnO-coated ITO glass. The thickness
of the photoactive films was fixed at 150 nm. Subsequently, a thin film
(40 nm) of poly(3,4-ethlylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS, Baytron P, Bayer AG) was spin-coated on the
photoacive layer and the samples were annealed at 140 °C for 10
min in an N2-filled glove box. Finally, a top electrode of Ag with an
area of 5.4 mm2 was deposited using thermal evaporation under high
vacuum (1 × 10−6 Torr). The photovoltaic characteristics were

measured using a Keithley 2400 instrument under 100 mW/cm2 with
AM 1.5G. An Oriel reference Si solar cell was used for calibration to
ensure accurate measurements. The air stability of the device was
tested as a function of time. For the dark environment, the devices
were stored in a black acrylic box in ambient conditions (25 °C, 35%
humidity in air). For the sunlight environment, the devices were
exposed to 100 mW/cm2 with AM 1.5G in air.

■ RESULTS AND DISCUSSION
Figure 1a shows a schematic illustration of our approach to
fabricating a nanofibril-based photoactive film. The P3HT

nanofibrils were generated by self-seeded growth, as we
previously reported.29 After a cycle of cooling to −15 °C and
heating to room temperature, the P3HT:PCBM-blended xylene
solution contained nanorod-like crystal seeds at room temper-
ature. The seeds grew quickly during the coating process, which
resulted in long (>10 μm) and thin (∼20 nm) P3HT
nanofibrils. The SEM and TEM images shown in images b
and c in Figure 1, respectively, show the morphology of the
P3HT:PCBM BHJ photoactive layer.
To investigate the air stability of P3HT in the photoactive

film under sunlight, we used Raman spectroscopy, which
provided information about the changes in chemical structure
caused by the photo-oxidation.43−45 Figure 2a shows the
Raman spectra of the conventional and nanofibril-based
photoactive films with the same thickness (150 nm), which
are annealed at 140 °C for 10 min before and after exposing the
films for 10 h in air under sunlight (herein, we call the process
“photo-aging”). The Raman spectra contain two strong
vibrational modes related to the conjugation backbone of
P3HT: the CC symmetric stretching mode peak (∼1447
cm−1) and the C−C stretching mode peak (∼1380 cm−1)
within the thiophene ring. The spectra provided information
about the conjugation length and molecular order (crystal-
linity) of P3HT because the peaks are Raman-active due to

Figure 1. (a) Schematic illustration of the formation method of
nanofibril-based photoactive film using a P3HT:PCBM solution
subjected to cyclical cooling and heating (C&H). The P3HT nanorods
formed after the C&H process quickly developed into single-crystal
P3HT nanofibrils through self-seeded growth during the coating
process. (b) SEM and (c) TEM images show the nanofibril-based
photoactive film with a bicontinuous interpenetrating network of well-
dispersed P3HT nanofibrils and PCBM molecules.
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their strong coupling to the π electrons delocalized along the
conjugated main backbone of the molecule. After photo-aging,
the peak intensity and sharpness of the conventional BHJ film
were reduced, and the CC mode peak position shifted
significantly to a higher wave number. The nanofibril-based
BHJ film showed less of a decrease in the CC mode peak
intensity, and the peak position shifted slightly as compared to
that in the conventional BHJ film. Figure 2b shows the changes
of the peak position and full width at half maximum (FWHM)
of the CC mode peaks of both films before and after photo-
aging. The results suggest that the nanofibril-based BHJ film
has a higher tolerance to photo-oxidation than the conventional
BHJ film. The drop of peak intensity indicates that the
conjugate system of the P3HT molecule was destroyed. The
large reduction of the C−S−C mode peak is evidence of the
severe deformation of the P3HT thiophene ring in the
conventional BHJ film, as shown in the Supporting
Information, Figure S1. Also, the large shift of the conventional
BHJ film’s CC mode peak to a higher wave number with a
broad shape implies that the ordered (crystalline) P3HT phase
changed to a disordered (amorphous) P3HT phase in the BHJ
film. It indicates a critical correlation between the molecular
deformation and crystallinity of the P3HT phase as a result of
photo-aging.
To reveal the crystal percentage (crystallinity) and the P3HT

morphology, the crystallinity of P3HT in photoactive films was
measured with differential scanning calorimetry (DSC). Figure
3 shows the DSC thermograms of the conventional BHJ film
and the nanofibril-based BHJ film, and their corresponding
photo-aged films under sunlight for 10 h. The crystallinity was
calculated using DSC melting peak (210−240 °C),46,47 XC =
ΔHm / (ΔHf · ϕP3HT) × 100 %, where XC is crystallinity of
polymer, ΔHm is the melting enthalpy of crystalline polymer,
ΔHf is the melting enthalpy of 100 % crystalline polymer, and
ϕP3HT (0.5) is weight fraction of P3HT. The ΔHf of P3HT was
reported recently to be 37 J/g.48 The ΔHm of the conventional
BHJ film was 11.90 J/g; hence XC was 59.94 %. The ΔHm of
the nanofibril-based BHJ film was 18.32 J/g; hence XC was
99.02 %, which indicates that the nanofibril-based photoactive

film is composed of nearly 100% crystalline P3HT. After photo-
aging, the ΔHm of the conventional film decreased to 6.10 J/g
(so, XC = 32.97 %) and the ΔHm of the nanofibril-based film
showed smaller decrease to 12.42 J/g (so, XC = 67.13 %).
These results indicate that the photo-aging damages the crystal
structure and decreases the crystallinity.
Another means to correlate the crystallinity and photoagain

is XRD analysis. We compared four different types of
photoactive film: the nanofibril-based BHJ film (1) before
and (2) after photo-aging, and the conventional BHJ film (3)
before and (4) after photo-aging. The photoactive films were
annealed at 140 °C for 10 min. The results are shown in Figure
4. The peak at 2θ = 5−6° represents the (100) plane of the

π−π stacking of P3HT, and the peaks at 2θ = 10−11° and 16−
17° represent the (200) and (300) planes, respectively. As
previously reported, the nanofibril-based photoactive layer
showed a higher peak intensity with a narrower FWHM than
the conventional BHJ film (Supporting Information, Figure
S2).35−39 The crystallinity of the conventional BHJ film
significantly decreased with a large FWHM after photo-aging,
whereas the nanofibril-based film showed less decline of P3HT
crystallinity.

Figure 2. (a) Raman spectra of P3HT:PCBM photoactive films before
and after the photo-aging process that exposed the film in air under
sunlight for 10 h. (b) Full width at half maximum (FWHM and peak
position of CC mode of P3HT in photoactive film before and after
photo-aging).

Figure 3. DSC heat flow of the photoactive films; conventional BHJ
film (black) and the corresponding film after photo-aging (green),
nanofibril-based film (red), and the corresponding film after photo-
aging (blue).

Figure 4. (a) Out-of-plane X-ray diffraction (XRD) of P3HT:PCBM
photoactive films before and after photo-aging. (b) Change in the 2θ
angle and the interlayer spacing of the (100) plane of the photoactive
films before and after photo-aging.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501034g | ACS Appl. Mater. Interfaces 2014, 6, 7759−77657761



For further insight into the effect of the crystallinity on the
molecular deformation of P3HT by photo-oxidation, the
chemical structure of P3HT was investigated by fast Fourier-
transform infrared spectroscopy (FT-IR). Figures 5a and b

show FT-IR spectra of the conventional and nanofibril-based
P3HT films, respectively, before and after photo-aging. In the
conventional P3HT film after photo-aging, oxygen-containing
moieties such as CO (1710 and 1685 cm−1), CSC
(1253 cm−1), and C−O (1200−1100 cm−1) were clearly
observed in the FT-IR spectra. In the nanofibril-based P3HT
after photo-aging, peaks corresponding to oxygen-containing
moieties were not apparent. The hydroxyl group peak (−OH,
∼3200 cm−1) was not detectable in the conventional P3HT
film. The intensity ratio of the asymmetric CC stretching
mode peak at 1510 cm−1 (I1510) and the symmetric ring
stretching mode peak at 1456 cm−1 (I1456) was used to compare
the average effective conjugation length of P3HT.49−51 Figure
5c shows the I1510/I1456 peak ratios of both P3HT films before
and after photo-aging. The peak ratio (I1510/I1456) of the
conventional P3HT film decreased considerably after photo-
aging, whereas the nanofibril-based P3HT film exhibited only a
slight decrease.
These molecular change caused by photo-aging is signifi-

cantly affected by the crystal structure of P3HT. Scheme 1
shows the possible two routes of the reaction that were
proposed in the previous literatures.10,40,52−54 The activated
oxygens react with sp2 bonds and generate sp3 bonds with
hydroxyl groups and carbonyl groups (Scheme 1a),10,52 or they
form ether first and detach the grafted hexyl groups (Scheme
1B).40,53,54 The sp2 → sp3 transformation causes deformation

of the crystal structure. This degradation of the π-conjugation
becomes prominent when the concentration of the oxygen
species in the P3HT film is high and the interlayer packing by
the π−π conjugation is loose. The penetration of oxygen
species takes place mainly through the amorphous region of
P3HT and the grain boundaries; hence the conventional thin
films are vulnerable to the oxidation due to the larger fraction
of amorphous P3HT and the large number of grain boundaries
between the nanoscale crystal grains. The completeness of the
π−π stacking may be compared by the sharpness of the XRD
peak corresponding to (100) and the interlayer spacing. The
sharp XRD peak and the smaller interlayer spacing of the
nanofibrils indicate that the conjugated layers are more closely
packed and the persistence length of the stacking along [100] is
long. In contrast, the conventional thin film has a broad low
XRD intensity (large FWHM) from (100) plane and the
interlayer spacing is slightly larger, which indicates a loose
crystal packing and a short persistence length of the stacking
along [100]. The structural change from sp2 to sp3 bonding
requires more space. The tight packing and long persistence
length in the nanofibrils can play as an energetic barrier for the
structural change of the polymer chains; meanwhile the loose,
defected interlayer packing in the conventional film cannot.
Therefore, the P3HT nanofibril provides enhanced stability
than the conventional films do.
Such chemical degradation affects the optical properties

because the photon absorbance of a molecule depends on its
chemical structure and crystallinity. Panels a and b in Figure 6
show the UV−vis absorption spectra of the conventional and
nanofibril-based BHJ films, respectively, before and after photo-
aging. The UV−vis spectra of the conventional photoactive film
showed a substantial reduction of photon absorption of P3HT,
with a large blue-shift of the main peak. The shoulder peaks
(∼550 and ∼605 nm) indicating the intensity of π−π
interaction of the thiophene ring disappeared, which supports
the claim that the π-conjugation system of the P3HT molecular
chain and the degree of π−π stacking was severely destroyed by
photo-oxidation. In contrast, the nanofibril-based photoactive
film exhibited only a slight reduction of photon absorption
while maintaining the original shape of the P3HT absorption
peak.
To verify the air stability of the nanofibril-based BHJ film

under sunlight, we fabricated inverted PSCs with sequential
layers of ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag. The air-
stability tests of the photoactive films were conducted prior to
deposition of the anode layer (PEDOT:PSS/Ag) because the
sunlight (100 mW/cm2 with AM 1.5G) directly affects the

Figure 5. FT-IR spectra of (a) conventional P3HT film and (b)
nanofibril-based P3HT film before and after photo-aging. (c) Change
of I1510/I1456 ratio of the P3HT films, which represents the average
effective conjugation length of P3HT.

Scheme 1. Possible Reaction Schemes for Photo Oxidation
of P3HT; (a) Reaction Mechanism Suggested in Refs 10, 52;
(b) Reaction Mechanism Suggested in Refs 40, 53, 54
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photoactive film in air, which clarifies air stability of photoactive
film compared to the photoactive film covered by electrode, as
shown in Scheme 2.

The results of the stability tests of the photoactive films in
the devices are represented in Figure 7. Panels a and b in Figure
7 show representative photocurrent density−voltage (J−V)
curves, and Figure 7c−f exhibit the photovoltaic parameters of
the devices. The values are summarized in the Supporting
Information, Tables S1 and S2. The PCE of the device with the
conventional photoactive layer decreased significantly from
3.04 to 0.55% (18% of its initial PCE) after exposing the
photoactive layer to sunlight for 10 h in air. The main causes of
the degraded performance were the short-circuit current
density (Jsc) and fill factor (FF), which are related to photon
absorption and carrier transport. The oxygen-containing
moieties resulting from photo-aging act as defects and trap
sites. The degraded conjugation reduces the current path in the
photoactive film. However, the device with the nanofibril-based
photoactive layer exhibited much more stable photovoltaic
performance under the same conditions. The PCE of the device
with the nanofibril-based photoactive film was 1.95% after
photo- aging for 10 h (53.6% of the initial PCE of 3.65%).
Again, the major reasons for the PCE reduction were decreases

of Jsc and FF by photo-oxidation. This photovoltaic perform-
ance corresponds to the observation that the nanofibril-based
photoactive film has better tolerance to photo-oxidation than
the conventional photoactive film. The single-crystalline
nanofibril-based photoactive film may therefore be a promising
candidate for air-stable photovoltaic devices.
To further explore the feasibility of high efficiency, air-stable

P3HT nanofibril-based photoactive films, we tested another
frequently studied BHJ system using indene-C60 bisadduct
(ICBA). ICBA was recently introduced as an alternative to
PCBM acceptors because the P3HT:ICBA system has a larger
gap between the highest occupied molecular orbital (HOMO)
of the polymer donor and the lowest unoccupied molecular
orbital (LUMO) of the ICBA acceptor than the P3HT:PCBM
system.55−57 Figure 8a shows the J−V curves of the solar cells
made of the P3HT:ICBA BHJ films. The device with the
nanofibril-based photoactive film showed higher efficiency
(5.123%) than the device with a conventional photoactive
layer (4.202%). The photovoltaic parameters of both devices
are summarized in Table S3 in the Supporting Information.
Figure 8b exhibits the change in PCE of the solar cells made
with the conventional P3HT:ICBA photoactive film and that of
the P3HT nanofibril:ICBA photoactive film as a function of
time. To investigate the actual effect of photo-oxidation in air
under sunlight, we prepared a pair of the same devices and
stored one of them in the dark in air and the other under 100
mW/cm2 with AM 1.5G in air. The specific details of the air-
stability test are described in the Experimental Section. The
efficiency of the device made of the conventional film decreased
significantly under sunlight after 3 days and remained at 20% of
its initial PCE after 30 days. The device stored in the dark
remained at approximately 80% of its initial PCE after 30 days,
which indicates that the reduction of efficiency was caused by
photo-oxidation under sunlight. In contrast, the nanofibril-
based PSC maintained more than 80% of its initial PCE under
sunlight even after 30 days. Its stability was also better in the

Figure 6. UV−vis absorption spectra of (a) the conventional BHJ film
and (b) the nanofibril-based BHJ film before and after photo-aging.

Scheme 2. Schematic Illustration of a Strategy to Exam the
Air Stability of the Photoactive Film by Directly Exposing
the Photoactive Film on the ZnO-Deposited ITO-Glass
under Sunlight in Air with an Average Humidity of 35%a

aWe evaluated the properties of the photoactive film in terms of its
photovoltaic performance after the deposition of PEDOT:PSS and a
Ag electrode.

Figure 7. Representative J−V curves of PSCs with (a) the
conventional photoactive film and (b) the nanofibril-based photoactive
film as a function of photo-aging time before deposition of
PEDOT:PSS/Ag electrode. Influence of the type of photoactive film
on the (c) Voc, (d) Jsc, (e) FF, and (f) PCE of the solar cells.
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dark, maintaining 92% of its initial PCE. These results clearly
prove that the nanofibril-based photoactive film is superior to
conventional photoactive films in terms of photo-oxidation in
air.

■ CONCLUSION
We investigated the photo-oxidation behavior of photoactive
films consisting of single-crystalline P3HT nanofibrils and
fullerene derivatives (PCBM or ICBA). Single-crystalline P3HT
nanofibrils having tightly packed π−π stacking were much less
permeable to oxygen species, and hence the chemical
degradation of P3HT by photo-oxidation in air could be
delayed considerably as compared with conventional photo-
active films. On the basis of these results, we fabricated inverted
solar cells made of the two types of photoactive film and
examined the air stability of the devices. The power conversion
efficiency (PCE) of the device made of the nanofibril-based
photoactive film maintained more than 80% of its initial PCE
after 30 days, whereas the PCE of the device made of the
conventional photoactive film decreased significantly to 20% of
its initial value after 30 days. These results clearly demonstrate
that the nanofibril-based photoactive film is promising for
producing air-stable polymer solar cells with high efficiency.
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(42) Thompson, B. C.; Frećhet, M. J. Polymer−Fullerene Composite
Solar Cells. Angew. Chem., Int. Ed. 2008, 47, 58−77.
(43) Tsoi, W. C.; James, D. T.; Kim, J. S.; Nicholson, P. G.; Murphy,
C. E.; Bradley, D. D. C.; Nelson, J.; Kim, J.-S. The Nature of In-Plane
Skeleton Raman Modes of P3HT and Their Correlation to the Degree
of Molecular Order in P3HT:PCBM Blend Thin Films. J. Am. Chem.
Soc. 2011, 133, 9834−9843.
(44) Razzell-Hollis, J.; Tsoi, W. C.; Kim, J.-S. Directly Probing the
Molecular Order of Conjugated Polymer in OPV Blends Induced by
Different Film Thicknesses, Substrates and Additives. J. Mater. Chem.
C 2013, 1, 6235−6243.
(45) Motaung, D. E.; Malgas, G. F.; Arendse, C. J. Insights into the
Stability and Thermal Degradation of P3HT:C60 Blended Films for
Solar Cell Applications. J. Mater. Sci. 2011, 46, 4942−4953.
(46) Van Krevelen, D. W. Properties of Polymers, 3rd ed.; Elsevier:
Amsterdam, 1990.
(47) Abu-Zahra, N.; Algazzar, M. Effect of Crystallinity on the
Performance of P3HT/PC70BM/n-Dodecylthiol Polymer Solar Cells.
J. Sol. Energy Eng. 2013, 136, 021023.
(48) Pascui, O. F.; Lohwasser, R.; Sommer, M.; Thelakkat, M.;
Thurn-Albrecht, T.; Saalwac̈hter, K. High Crystallinity and Nature of
Crystal−Crystal Phase Transformations in Regioregular Poly(3-
hexylthiophene). Macromolecules 2010, 43, 9401−9410.
(49) Trznadel, M.; Pron, A.; Zagorska, M.; Chrzaszcz, R.;
Pielichowski, J. Effect of Molecular Weight on Spectroscopic and
Spectroelectrochemical Properties of Regioregular Poly(3-hexylthio-
phene). Macromolecules 1998, 31, 5051−5058.
(50) Motaung, D. E.; Malgas, G. F.; Arendse, C. J.; Mavundla, S. E.;
Knoesen, D. Structural and Photo-Physical Properties of Spin-Coated
Poly (3-hexylthiophene) Thin Films. Mater. Chem. Phys. 2009, 116,
279−283.
(51) Chang, Y.-M.; Su, W.-F.; Wang, L. Influence of Photo-Induced
Degradation on the Optoelectronic Properties of Regioregular poly(3-
hexylthiophene). Sol. Energy Mater. Sol. Cells 2008, 92, 761−765.
(52) Matturro, M.G.; Reynolds, R.P.; Kastrup, R.V.; Pictroski, C.F.
Thioozonide Decomposition. Sulfur and Oxygen Atom Transfer.
Evidence for the Formation of a Carbonyl O-Sulfide Intermediate. J.
Am. Chem. Soc. 1986, 108, 2775−2776.
(53) Aguirre, A.; Meskers, S. C. J.; Janssen, R. A. J.; Egelhaaf, H.-J.
Formation of Metastable Charges as a First Step in Photoinduced
Degradation in π-Conjugated Polymer:Fullerene Blends for Photo-
voltaic Applications. Org. Electron. 2011, 12, 1657−1662.
(54) Hintz, H.; Egelhaaf, H.-J.; Peisert, H.; Chasse,́ T. Photo-
Oxidation and Ozonization of Poly(3-hexylthiophene) Thin Films as
Studied by UV/VIS and Photoelectron Spectroscopy. Polym. Degrad.
Stab. 2010, 95, 818−824.
(55) He, Y.; Chen, H.-Y.; Hou, J.; Li, Y. Indene−C60 Bisadduct: A
New Acceptor for High-Performance Polymer Solar Cells. J. Am.
Chem. Soc. 2010, 132, 1377−1382.
(56) Li, H.; Li, Y.-F.; Wang, J. Optimizing Performance of Layer-by-
Layer Processed Polymer Solar Cells. Appl. Phys. Lett. 2012, 101,
033907.
(57) Zhao, G.; He, Y.; Li, Y. 6.5% Efficiency of Polymer Solar Cells
Based on poly(3-hexylthiophene) and Indene-C60 Bisadduct by Device
Optimization. Adv. Mater. 2010, 22, 4355−4358.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501034g | ACS Appl. Mater. Interfaces 2014, 6, 7759−77657765


