
GAO ET AL. VOL. 6 ’ NO. 8 ’ 7114–7121 ’ 2012

www.acsnano.org

7114

July 05, 2012

C 2012 American Chemical Society

Selenophene�Thiophene Block
Copolymer Solar Cells with
Thermostable Nanostructures
Dong Gao, Jon Hollinger, and Dwight S. Seferos*

Department of Chemistry, University of Toronto, 80 St. George Street, Toronto, Ontario, M5S 3H6, Canada

N
anostructured π-conjugated poly-
mers are important chemical com-
positions that are of interest for a

rangeofoptoelectronicuses.1�3Thestructure�
property�function relationships in these ma-
terials are governed by themolecular arrange-
ment of components. For example, limited
by their relatively short exciton diffusion
length, which is typically 5�20 nm,4�7 an
optimized donor�acceptor interface network
in the bulk-heterojunction (BHJ) system is
critical for efficient charge-separation, trans-
port, and hence power conversion efficiency
(PCE) of organic photovoltaics (OPVs). Numer-
ous methods have been tested for controlling
the nanostructure in OPVs such as thermal
annealing,8�10 vapor annealing,11�13 or the
use of additives.14�18 Ideal morphologies are
achieved though the kinetic control of the
crystallization of materials, which varies for
different polymer structures and processing
conditions. Since the optimal nanoscale mor-
phology may not be the thermodynamically
favorable morphology, device deterioration
and shorter device lifetimes can be expected
as the system ages and converts to a more
stable state. Specifically, studies have shown
the thermal stability of poly(3-hexylthiophene)
(P3HT) or poly[2-methoxy-5-(30,70-dimethyl-
octyloxy)-1,4-phenylenevinylene] (MDMO-PPV)
likely limits long-term solar cell performance of
these mateirals.19

Several researchers have suggested that
the challenges with OPV thermal stability
could be overcome by decreasing polymer
regioregularity20,21 or using a lowmolecular
weight polymer with a high glass transition
temperature.22 Regioregularity and molec-
ular weight however also affect charge car-
rier mobility.23�25 It is therefore difficult to
avoid the trade-off between device initial
performance and stability. Moreover, anneal-
ing is still necessary to reach an initially
optimized nanostructure. This latter point is

disadvantageous because it adds an addi-
tional step and cost to the fabrication process.
Alternatively, thermodynamic phase se-

paration may be achieved through the so-
called block copolymer approach. Block co-
polymers comprise two or more covalently
linked polymer blocks with distinct repeat
units. One of the most important features of
block copolymers is their self-assembly behav-
ior, which provides the possibility to control
material domain size or structure at the
nanoscale.26�30 The covalent linkage pre-
vents the two blocks from demixing at the
length scale of the polymer chains, typically
10�20 nm, which is roughly equivalent to the
exciton diffusion length.31�42 Our group has
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ABSTRACT

The nanostructure morphology and electron donor performance of a poly(3-hexylselenophene)-

block-poly(3-hexylthiophene) (P3HS-b-P3HT) copolymer was studied in a photovoltaic device

with a [6,6]-phenyl C61 butyric acid methyl ester (PCBM) acceptor. P3HS-b-P3HT forms fiberlike

nanostructures spontaneously, which leads to an initial optimal device performance. Further-

more the nanostructure morphology is not greatly affected by annealing, which leads to a device

stability that outperforms P3HT, P3HS, or a P3HS/P3HT mixture under identical conditions.

External quantum efficiency, hole mobility, and current�voltage measurements show that the

block copolymer also outperforms a ternary blend that consists of a physical mixture of P3HS,

P3HT, and PCBM with the same overall composition. Overall, the observation of optimal device

performance and morphology without annealing as well as enhanced thermal stability

demonstrates the advantage of fully conjugated diblock copolymers in nanostructured devices.

KEYWORDS: conjugated polymer . nanostructure . nanofiber . solar cell .
thermal stability
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recently introduced poly(3-hexylselenophene)-block-
poly(3-hexylthiophene) (P3HS-b-P3HT), and discov-
ered that blocks of distinct heterocycles undergo a
significant degree of phase-separation at the nano-
scale.43,44 On the basis of this observation, we hypothe-
sized that the nanostructure of P3HS-b-P3HT will be
advantageous for photovoltaic performance. A second
unique feature of P3HS-b-P3HT copolymers is that each
block has a distinct optoelectronic signature and the
entire chain is π-conjugated. Blends of multiple donor
or acceptor materials, also called ternary blends, are
advantageous for controlling device voltage and im-
proving light absorption and current output.45,46

Therefore, a second hypothesis is that the presence
of both the selenophene and thiophene chromo-
phores will provide a better spectral coverage. In this
work, we report the first device study of P3HS-b-P3HT
copolymers and evaluate their performance, nanoscale
morphology, and stability as donor materials in OPVs
with fullerene acceptors.

RESULTS AND DISCUSSION

The P3HS-b-P3HT block copolymers used in this
study were synthesized using our previously published
procedure.43 Proton NMR studies were used to confirm
the selenophene/thiophene ratio (56:44) by integrat-
ing the aromatic resonances, as well as to confirm the
block structure. Consistent with our previous work, only
selenophene�selenophene and thiophene�thiophene
linkages are observed in the NMR spectra of the block
copolymer, which rules out any significant monomer
mixing (Supporting Information, Figure S6). The regio-
regularity of the polymer is 85% as determined by NMR.
For comparison purposes, the two homopolymers were
used as control experiments, as well as a 50:50 physical
mixture of each (P3HS/P3HT). We also prepared a 56:44
physical mixture (Supporting Information, Figure S7)
and found that the photoresponse was not statistically
different from the 50:50mixture and so we focus on the
50:50 mixture for simplicity. The optical spectra of all
the polymers are consistent with previous reports
(Supporting Information, Figure S1). The molecular
weight of all polymers used in this study are similar
(Table 1; Supporting Information, Figure S5). For device
fabrication, the active layer is formed by spin-coating a

1:0.8 (w/w) blendof polymer (P3HS-b-P3HT, P3HT, P3HS,
or P3HS/P3HT) and [6,6]-phenyl C61 butyric acid methyl
ester (PCBM) in dichlorobenzene onto an indium tin
oxide (ITO) coated glass anode (that was previously
coated with a PEDOT/PSS hole transport layer), and
finishedwith a LiF/Al cathode. The active layer thickness
is ∼150 nm [determined by atomic force microscopy
(AFM)]. The fabrication procedures were optimized
separately for each polymer/PCBM device to ensure
that in all cases we are comparing the experimentally
optimized devices. Accordingly, the P3HT/PCBM active
layer was vapor annealed to achieve optimal perfor-
mance, while the P3HS-b-P3HT/PCBM, P3HS/PCBM, and
P3HS/P3HT/PCBM active layers were fabricated and
dried at 80 �C to achieve optimal performance. A more
detailed description of device fabrication can be found
in the Methods Section.
The spectral properties and response of the polymer/

PCBMphotodiodeswere studied first. External quantum
efficiency (EQE) spectra were measured and compared
with the absorption spectra of polymer/PCBM films
(Figure 1). Because of the presence of polyselenophene,
which has a narrower HOMO�LUMO gap than poly-
thiophene, both P3HS-b-P3HT/PCBM and P3HS/P3HT/
PCBM films have more red-shifted absorption and EQE
response than P3HT/PCBM. The spectra are also broader
because they contain two chromophores. The EQE
spectrumofP3HS-b-P3HT/PCBMshifts to a slightly lower
energy (by 0.03 eV) than P3HS. This red shift indicates
the block structure has a slightly narrower HOMO�
LUMO gap. Interestingly, the EQE in the high energy
regions (350�650 nm) are similar for P3HS/PCBM, P3HS-
b-P3HT/PCBM, and P3HS/P3HT/PCBM films. The photon
harvesting in the P3HT-block of P3HS-b-P3HT is there-
fore diminished, as one would ideally expect an inter-
mediate value between P3HT/PCBM and P3HS/PCBM.
However, in the region of the EQE spectra where P3HT
does not absorb light (650�750 nm), P3HS-b-P3HT/
PCBM has similar intensity as P3HS/PCBM. In contrast,
the response of P3HS/P3HT/PCBM in the same region is
roughly half of the intensity of P3HS/PCBM, which is
expected because P3HT dilutes the P3HS concentration
byabout one-half in the film. These results show that the
photon harvesting from the P3HS-block is improved in
P3HS-b-P3HT devices.

TABLE 1. Summary of Polymer and Device (with PCBM) Characteristics

polymer Mn
a kDa PDIa RRb % HOMOc eV opt. band gapd eV JSC mA cm

�2 VOC V FF % PCEe % μh
f cm2 V�1 s�1

P3HS-b-P3HT 18.3 1.36 85 �5.16 1.60 7.14 0.58 65.05 2.69 (2.52) 2.22 � 10�4

P3HS/P3HT mixture 6.17 0.58 57.42 2.05 (1.94) 2.88 � 10�5

P3HT 34.1 1.99 ∼95g �5.19 1.90 8.29 0.60 65.94 3.28 (3.12) 5.57 � 10�4

P3HS 24.1 1.20 83 �5.43 1.61 7.06 0.54 56.11 2.14 (1.85) 4.56 � 10�4

a The number average molecular weight (Mn) and polydispersity index (PDI) from GPC measurements, polystyrene standards were used in the GPC analysis. b The
regioregularity (RR) determined by NMR. c The highest occupied molecular orbital (HOMO) level determined by cyclic voltammetry. d The optical band gap determined by the
onset of absorption of the polymer film. e The average efficiencies of 5�11 devices are inside the brackets. f Field-dependent hole mobility (μh) measured from single carrier
devices. g Data was supplied by the manufacturer.
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Devices all display typical diode-like I�V curves
under simulated solar illumination (100 mW cm�2

AM 1.5 G; Figure 2). The power conversion efficiencies
(PCEs) of P3HT/PCBM and P3HS/PCBM devices are
consistent with reported literature values.47�50 P3HS-
b-P3HT/PCBM and P3HS/P3HT/PCBM devices operate
at the same open circuit voltage (Voc) (0.58 V), which is
slightly lower than the P3HT/PCBM device (0.60 V) but
higher than the P3HS/PCBM device (0.54 V). The Voc is
proportional to the difference of the HOMO level
of donor and LUMO level of acceptor when the
Fermi level is pinned between the organic materials
and electrodes.51 The HOMO levels of P3HT, P3HS,
and P3HS-b-P3HT are �5.19, �5.43, and �5.16 eV,
respectively, as determined by cyclic voltammetry
(Supporting Information, Figure S2). The inconsistency
between the low-lying HOMO level and low Voc of
P3HS/PCBM indicates significant voltage loss, which is
likely due to the unfavorable nanomorphology and fast
nongeminate recombination of P3HS/PCBM.48,52 In the
P3HS-b-P3HT/PCBM system, the presence of P3HT
segments appears to improve charge collection from
the P3HS segment and results in a higher device Voc.
Overall, although the short-circuit current (Jsc) of
P3HS-b-P3HT/PCBM and P3HS/PCBM devices are

similar, a higher PCE is achieved in P3HS-b-P3HT/PCBM
devices owing to a better FF and Voc. We attribute
the significantly reduced Jsc for P3HS/P3HT/PCBM to
the unfavorable morphology of this ternary mixture
(vide infra).
For homopolymers such as P3HT, thermal or vapor

annealing treatment is necessary to achieve optimal
device performance.8 Strikingly, in P3HS-b-P3HT/PCBM,
the annealed devices are only slightly improved from
their initial performance (from 2.5 ( 0.1% without
annealing to 2.7( 0.1% with annealing; Figure 3). This
slight improvement is likely caused by further solvent
removal. AFM measurements show that P3HS-b-P3HT/
PCBM has a nearly identical fiberlike morphology with
or without annealing (Figure 4). Although we note that
the P3HS-b-P3HT/PCBM active layers were spun cast
from 80 �C solutions, and dried quickly (∼30 s) at these
temperatures, this procedure is significantly different
than thermal or solvent annealing. This is known as the
“fast-grown” process, and a previous study has shown
that it will result in a low performance for P3HT/PCBM
devices (with PCE lower than 2%).12 The surface fea-
tures of the P3HS-b-P3HT/PCBM active layer prepared
in this manner consist of fibers that are 10�20 nm
apart, a distance that is roughly equal to the exciton

Figure 1. Polymer structures (left), absorption spectra (center), and external quantum efficiency spectra (right) of P3HS-b-
P3HT/PCBM (black), P3HS/P3HT/PCBM (1:1 mixture of P3HS and P3HT) (red), P3HT/PCBM (blue), and P3HS/PCBM (olive)
samples.

Figure 2. I�V characteristics of P3HS-b-P3HT/PCBM (black),
P3HS/P3HT/PCBM 1:1mixture (red), P3HT/PCBM (blue), and
P3HS/PCBM (olive) devices.

Figure 3. Average power conversion efficiencies of P3HS-b-
P3HT/PCBM devices annealed at 100 �C as a function of
annealing time. Error bars represent the standard deviation
of 5�11 devices.
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diffusion length. Fiberlike structures have been ob-
served for nonconjugated polymers that are below the
entanglement limit, and for P3HT homopolymers with
molecular weights that are below a certain value.53�55

This structure has been considered to be important
to improve phase-separation between the donor
and acceptor domains, thereby enhancing charge-
transport and separation.9,31,32,37 This result shows
that the fiberlike nanostructure of the P3HS-b-P3HT
block copolymer film forms spontaneously from
solution.
We next designed a series of experiments to further

understand the performance of the different polymers
in the nanostructured solar cells. The hole mobility of
the active layers was determined using the space
charge limited current (SCLC) model. In this configura-
tion, P3HT/PCBM has a hole mobility of 5.57 �
10�4 cm2V�1s�1, and P3HS/PCBMhas a similarmobility
of 4.56 � 10�4 cm2V�1s�1. P3HS-b-P3HT/PCBM and

P3HT/P3HS/PCBM have hole mobilities of 2.22 �
10�4 cm2V�1s�1 and 2.88 � 10�5 cm2V�1s�1 respec-
tively, which are lower than the values of both P3HT
and P3HS. This result indicates that the charge carrier
mobility is affected when two distinct polymer do-
mains are present in the hole-conductingmaterial. This
could be caused by perturbing the charge-transport
process by increasing the energy barrier for charge
hopping from one domain to the other. This effect
appears minimized in P3HS-b-P3HT, likely because it
has an organized nanoscale packing arrangement. On
the other hand, P3HS/P3HT/PCBM has a very rough and
disordered surface (Supporting Information, Figure S3),
which is consistent with macroscale demixing, and this
likely decreases the overall charge carrier mobility.
In light of this, we examined the differences in the

packing arrangements of the polymer in the active
layer. Packing arrangement has an important influence
on charge carrier mobility and series resistance, which

Figure 4. AFM height (a, c, e, g) and phase (b, d, f, h) images of P3HS-b-P3HT/PCBM films without annealing (a, b), annealed at
80 �C (c, d), and annealed at 130 �C for 30 min (e, f, g, h).

Figure 5. Wide-angle X-ray diffraction patterns (WAXD) of
P3HS-b-P3HT/PCBM (black) and P3HS/P3HT/PCBM (red)
blends drop cast onto ITO/PEDOT/PSS substrates. The peaks
at 2θ≈ 7.3� and at 2θ≈ 5.6� correspond to 12.1Å and 16.0Å
spacing, respectively. The peaks at 2θ ≈ 21.3� and 30.2�
originate from the ITO substrate.

Figure 6. Normalized average PCE as a function of post-
annealing temperature of P3HS-b-P3HT/PCBM (black) and
P3HT/PCBM (blue) devices. The annealing time at each
temperature is 10 min. Error bars represent the standard
deviation of 5�11 devices.
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can result in a higher Jsc and FF.23 Wide-angle X-ray
diffraction patterns (WAXD) of P3HS/P3HT/PCBM
blends drop cast onto ITO/PEDOT/PSS substrates re-
veal peaks at 2θ ≈ 7.3� and 2θ ≈ 5.6�, corresponding
to 12.1 Å and 16.0 Å interlayer spacings, respec-
tively (Figure 5). The 12.1 Å spacing has been reported
in previous work and is the so-called type-2 polymorph
formed by P3HS, which has relatively poor π�π
stacking.56 In contrast, only a type-1 spacing peak at
2θ ≈ 5.6� is observed in the P3HS-b-P3HT/PCBM
sample indicating that only one polymorph is present
in the P3HS-b-P3HT film. Because of the similarity in
spacing of type-1 P3HT (16.0�16.7 Å)57,58 and type-1
P3HS (15.2�15.5 Å)56,59 only one diffraction peak is
expected in the P3HS-b-P3HT film if both blocks are
present in their respective type-1 phases. The presence
of two polymorphs in P3HS/P3HT/PCBM may also be
indicative of macroscale phase separation, which is
consistent with a previous study from our group44

and the AFM images of this film (Supporting Infor-
mation, Figure S3). Surface roughness, larger domain
sizes, and the presence of two polymorphs of the
donor materials in the film are likely the reason why
the P3HS/P3HT/PCBM film is less efficient than P3HS-
b-P3HT/PCBM.
Because annealing does not significantly change the

morphology or performance of the P3HS-b-P3HT/PCBM
device, we hypothesized that one could expect better
thermal stability from this system. To investigate thermal
stability, we annealed finished devices (hereafter referred
to as postannealing) and monitored PCE as a function of
both time and temperature. Postannealing and device
testing were conducted in a nitrogen-filled glovebox.
Impressively, the P3HS-b-P3HT/PCBM devices are much
more robust to the high temperature postannealing
process (Figure 6). After increasing the postannealing
temperature to 100 �C, the P3HS-b-P3HT/PCBM devices
still operatewith 83%of their initial efficiencies, while the
performance of P3HT/PCBM devices drops bymore than

50%. All devices fail (by shorting) after postannealing at
130 �C which may be due to LiF/Al cathode breakdown.
The robustness of P3HS-b-P3HT/PCBM devices is also

observed during postannealing at fixed temperature
as a function of time (Figure 7). P3HT devices lost over
25% PCE after postannealing for 30 min at 80 �C, while
P3HS-b-P3HT/PCBM devices remain above 90% of the
initial operating efficiency under the same experimen-
tal conditions. Finally we note that the degradation
tendency of the P3HT/P3HS/PCBM mixture is almost
identical to P3HT/PCBM, which shows that the block
copolymer architecture is necessary for thermal stabi-
lity. The I�V curves show that the decline of current is
retarded in P3HS-b-P3HT/PCBM devices (Figure 8),
which is likely due to a stabilized donor�acceptor
interface, consistent with AFM measurements. These
results demonstrate that a more thermodynamically
stable nanostructure is formedby the block copolymer,
as devices using P3HS-b-P3HT/PCBM are more robust
than homopolymers or mixtures.

CONCLUSION

We have studied the morphology of P3HS-b-P3HT
block copolymers and investigated their photovoltaic
performance with a fullerene acceptor for the first time.
Fiberlike nanostructures are formed spontaneously in
P3HS-b-P3HT/PCBM devices, and their thermal stability
exceeds homopolymer/PCBMdevices or ternarymixtures.

Figure 7. Normalized average PCE as a function of post-
annealing time of P3HS-b-P3HT/PCBM (black), P3HS/P3HT/
PCBM (red), and P3HT/PCBM (blue) devices. The annealing
temperature is 80 �C. Error bars represent the standard
deviation of 5�11 devices.

Figure 8. I�V characteristics of P3HS-b-P3HT/PCBM (left)
and P3HT/PCBM (right) devices after postannealing at 80 �C
for 0 (black), 5 (red), 10 (blue), 20 (olive), and 30 (pink)
minutes.
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Although P3HS-b-P3HT contains two distinct electron
donor materials, the EQE spectra, hole mobility, Jsc, and
PCE exceed that of a physical mixture of the two homo-
polymers and PCBM. We note further that low energy
photoharvesting is improved in this system, relative to
either a homopolymer or a physical mixture of both. As

ternary and other new OPV systems7,60�64 are attracting
more attention, fully conjugated diblock copolymers
should become an important material to study their
structure�property�function relationships. These obser-
vations should motivate the continued development of
other conjugated block copolymers for OPV applications.

METHODS SECTION
General Considerations. All reagents were used as received

unless otherwise specified. Selenophene, 2,5-dibromo-3-hex-
ylthiophene, i-PrMgCl (2.0 M in THF), and Ni(dppp)Cl2 [dppp is
1,3-bis(diphenylphosphino)propane] were purchased from Sigma-
Aldrich. Solvents were purchased from Caledon Laboratory
Chemicals and dried using an Innovative Technology solvent
purification system. 2,5-Dibromo-3-hexylselenophene was
synthesized from selenophene as previously reported.43 P3HT
was purchased from Rieke Metals Inc. [6,6]-Phenyl C61 butyric
acid methyl ester (PCBM) was purchased from Nano C Inc. NMR
spectra were recorded on a Varian Mercury 400 spectrometer
operating at 400 MHz. Chemical shifts are reported in ppm at
ambient temperature. 1H chemical shifts are referenced to the
residual protonated chloroform peak at 7.26 ppm. Polymer
molecular weights were determined with a Viscotek HT-GPC
(1,2,4-trichlorobenzene, 140 �C, 1 mL/min flow rate) using Tosoh
Bioscience LLC TSK-GEL GMHHR-HT mixed-bed columns and
narrow molecular weight distribution polystyrene standards.
A UV�vis (450 nm) detector was used to detect the eluted
polymer with respect to elution volume. Absorption spectra
were recorded on a Varian Cary 5000 UV�vis�NIR spectro-
photometer. Electrochemistry was performed with a BASi Epsi-
lon potentiostat. AFM images were obtained with a Vecco
Dimension 3000 microscope. Powder X-ray diffraction spectra
were recorded on a Bruker AXS D8 Discovery with a GADDS area
detector. I�V characteristics were measured using a Keithley
2400 source meter under simulated AM 1.5 G conditions with a
power intensity of 100 mW/cm2. The mismatch of simulator
spectrum was calibrated using a Si diode with a KG-5 filter. EQE
spectra were measured using a 300 W xenon lamp with an Oriel
Cornerstone 260 1/4 mmonochromator and compared with a Si
reference cell that is traceable to the National Institute of
Standards and Technology.

Polymer Synthesis. (Poly-3-hexylselenophene)-block-(poly-3-
hexylthiophene) (P3HS-b-P3HT). A Schlenk flask was loaded
with 2,5-dibromo-3-hexylselenophene (1.09 g, 2.92 mmol) and
evacuated for 20 min. THF (22 mL) was then added followed by
i-PrMgCl (1.46 mL, 2.0 M in THF). After 1 h the mixture was
transferred to a flask containing Ni(dppp)Cl2 (31 mg, 0.057
mmol) for polymerization and heated to 40 �C for 20 min. In a
separate flask, 2,5-dibromo-3-hexylthiophene (0.95 g, 2.92
mmol) was treated with THF (22 mL) and i-PrMgCl (1.46 mL)
and stirred for 1 h at room temperature. The thiophene mono-
mer solution was transferred to the polymerization flask after
the selenophene monomer had polymerized for 20 min. The
reaction was continued for another 20 min and then quenched
with 5% HCl, precipitated in methanol, filtered, and dried to
afford a dark purple solid (750 mg, 68%). For polymer device
testing, a fraction of this material was purified by Soxhlet
extraction in methanol, hexanes, and chloroform. The chloro-
form fraction was passed through a silica plug eluting with
chloroform, and the solvent was removed under vacuum. The
selenophene/thiophene ratio (56:44) was determined by inte-
grating the aromatic peaks from the two distinct heterocycles
(7.12 ppm and 6.98 ppm for selenophene and thiophene,
respectively). 1H NMR (CDCl3, 300 MHz): δ 7.12 (s), 6.98 (s),
2.80 (t), 2.73 (t), 1.69 (m), 1.43, (m), 1.35 (m), 0.91 (m), 85%
regioregular; GPC (140 �C in 1,2,4-tricholorobenzene): Mn =
18.3 kDa, Mw = 25.0 kDa, PDI = 1.36.

Poly-3-hexylselenophene (P3HS). A Schlenk flask was loaded
with 2,5-dibromo-3-hexylselenophene (1.01 g, 2.71 mmol) and
evacuated for 20 min. THF (19 mL) was then added followed by
i-PrMgCl (1.35 mL, 2.0 M in THF). After 1 h the mixture was
transferred to a flask containing Ni(dppp)Cl2 (14.6 mg, 0.027
mmol) for polymerization. The mixture was heated to 40 �C for
20 min and then quenched with 5% HCl. The polymer was then
precipitated into methanol and filtered to afford a purple solid
(314 mg, 54% yield). For device testing, this material was placed
in a Soxhlet thimble and extracted with methanol, hexanes, and
chloroform. The chloroform fraction was passed through a plug
of silica eluting with chloroform and the solvent was removed
under vacuum. 1H NMR (CDCl3, 300 MHz): δ 7.12 (s), 2.73 (t), 1.67
(m), 1.43 (m). 1.34 (m), 0.90 (t), 83% regioregular; GPC (140 �C
in 1,2,4-tricholorobenzene): Mn = 24.1 kDa, Mw = 28.6 kDa,
PDI = 1.20.

Device Fabrication. P3HT, P3HS, or P3HS-b-P3HT and PCBM
were mixed in 1,2-dichlorobenzene (15 mg/mL total polymer:
12 mg/mL PCBM) and stirred for 16 h at 80 �C to completely
dissolve the solids. Devices were fabricated on commercial
indium tin oxide (ITO) substrates (Colorado Concept Coatings)
that had a sheet resistance of ∼10Ω/0. These substrates were
cleaned in aqueous detergent, deionized (DI) water, acetone,
and methanol, and subsequently treated in an oxygen-plasma
cleaner for 5min. Next, poly(3,4-ethylenedioxythiophene)/poly-
(styrenesulfonate) (PEDOT/PSS) (Clevios P VP AI 4083) was
coated onto the substrates at 3000 rpm and the PEDOT/PSS-
coated substrates were annealed in air at 130 �C for 15 min.
After annealing, the substrates were transferred into a nitrogen-
filled glovebox, where polymer/PCBM blends were coated at
800 rpm. After spin-coating, P3HT samples were immediately
transferred into closed Petri-dishes and slowly dried at room
temperature (a vapor annealing process; the optimized condition).
For P3HS, P3HS-b-P3HT, and P3HS/P3HT samples, films were spin-
coated from hot solutions followed by heating at 80 �C until the
films were dry (determined by the color change from solution to
film, ∼30 s). This annealing treatment was carried out on a hot
plate in glovebox before transferring the samples into an evapora-
tion chamber. A 0.8 nm LiF layer and 100 nm Al anode was
thermally deposited through a shadow mask at ∼10�6 Torr. The
device area is 0.07 cm2 as defined by the area of circular Al anode.
Postannealing was carried out after depositing this top electrode.
I�V characteristics were measured under simulated AM 1.5 G
conditions with a power intensity of 100 mW/cm2. The averages
and standard deviations are calculated from 5�11 individual
devices. The thickness of active layer is ∼150 nm for all devices,
determined by AFM. Single carrier devices were fabricated in the
same manner as photodiode devices except the LiF/Al cathode
was replaced by a Au cathode. I�V characteristics of the single
carrier devicesweremeasured under dark conditions andmobility
was estimated from the Mott�Gurney law (Supporting Informa-
tion, Figure S4).
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