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solution processed BHJ blends based on 
a bicontinuous interpenetrating donor (D) 
and acceptor (A) network require optimal 
phase segregation with the scale of exciton 
diffusion length of 10–20 nm. [ 4 ]  The 
blending morphology critically determines 
cell performance and can be controlled by 
the post–treatments (kinetic factors); for 
instances, thermal annealing, [ 5 ]  additives 
control [ 6 ]  and solvent annealing. [ 7 ]  There-
fore, the optimal morphology is kinetically 
locked and merely metastable and that 
the blends readily move toward a more 
thermodynamically stable state spontane-
ously. For practical applications, the device 
must afford for treatment at elevated tem-
perature under constant thermal cycles. [ 8 ]  
Under this circumstance, the conjugated 

polymers continue to form better packing or further crystalliza-
tion, while the fullerenes tend to diffuse into large aggregates 
or clusters or even single crystals. [ 9 ]  As a result, the blends will 
reach thermodynamic equilibriums to form microphase seg-
regation and the devices performance deteriorate. [ 6a , 10 ]  Conse-
quently, suffi cient device thermal stability is considered to be a 
signifi cant challenge for commercialization. 

 Previous efforts to improve the thermal stability of OPV 
devices include addition of morphology compatibilizer, [ 11 ]  
chemically cross-linked fullerenes [ 9b , 12 ]  or conjugated poly-
mers. [ 13 ]  The approach with in situ chemical crosslinking in 
BHJ blended fi lms had shown signifi cant impact on enhance-
ment of morphological stability. For instances, Hsu and 
Cheng et al. have fi rst demonstrated thermally stable devices 
with stability over 25 h heating at 150 °C based on styryl-
modifi ed [6,6]-phenyl-C 61 -butyric acid methyl ester ( PC 61 BM ) 
derivatives. [ 9b ]  Our interests in developing non- PCBM- based 
fullerene derivatives for OPVs applications led us to explore 
new functional materials using open-cage fullerenes to this 
fi eld. [ 14 ]  The utilized open-cage fullerenes feature ease of syn-
thetic availability in good yields from initial cycloaddition of 
diazenes with C 60  and later direct functionality modifi cation 
for appending crosslinkable styryl moieties. The advantages of 
incorporating open-cage fullerenes in OPVs are refl ected from 
their structural stability owing to their lack of strained three-
membered ring moiety while compared with  PC 61 BM . In this 
paper, we wish to report an open-cage fullerene derivative pos-
sessing styryl-functionality, denoted as  COF , and evaluate its 
stability upon being partially embedded in the active layers with 
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  1.     Introduction 

 The emerged fi eld of organic photovoltaics (OPVs) is receiving 
a great deal of attention because it covers features of inexpen-
siveness, large-area fabrication, short energy-payback times, 
and roll-to-roll processing. [ 1 ]  Improved photo conversion effi -
ciency (PCE) of organic bulk heterojunction (OBHJ) tech-
nology through the innovation of n- and p-type materials and 
device engineering has also been demonstrated. [ 2 ]  Despite of 
its current high effi ciency up to 10.6%, the stability of OPVs 
has been constantly concerns for stepping into future mar-
keting. [ 3 ]  OPV devices composing of an active layer through 
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poly(3-hexylthiophene), P3HT, in the devices. The crosslinking 
reaction can be induced by heating at 150 °C for ≈10 min that 
triggers polymerization of styryl groups [ 9b ] —which leads to an 
interpenetrating networks appending open-cage fullerene mol-
ecules. The addition of  COF  may bring closer intermediacy 
effect between  PC 61 BM  and P3HT through the two thienyl 
moieties and fullerene of  COF . The concept of “Like dissolves 
like” interprets the purpose of using a fullerene derivative 
with thienyl functionality as shown in  COF  since the fullerene 
moiety in  COF  controls intimacy with  PC 61 BM  and thienyl 
moiety plays intimacy with P3HT through van der Waals inter-
action. This doubled control will likely slow down the donor 
and acceptor phase segregation. Further advantage utilizing 
this styryl-bearing  COF  allows radical addition of styryl moiety 
to the  PC 61 BM  or  COF  itself. This process will lead to partial 
covalently bonded fullerene networks that slow down aggre-
gation and thereby stabilize the morphology accordingly. [ 15 ]  
The such formed BHJ cell slows down further diffusion and 
crystallization of fullerene molecules macroscopically. [ 9b ]  The 
devices with  COF  as an additive in the active layer have shown 
extremely high thermal stability under long-term accelerated 
thermal treatment at 150 °C for over 144 h with constantly high 
power conversion effi ciency (PCE) of 3.2%—demonstrating 
 COF  as relatively superior crosslinking additives than that 
resulted from modifi ed  PC 61 BM . [ 9b ]   

  2.     Results and Discussion 

 The synthesis of the  COF  was described in  Scheme    1  . Initially, 
diazene  3  was prepared by an inverse electron demand Diels-
Alder reaction of 3,6-di(thiophen-2-yl)-1,2,4,5-tetrazine ( 1 ) with 
methyl hex-5-enoate ( 2 ) in 74% yield. Cycloaddition of diazene 
 3  with C 60  followed by nitrogen extrusion in situ provided open-
cage fullerene  4  in 45% yield (82% based on converted C 60 ). 
Transesterifi cation of  4  with thermally linkable styryl moiety 

through carboxylic acid  5  gave  COF  ( 7 ).  COF  displayed inter-
esting electrochemical properties. We used cyclic voltammetry 
(CV), differential pulse voltammetry (DPV), and Osteryoung 
square wave voltammetry (OSWV) to examine the redox prop-
erties of  COF . Although open-cage fullerene  4  exhibited its 
fi rst half-wave reduction potential ( 1  E  1/2 ) at –1.22 V, the  1  E  1/2  
of  COF  appeared at –1.24 V at a scan rate of 20 mVs −1  by CV 
study (see the Supporting Information, SI). This has indicated 
that appendage of a crosslinkable styryl moiety to the open-
cage fullerene  4  alters its lowest unoccupied molecular orbital 
(LUMO) to a slightly higher energy level than  PC 61 BM , indi-
cating that incorporation of  COF  in the active layer will not 
alter the open-circuit voltage ( V  oc ) of cells greatly.  

 The OPVs with layered confi gurations of glass/ITO/
PEDOT:PSS/active layer/Ca/Al were fabricated using methods 
same as those reported previously. [ 16 ]  We monitored the device 
performance with variable P3HT– PC 61 BM – COF  ratios to deter-
mine the optimal compositions. The layers of Ca (30 nm) and Al 
(100 nm) were deposited thermally under vacuum. After encap-
sulating the devices with UV-curing glue, the  I – V  characteristics 
of devices were measured in air. The optimal  COF  composition 
ratios were found to be 10 to 15 wt%. The devices with  COF  
embedded in the active layer, denoted as  COF  devices, were fab-
ricated by spin-casting a blended  ortho -dichlorobenzene solu-
tion containing P3HT,  PC 61 BM  and  COF  with concentration 
of 18 mgmL −1  for P3HT (weight ratio of P3HT: PC 61 BM : COF  = 
1:0.9:0.1) at a spin rate of 450 rpm for 30 s. We noted that the 
short circuit current density ( J  sc ) of the cell decreased upon 
increasing the  COF  ratio in the active layer. For comparison, 
the normal devices with P3HT: PC 61 BM  = 1:0.9 without  COF  
were fabricated using the same condition.  Table    1   showed the 
OPV performance of normal and  COF  devices after thermal 
annealing at 150 °C for 10 min. The normal devices exhibited 
PCE of 3.78 ± 0.14% under AM 1.5G irradiation (100 mWcm −2 ) 
with  J  sc ,  V  oc , and fi ll factor (FF) of 9.40 ± 0.19 mA cm −2 , 
0.61 ± 0.01 V and 0.66 ± 0.01, respectively, and those for the 
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 Scheme 1.    Synthesis of crosslinkable open-cage fullerene monomer  7  ( COF ). i)  o -xylene, 140 °C, 24 h, then O 2 , 24 h, 140 °C, 74%; ii) 1-chloro-naphtha-
lene, 270 °C, 26 h, N 2 , 45% (82% based on converted C 60 ); iii) HCl, AcOH, chlorobenzene, refl ux, 24 h, 76%; iv) EDC, DMAP,  o -DCB, 0 °C to rt, 49%.
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 COF  derived devices showed PCE of 3.08 ± 0.14% with  J  sc ,  V  oc , 
and FF of 7.93 ± 0.3 mAcm −2 , 0.60 ± 0.00 V, and 0.64 ± 0.01, 
respectively. It was evident that the additive  COF  showed a 
slightly decrease of device performance due to the lower value 
of  J  sc  and little effect on  V  oc .  

 Our primary interests in revealing the relative stability of 
 COF  devices versus normal devices statistically led us to study 
the devices degradations with time. The degradation of normal 
and  COF  devices under accelerated thermal annealing condi-
tions was initially investigated at 65 °C based upon Interna-
tional Summit on OPV Stability (ISOS-3) standards. However, 
we were not able to draw assertive conclusion of their relative 
stability since the  COF  devices barely showed degradation 
under long-term operation (1000 h, Figure S1, SI). Therefore, 
we carried out degradation experiments at 150 °C from which 
we observed meaningful degradations on  COF  devices. [ 17 ]  Hsu 
and Cheng et al. ever demonstrated the crosslinking tech-
nique to trigger polymerization of styryl groups at 150 °C, [ 9b ]  
leading to interpenetrating networks to restrain diffusion and 
crystallization of  PC 61 BM  molecules in the active layer macro-
scopically. We investigated the minimal temperature to trigger 
crosslinking of the styryl moiety on  COF  by differential scan-
ning calorimetry (DSC). In the fi rst scanning cycle, a broad exo-
thermic peak approximately embarking at 140 °C was observed 
(Figure S2a, SI). After the fi rst heating cycle, we observed no 
thermal transition on the second DSC scan and concluded that 
complete crosslinking of the  COF  was furnished in the fi rst 
run. [ 18 ]  Further, the vibrational stretching of the styryl group 
(C = C) at 1611 cm −1  vanished after annealing at 150 °C for 
30 min (Figure S2b, SI), refl ecting the occurrence of the cross-
linking reaction. [ 18,19 ]  In order to systematically and correctly 
evaluate the capability of  COF  for stabilizing the devices, we 
eliminated the effects from the instability of top electrodes con-
tacts. Thus, the OPV devices were thermally annealed at 150 °C 
inside a glove box for reduction of the decay factors by oxygen 
and water with various periods of time prior to deposition of 
the top electrodes on devices.  Figure    1   and Table  1  showed the 
summarized PCEs as a function of time for studied devices. 

The PCEs of these fabricated devices were reproducible and 
exhibited variations of <5% of eight individual OPV devices. 
The normal devices remained 90% of their initial PCEs after 24 
h annealing time at 150 °C, indicating the thermal stability of 
P3HT and  PC 61 BM  BHJ devices in certain extents (Figure  1 a). 
However, the normal cells showed ca. 90% decrease of PCEs 
under extended thermal treatments ( t  = 96 h). In contrast, the 
 COF  cell showed ≈10% PCE enhancement after thermal treat-
ments (Figure  1 b,c). The highest PCE of 3.7% was achieved 
after annealing for 24 h and the device remained ≈95% of its 
initial effi ciency value under accelerated thermal conditions for 
144 h.  

 We studied the morphologies of the blend fi lms evolved 
over accelerated process with optical microscopy (OM) to char-
acterize the phenomena. [ 9b , 13c , 20 ]  For direct comparison, we 
prepared fi lms for OM analysis under the same conditions 
used for device fabrication.  Figure    2   displayed the OM images 
of blend fi lm with and without  COF  after various thermal 
annealing periods. As shown in Figure  2 a, the morphology 
of normal blended devices developed dramatically upon 
annealing. The thin fi lm with less than 10 min annealing time 
was featureless and did not exhibit any large area aggregations. 
Nevertheless, the low-molecular-weight components, fuller-
enes, preferred to diffuse into large aggregates under elevated 
temperatures. When the heating time was extended to over 6 h, 
the normal blend fi lms showed large 20-µm sizable aggregates. 
The formed dendritic-like aggregates during the annealing pro-
cess were attributed to the crystallization of  PC 61 BM . [ 9b , 10 , 13c ]  
The device performance was relevant to this anomalous aggre-
gation behavior. The observed PCEs of the normal cell slightly 
decreased from 3.78 ± 0.14% ( t  = 10 min) to 3.75 ± 0.06% ( t  
= 6 h) upon small amounts of aggregates appeared. Further 
decrease of 10% of PCE was observed ( t  = 24 h) while the size 
of aggregates increased from 20 to 30 µm. The size and the 
amount of aggregates steeply increased when the treatment 
time was further extended. In contrast, the  COF -containing 
fi lm barely showed an increase in fullerene aggregation while 
comparing the morphology at the initial heating time of 10 min 
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  Table 1.    Photovoltaic parameters of normal (A) and COF devices (B) as functions of heating time at 150 °C.  

Devices Time  J  sc  
[mA cm −2 ] 

 V  oc  
[V] 

FF PCE ave  
[%] c) 

PCE best  
[%] c) 

A 10 min a) 9.40 ± 0.19 0.61 ± 0.01 0.66 ± 0.01 3.78 ± 0.14 3.93

A 6 h a) 9.44 ± 0.10 0.61 ± 0.001 0.65 ± 0.004 3.75 ± 0.06 3.85

A 18 h a) 8.58 ± 0.18 0.62 ± 0.002 0.64 ± 0.004 3.42 ± 0.09 3.55

A 24 h a) 7.66 ± 0.69 0.61 ± 0.01 0.63 ± 0.02 2.92 ± 0.36 3.50

A 96 h a) 2.16 ± 0.11 0.60 ± 0.004 0.46 ± 0.005 0.60 ± 0.03 0.65

A 144 h a) 0.96 ± 0.10 0.58 ± 0.01 0.42 ± 0.004 0.23 ± 0.03 0.29

B 10 min b) 7.93 ± 0.30 0.60 ± 0.001 0.64 ± 0.01 3.08 ± 0.14 3.22

B 6 h b) 8.68 ± 0.06 0.61 ± 0.002 0.66 ± 0.01 3.51 ± 0.07 3.60

B 18 h b) 8.60 ± 0.31 0.61 ± 0.001 0.67 ± 0.01 3.51 ± 0.13 3.63

B 24 h b) 8.94 ± 0.08 0.61 ± 0.001 0.65 ± 0.02 3.53 ± 0.12 3.70

B 96 h b) 8.64 ± 0.21 0.61 ± 0.01 0.64 ± 0.01 3.36 ± 0.05 3.44

B 144 h b) 7.67 ± 0.17 0.60 ± 0.001 0.66 ± 0.004 3.06 ± 0.07 3.16

   a)Normal devices; b) COF -derived devices. c)The PCEs were resulted from eight independent devices.   



FU
LL

 P
A
P
ER

210 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and that at 24 h (Figure  2 b). The smaller sizable aggregates 
were observed at longer heating time; as a result, the PCE of 
corresponding device increased slightly. One may doubt that 
the crosslinkable additive,  COF , may not undergo crosslinking 
reaction due to its lower content of 10 to 15% in the active layer; 
however, we did not observe any spot corresponding to  COF  
by thin-layered chromatography analysis after dissolving the 
fi lms of active layers in dichloromethane after 6 h annealing 
process. We only observed a spot corresponding to  PC 61 BM  
and a baseline spot that may correspond to polymerized mate-
rials incorporating  COF . In addition, Pozzo et al. have dem-
onstrated that controlled addition of C 60  in the P3HT/ PC 61 BM  
layer induced faster nucleation of  PC 61 BM  to form smaller 

 PC 61 BM  crystallites with simultaneous increase of the devices 
stability. [ 21 ]  Suppose our  COF  behaved as C 60  that could have 
induced faster nucleation process of  PC 61 BM  as that in Pozzo’s 
study, we should have observed dramatic changes on the mor-
phology under different ratio loadings of  COF  in annealing 
experiments. However, the morphology of the  COF -derived 
blend remained at similar extent upon thermally annealed at 
150 °C for  t  = 1/6, 6, 18 and 24 h in our OM images of  COF -
derived fi lms with 10 and 20 wt% loading (Figure  2  and SI 
Figure S3). This may be due to the delay of  PC 61 BM  nucleation 
or more likely the excellent ability of  COF  to chemically fi x the 
morphology by crosslinking, leading to increase higher density 
of crystallites appearing at longer annealing period ( t  = 96 h). 
The occurrence of local crosslinking networks could suppress 
the rates of crystallization of  PC 61 BM  instead of reducing the 
average crystallite size of the fullerene through nucleation 
effect.  

 The performance of the two studied devices along thermal 
annealing time can be accounted with UV–Vis absorption and 
photoluminescence spectra respectively. It has been shown that 
thermal annealing process can increase the mesoscopic order 
and crystallinity of P3HT and  PC 61 BM  blend fi lm, and the 
charge transportation of holes and electrons will be enhanced 
accordingly. [ 22 ]  Nano-scale morphology phase segregation 
with semicrystalline order of both components was desirable 
architecture for the blends to achieve highly effi cient photo-
voltaics. [ 23 ]  The extended thermal annealing time allowed both 
components to increase their crystallinity. This behavior can be 
monitored by UV–vis absorption at specifi c wavelengths and 
provided supporting evidence to interpret the phenomena. [ 6b ]  
Figure S4 (SI) showed the absorption spectra of normal and 
 COF -blend fi lms at different annealing times. Three typ-
ical absorption peaks, located at 515, 550, and 610 nm, were 
attributed to the P3HT absorption peaks and were known 
to be relevant to the vibronic splitting of the π–π* transition, 
and their extents of crystallinity. [ 5 , 16a ]  Further, the absorption 
peak at 610 nm was associated to the inter-chain π–π* tran-
sition of P3HT and it refl ected signifi cant degree of struc-
tural ordering. The growth of three vibronic shoulders at 515, 
550, and 610 nm was found for both devices under extended 
annealing times. Due to strong interchain–interlayer interac-
tions or better packing of polymer P3HT, the morphology of 
P3HT gradually shifted from semi-crystalline to more crystal-
line state—a signifi cant behavior for the normal device. Never-
theless, the  PC 61 BM  diffusion and aggregation played the other 
determinant rule for the performance of normal devices since 
the crystallization process of P3HT accompanied with signifi -
cant blend microphase segregation. Consequently, it was evi-
dent that the morphology of devices without  COF  deteriorated 
gradually (Figure  2 a,  t  = 10 min to 144 h) and the OPV perfor-
mance decreased (Table  1  and Figure  1 ). In contrast, the diffu-
sion and crystallization of  PC 61 BM  were almost suppressed for 
the  COF -device. The crosslinked  COF  built local borders that 
slowed down the extensive diffusion of  PC 61 BM  and large-scale 
crystallization. Consequently, the P3HT can go further for self-
assembling and the enhanced performance (3.7%, Table  1 ) of 
 COF -device was obtained after annealing at 150 °C for 24 h. 

 Due to ultrafast photoinduced charge transfer within donor–
acceptor (D−A) interfaces, [ 24 ]  the photoluminescence (PL) of the 
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 Figure 1.     J – V  characteristics of OPV devices based on the blend fi lms 
of P3HT: PC 61 BM , a) w/o and b) w/  COF  under accelerated condition at 
150 °C for various times. c) Photovoltaic performance of  COF -derived 
cells tested at 150 °C with various annealing time in the dark under N 2 . 
(�):  V  oc ; (�): J  sc ; (�): PCE; (�): FF.
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blend fi lms could almost be quenched for a well-defi ned OPV 
blend morphology and thus it provided solid evidence for con-
fi rmation of the morphology induced instability in the devices. 
It was known that a large-scale phase separation greater than 
the diffusion length of excitons, typically 20 nm, photolumi-
nescence will take place. [ 6a , 24 ]  Figure S5 showed PL spectra of 
the blend fi lms with and without  COF  at 150 °C as a func-
tion of time respectively. The blend fi lms with  COF  remained 
to exhibit PL quenching at  t  = 144 h as the same magnitude 
of PL at  t  = 6 h. In contrast, the PL of devices without  COF  
increased with time since the active layer morphology degraded 
from optimal state upon long-term annealing, corroborating 
the fact of macro-phase segregation of P3HT from  PC 61 BM . 
This notion was attributed to decay of excitons through radia-
tive relaxation when domain size of P3HT-rich or fullerene-rich 
phases was greater than the diffusion length of excitons in the 
active layer; thereof, the large population of generated exci-
tons cannot reach the D−A interfaces. Due to large phase seg-
regation, PL was observed nearly as twice as large for normal 
devices after extended annealing process—consistent with the 
degraded performance of OPVs. 

 Based on results of accelerated testing, the lifetime of OPVs 
devices has been predicted to be stable for years under stress test-
ings such as elevated temperatures, cyclic or periodic mechanical 
and/or electrical stresses and concentrated light. [ 25 ]  Typically, the 
increase of temperature was an accelerating factor for the aging 
mechanism. [ 25b ]  Brabec et al. have suggested a delicate approach 
to evaluate the lifetime of photovoltaic devices at variable tem-
perature. [ 26 ]  However, Krebs et al. have pointed out that [ 25b , 27 ]  the 
used Arrhenius model was rather complex and it has not been 
well studied by the OPV community. Our preliminary results 
have indicated that addition of this new crosslinkable material, 
 COF , allowed the device to exhibit good stability under inert con-
ditions (150 °C; concentration of O 2  and H 2 O < 10 ppm) with 
omission of the top electrode contact issue (Ca/Al). 

 To study the performance of  COF  with a typical low 
bandgap conjugated polymer, Poly[[4,8-bis[(2-ethylhexyl)oxy]
benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethyl 
hexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7), we fabri-
cated the PTB7/ PC 71 BM , PTB7/ PC 61 BM  and PTB7/ PC 61 BM/
COF  devices under the same fabrication condition. The detailed 
process for PTB7/ PC 61 BM/COF  device was by spin-casting a 
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 Figure 2.    Optical microscopy images of a) the normal and b)  COF -derived blend fi lms under accelerated condition at 150 °C for various lengths of 
times. (Scale bar: 50 micrometers.)
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blended chlorobenzene solution containing PTB7,  PC 61 BM  and 
 COF  with concentration of 10 mgmL −1  for PTB7 (weight ratio of 
PTB7: PC 61 BM : COF  = 1:1.5:0.1) and 3 vol% of 1,8-diiodooctane 
(DIO) as additives at a spin rate of 1200 rpm for 30 s. As PTB7 
is a less crystalline polymer than P3HT, the morphology study 
showed that the PTB7/ PCBM  blend featured relatively smaller 
phase segregations where  PCBM  domains were better interpen-
etrated within the polymers than that in P3HT/ PCBM  blend. [ 28 ]  
Wantz et al. have observed a signifi cant drop of device perfor-
mance due to occurrence of micro-phase fullerene crystals after 
thermal annealing at 150 °C for 16 h for PTB7-based blends 
devices since PTB7/ PCBM  blends were thermally unstable than 
P3HT/ PCBM . [ 28a ]  As shown in Table S1 (SI), we observed sim-
ilar phenomenon—the PCEs drop from 6.1 to 1.5% and 4.9 to 
0.1% for the PTB7/ PC 71 BM  and PTB7/ PC 61 BM -based devices 
after they were annealed at 150 °C for 18 h, respectively. While 
addition of 10 wt% of  COF  to PTB7/ PC 61 BM  device, the device 
performance degraded from 5.0 to 3.2% (Table S1) under the 
same stress conditions, in which FF primarily contributed to 
the loss of PCEs. Future optimization will be focusing on other 
high-performance donor polymers, optimal concentrations and 
modifi cation of  COF  structure to demonstrate highly stable and 
high PCE OPV devices.  

  3.     Conclusions 

 In summary, we have demonstrated highly thermal stable 
organic solar cells with crosslinkable open-cage fullerenes 
as additives for building up partial local borders that reduced 
phase aggregation rates of fullerenes materials. Supported by 
statistical data analysis and optical microscopy observation, 
we have confi rmed that the phase aggregation of OPVs with 
 COF  as additives in the active was slowed down. The resulting 
devices showed longer lifetime than a normal device without 
crosslinkable open-cage fullerenes as additives under acceler-
ated heating test at 150 °C. These results have demonstrated 
that the thermally crosslinkable  COF  was an excellent additive 
for highly thermal stable and durable OPVs applications.  

  4.     Experimental Section 
  Measurement and Characterization : All chemicals were purchased 

from Aldrich and used as received unless otherwise specifi ed.  1 H 
NMR spectra were recorded using a Bruker spectrometer. Absorption 
spectra were recorded on a Perkin–Elmer Lambda 950 UV–Vis 
spectrophotometer. Differential scanning calorimetry (DSC) was 
measured with a TA instrument (TA Q20) at a heating rate of 10 °C 
min −1 . Fourier transform infrared (FT-IR) spectra were recorded with a 
Perkin Elmer infrared spectrometer. Current–voltage ( I–V ) curves of the 
OPVs devices were measured using a computer-controlled Keithley 2400 
source measurement unit (SMU) equipped with a Peccell solar simulator 
under the illumination of AM 1.5 (100 mW cm −2 ). The illumination 
intensity was calibrated using a standard Si photodiode detector 
equipped with a KG-5 fi lter. The output photocurrent was adjusted to 
match the photocurrent of the Si reference cell to obtain a power density 
of 100 mWcm −2 . After encapsulation, all devices were operated under an 
ambient atmosphere at 25 °C. 

  Photovoltaic Cell Fabrication and Testing : All the bulk-heterojunction 
OPV cells were prepared using the following device fabrication 

procedure: [ 6a , 14 ]  The glass/indium tin oxide (ITO) substrates [Sanyo, 
Japan (8Ω/�)] were sequentially patterned lithographically, cleaned with 
detergent, ultrasonicated in acetone and isopropyl alcohol, dried on a 
hot plate at 120 °C for 5 min, and treated with oxygen plasma for 5 min. 
Poly(3,4-ethylene-dioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS, 
Baytron P-VP AI4083) was passed through a 0.45-µm fi lter before being 
deposited on ITO at a thickness of ≈30 nm by spin-coating at 3000 rpm 
in air and then dried at 150 °C for 30 min inside a glove box. A blend 
of 1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6]-C 61  ( PC 61 BM ) and the 
P3HT [0.9:1 (w/w), 18 mg mL −1  in  o -DCB] was stirred overnight in  o -
DCB, fi ltered through a 0.2-µm poly(tetrafl uoroethylene) (PTFE) fi lter, 
and then spin-coated (500–1000 rpm, 30 s) on top of the PEDOT:PSS 
layer. The device was completed by depositing a 30-nm-thick layer of Ca 
and a 100-nm-thick layer of Al at pressures less than 10 −6  Torr. The active 
area of the device was 4 mm 2 . Finally the cell was encapsulated using 
UV-curing glue (Nagase, Japan)  
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