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ABSTRACT: Understanding the effects of conjugated polymer
structures on exciton lifetimes and morphologies within bulk
heterojunction (BHJ) films is a necessary step toward the devel-
opment of better organic solar cells. Studying the impact of a
polymer's structure on the optical, morphological, and perfor-
mance characteristics of a device can lead to advances in the design
of new polymers. In this study, we synthesized carbon- and silicon-
bridged cyclopentadithiophene- (CPDT-) based polymers and
determined their photophysical properties and morphologies
by measuring the exciton lifetime distributions in their BHJ
films. The silicon-bridged CPDT-based polymer/[6,6]-phenyl-
C61-butyric acid methyl ester (PCBM) BHJ exhibited a higher degree of luminescence quenching, suggesting that thermodynamically
favorable mixing on the molecular scale and nanoscale phase separation occurred simultaneously in the blend film. We attribute this
favorable morphology to the presence of strong π-π stacking in the silicon-bridged CPDT-based polymers. Under AM 1.5 G
illumination (100 mA cm-2), a device incorporating the silicon-bridged CPDT-based polymer and PCBM (1:2, w/w) gave an
overall power conversion efficiency of 3.5% with a short-circuit current of 9.0 mA cm-2, an open-circuit voltage of 0.72 V, and a fill
factor of 53.6%.

’ INTRODUCTION

Polymer solar cells have attracted much scientific interest
because of their potential to reduce fabrication costs by taking
advantage of solution-deposition methods and high stability
compared with dye-sensitized solar cells.1-5 One of the impor-
tant factors affecting the power conversion efficiency (PCE) in
polymer solar cells is the morphology of the BHJ films. The ideal
morphology would feature (i) a high level of mixing between
donors and acceptors, to create a large interfacial surface area that
allows exciton dissociation, and (ii) percolating pathways
across the film for the transport of photogenerated electrons and
holes.6-9 A number of methods, including thermal annealing,10-13

solvent annealing,14-17 and the use of processing additives,18-21

have been proposed to efficiently modulate polymer film morphol-
ogy on the nanoscale. Thermal and solvent annealing can induce the
self-organization of conjugated polymers, leading to stronger inter-
chain interactions. A recently developed mixed-solvent approach
involves the addition of alkanedithiols into the solvent used to
fabricate the solar cell devices. These alkanedithiols selectively
dissolve [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), but
not poly(3-hexylthiophene) (P3HT) or any of the other polymers
used. This method allows efficient phase separation to occur during
the drying process, leading to favorable morphologies for the
transport of the carriers to their respective electrodes.

In addition to the approaches mentioned above, the use of
silole-containing polymers is another promising method for
controlling film morphology and improving device performance.
Many groups have reported that replacing a carbon atom with a
silicon atom on themain chain of a conjugated polymer can led to
increases in solar cell efficiency.22,23 Scharber et al.24 and Chen
et al.25 reported that replacing the bridge carbon atom in cyclo-
pentadithiophene- (CPDT-) based polymers with a silicon atom
leads to films exhibiting greater crystallinity. These silole-con-
taining polymers feature slightly distorted CPDT units relative to
those of their carbon-bridged congeners. The longer Si-C
bond25 modifies the geometry of the fused dithophene unit,
resulting in better ordering of the polymer chains and, conse-
quently, better charge-transport properties. Because the photo-
current in a polymer solar cell is proportional to the product of
the photocarrier density generation rate and the carrier mobility,6

improved charge transport has an entirely positive effect on solar
cell efficiency. The dissociation of electron/hole pairs at the
donor-acceptor interface is, however, an important process that
limits the charge-generation efficiency under normal operation
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conditions; this phenomenon can be measured in terms of the
exciton lifetime. The relationship between the chemical structure
of a conjugated polymer and the exciton lifetime remains poorly
understood, even though these two properties are the most
fundamental characteristics directly influencing cell perfor-
mance. In this study, we synthesized a CPDT-based copolymer
(PCPDTTBT) and its silole-based derivative, poly[(4,40-bis-
(2-ethylhexyl)dithieno[3,2-b:20,30-d]silole)-2,6-diyl-alt-(5,50-thienyl-
4,40-dihexyl-2,20-bithiazole)-2,6-diyl] (Si-PCPDTTBT). We
then combined confocal optical microscopy with a time-resolved
detection module to investigate the relationship between the
morphologies of the resulting blend films and the exciton
lifetimes.26,27 The time- and spatial-domain signals revealed the
effects of the different bridging atoms in the CPDT units on the
exciton dissociation and carrier transport within bulk hetero-
junction (BHJ) films on the nanoscale.

’RESULTS AND DISCUSSION

We synthesized PSPDTTBT according to literature pro-
cedures.28 The bithiazole-based monomer 5 was prepared
from 1-bromo-2-octanone (1) using Stille and Suzuki coupling
reactions (Scheme 1). The synthetic routes of the silicon-bridged
CPDT unit (11) are shown Scheme 2. As shown in Scheme 3,
further coupling of monomers 5 and 11 successfully resulted in

the Si-PCPDTTBT copolymer. All precursors were satisfactorily
characterized using 1H NMR spectroscopy and mass spectrom-
etry. The two pendent 2-ethylhexyl side chains on the Si-CPDT
units and the one long hexyl chain on the bithiazole units enhanced
the solubilities and the solution processabilities/tractabilities of
the polymers. The copolymers were completely soluble in the
organic solvents chloroform, tetrahydrofuran (THF), and chloro-
benzene at room temperature.

Figure 1 presents cyclic voltammograms of PCPDTTBT and
Si-PCPDTTBT cast on a platinum disk electrode in 0.1 M
TBAPF6/MeCN; the electrochemical behaviors of PCPDTTBT
and Si-PCPDTTBT were almost identical. Using the onset
oxidation and reduction potentials obtained from the cyclic
voltammograms,29 we estimate the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels to be 5.10 and 3.55 eV, respectively, for both
PCPDTTBT and Si-PCPDTTBT.

Figure 2 presents normalized absorbance and photolumines-
cence (PL) spectra of the carbon- and silicon-bridged polymers.
The absorbance spectrum of PCPDTTBT reveals a broad
featureless absorption peak located at 530 nm. Notably, the
absorbance spectrum of Si-PCPDTTBT displays a markedly red-
shifted absorption (560 nm) relative to that of PCPDTTBT and
a pronounced vibronic peak at 610 nm. These features indicate
that the silole ring enhances the conjugation and interactions of
the polymer chains.30 Chen et al. have developed a computa-
tional method for simulating silole-containing polymers. They
claimed that the C-Si bond is significantly longer than the C-C
bond, which reduces the steric hindrance from the bulky alkyl
groups. As a result, the polymer changes from an amorphous
(carbon-based polymer) to a highly crystalline (silicon-based
polymer) structure, which leads to the red shift and the vibronic
peak of absorbance.25 The PL spectra reveal very similar behav-
ior, with a PL emission maximum centered at 710 nm for each
polymer. However, the PL spectrum of Si-PCPDTTBT is red-
shifted and shows a long-lived component compared with the
carbon counterpart. The observed long-lived component indi-
cates that a charge-transfer state is active in this system induced
by an increase in π-π interaction and hence electronic
delocalization.31,32 This can lead to favorable consequences for
solar-cell performance.

For a BHJ solar cell to achieve high efficiency, it requires a
well-mixed domain of donor and acceptor units and the presence
of percolating pathways for charge transport. Although it can be
difficult to measure the degree of mixing of a bicomponent phase
and its morphology simultaneously, in this study, we measured
the exciton lifetime distributions (ELDs) of the blended films to
obtain both types of information at the same time. Figure 3
presents scanning confocal ELD images of PCPDTTBT/PCBM
and Si-PCPDTTBT/PCBM (1:1, wt %) films. The ELD images
were measured after excitation at 470 nm using a picosecond
laser microscope (resolution: 512� 512 pixels). The exciton
lifetimes were satisfactorily fitted using a multiexponential

Scheme 1. Synthetic Pathways of Bithiazole-Based Monomers

Scheme 2. Synthetic Route toward Silicon-Bridged CPDT

Scheme 3. Synthetic Route of Si-PCPDTTBT Copolymer
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model.32 These extracted values allowed us to construct two-
dimensional exciton lifetime images. From the 10� 10 μm ELD
images of the PCPDTTBT/PCBM and Si-PCPDTTBT/PCBM
blending films, the constructed lifetime images reveal that both
contained almost-homogeneous phases. Nevertheless, the
PCPDTTBT/PCBM film provided a longer exciton lifetime
than the Si-PCPDTTBT/PCBM film, suggesting that the degree
of exciton dissociation was greater for the Si-PCPDTTBT/
PCBM film, leading to its larger photogeneration efficiency.
These conclusions are further supported by the transmitted
images in Figure 3c,d. The Si-PCPDTTBT/PCBM film provided
a lower PL emission intensity in the overall film relative to that of
the PCPDTTBT/PCBM film. This behavior suggests that good
mixing exists between the polymer and the fullerene, leading to
more-efficient energy transfer. Close scrutiny reveals some red
spots (regions of longer exciton lifetime) in Figure 3b. From
comparison with the transmitted images, the red spots represent

higher levels of PL emission; presumably, they arose from the
aggregation of polymer chains. To quantify the variations in PL
quenching, we fitted the resulting ELD images with a Gaussian
function (Figure 3e,f), obtaining average lifetimes for PCPD-
TTBT/PCBM and Si-PCPDTTBT/PCBM of 3.11 and 2.66 ns,
respectively, over lifetime distributions ranging from 2.62 to
3.35 ns and from 2.20 to 2.93 ns, respectively. The PL quenching
phenomena presumably arose through rapid energy or electron
transfer to PCBM. The variations in the exciton lifetimes indicate
the presence of compositional separation within the blended films.

The photophysical properties of a blend film are the most
fundamental characteristics directly influencing cell perfor-
mance. Unfortunately, the resolution of confocal optical micros-
copy is restricted by the applied laser wavelength, which is
typically 400-500 nm. To gain insight into the nanostructure
within the films, Sauer and co-workers used confocal fluores-
cence lifetime imaging microscopy to measure the distance
between two dye molecules that were less than 30 nm apart.33

They demonstrated that ultra-high-resolution imaging can be
established by combining the spatial- and time-domain signals
from confocal microscopy and fluorescence lifetime measure-
ments. In this study, we applied their technique to correlate
the chemical structure with the photophysical properties on the

Figure 1. Cyclic voltammograms of the PCPDTTBT and Si-PCPDTTBT
films.

Figure 2. Normalized absorbance and PL spectra of the PCPDTTBT
(blue) and Si-PCPDTTBT (red) polymer films.

Figure 3. (a,b) Exciton lifetimes, (c,d) transmitted images, and (e,f)
histograms of the exciton lifetimes for the (a,c,e) PCPDTTBT/PCBM
and (b,d,f) Si-PCPDTTBT/PCBM blend films, measured after excita-
tion at 470 nm using a picosecond laser microscope (512� 512 pixels).
Scale bars: 2 μm.
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nanoscale. Figure 4 presents expanded views of the lifetime
images of the blended films. Because the color contrast of the Si-
PCPDTTBT/PCBM film is much greater than that of the
PCPDTTBT/PCBM film, its degree of phase separation is also
greater. The image of Si-PCPDTTBT/PCBM film features an
extensive red, yellow, and green network related to low-, moderate-,
and high-level quenching, respectively. We assign the yellow
region to a well-mixed zone of polymer and PCBM, with a feature
size of 30-50 nm, and the red and green regions to polymer- and
PCBM-rich regions, respectively. The yellow region features a
large interface for excitons to dissociate into holes and electrons,
which can then be transported through the polymer- and PCBM-
rich channels to their related electrodes. In contrast, the image for
the PCPDTTBT/PCBM blend lacks the “green” channel for
transport of the charge carriers. Based on these results, we con-
clude that the Si-PCPDTTBT/PCBM blend features not only
large-scale phase separation for efficient charge transport but also
better mixing, relative to that of the PCPDTTBT/PCBM blend,
on the molecular scale for exciton dissociation.

Next, we used atomic force microscopy (AFM) and transmis-
sion electron microscopy (TEM) to analyze the correlation

between the film morphology and the chemical structure.
Figure 5 presents AFM images of the surface morphologies of
two films that had been spin-cast onto indium tin oxide (ITO)
substrates. These images are consistent with the ELD images in
Figure 4. The PCPDTTBT/PCBM film features smooth and
mixed domains that are amorphous in nature (Figure 5a). In
contrast, the film of the Si-PCPDTTBT/PCBM blend exhibits
coarse, chainlike features, having an average size of 30 nm,
running across the surface (Figure 5b). The corresponding
phase images in Figure 5c,d support these characterizations. The
Si-PCPDTTBT/PCBM blend features many channels distributed
throughout the film. Because phase contrast is related to differ-
ences in the mechanical properties (adhesion and stiffness) of
materials, the image indicates that the peaks and valleys have
different chemical characteristics, consistent with polymer- and
PCBM-rich domains that can promote charge transport, as in
Figure 4.

We used TEM to investigate the morphologies of thin free-
standing films of PCPDTTBT/PCBM and Si-PCPDTTBT/
PCBM blend films. All samples were spin-cast from 1,2-dichloro-
benzene onto 30-nm-thick poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS). The darker regions in
Figure 6 represent nanocrystalline PCBM domains having
electron density higher than that of the polymer. Again, the
introduction of the silicon bridge induced a larger degree of phase
separation between the polymer and the fullerene, relative to
that of the carbon counterpart. The introduction of the silicon
atom led to an increase in crystallinity, mainly for the polymer
phase, but also for the PCBM.34,35 Much coarser and longer
Si-PCPDTTBT crystals, having a characteristic feature size of
approximately 20-30 nm, were formed through the stacking of
several fine fibrillar Si-PCPDTTBT units. The degree of demix-
ing of the two components increased, but large-scale phase
separation did not occur, resulting in an interpenetrating net-
work of both the polymer and the fullerene within the film. As a
result of the expansion of the crystalline domains, we would

Figure 4. Exciton lifetime images of (a) PCPDTTBT/PCBM and
(b) Si-PCPDTTBT/PCBM blend films. Scale bars: 200 nm.

Figure 5. AFM (a,b) height and (c,d) phase images of the (a,c) PCPDTTBT/PCBM and (b,d) Si-PCPDTTBT/PCBM blend films.
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expect the charge-transport properties to improve for both
electrons and holes.36,37

To clarify the nature of the molecular stacking in the films of
PCPDTTBT/PCBM and Si-PCPDTTBT/PCBM, we used
grazing-incidence X-ray diffraction (GIXRD) to investigate their
crystalline structures (see Figure 7). Both films exhibited an
intense (100) diffraction peak, implying that they featured very
highly ordered edge-on hexyl side chains. The much stronger
peak intensity for Si-PCPDTTBT/PCBM is related to its greater
film crystallinity. The 2θ angle of the maximum diffraction peak
of the Si-PCPDTTBT/PCBM film (5.7�) was greater than that
of the PCPDTTBT/PCBM film (5.6�). Substitution of these
values into the Bragg equation yields a mean interlayer spacing
for the Si-PCPDTTBT/PCBM film of 15.4 Å, which is 0.3 Å less
than that of PCPDTTBT/PCBM film (15.7 Å). The presence of
closer Si-PCPDTTBT chains suggests lower resistance to the
hopping of carriers between Si-PCPDTTBT backbones.38

Figure 8 presents the current-voltage (J-V) curves and
external quantum efficiencies (EQEs) of solar cells incorporating
PCPDTTBT and Si-PCPDTTBT blended with PCBM. The
Si-PCPDTTBT-based device provided a PCEof 3.3%, a short-circuit
current density (JSC) of 8.72 mA cm-2, an open-circuit voltage
(VOC) of 0.74 V, and a fill factor (FF) of 51.1%. The performance of
this device, with respect to the values of JSC and FF, was an
improvement over that of the solar cell prepared using the carbon-
bridged analogue as the electron donor. The inset reveals that the
spectral response of the Si-PCPDTTBT-based device featured
contributions from the EQE in the wavelength range between 340

and 710 nm. Themaximum EQE for the PCPDTTBT-based device
was 28%at awavelength of 560 nm. In contrast, the Si-PCPDTTBT-
based device provided an EQEmaximum of ca. 50% at 560 nm. The
significantly higher value of JSC for the Si-PCPDTTBT-based device
resulted from its more-favorable morphology, as evidenced by the
superior quality of its percolating pathways and enhanced crystallinity
in the exciton lifetime,AFM, andTEM images.Wewould expect that
such a favorable morphology would promote charge transport,
leading to higher values of JSC. Table 1 summarizes the electron
and hole mobilities calculated from the space-charge-limited
current.39,40 For the PCPDTTBT-based device, the electron (μe)
andhole (μh)mobilitieswere5.4� 10-8 and3.2� 10-9m2V-1 s-1,
respectively. For the Si-PCPDTTBT based device, the value of
μe increased 5-fold to 2.7 � 10-7 m2 V-1 s-1, whereas that
of μh increased by almost 2 orders of magnitude to 1.9�
10-7 m2 V-1 s-1, resulting in highly balanced carrier transport
(μe/μh = 1.4). The relatively small increase in electronmobility is
understandable because the introduction of the silicon bridge
resulted primarily in increased ordering of the polymer chains,
a process that significantly affects hole mobility. The balanced carrier
transport resulted from the formation of bicontinuous transport
pathways within the entire active layer and the stronger crystallinity
of the blend. Under these conditions, the current is not limited by
space-charge effects, and high values of JSC and FF are possible.

Highly ordered π-conjugated pathways benefit carrier mobil-
ity in polymer films. Recently, a “solvent annealing” approach
was developed by Li et al.,14,41 who found that self-organization
in polymer chains was possible by controlling the polymer layer
growth rate from the solution to the solid state. In the present
study, we also investigated the effect of solvent annealing on the
behavior of our silole-based polymer. Table 2 summarizes
the performance of the cells incorporating PCPDTTBT and
Si-PCPDTTBT, fabricated with and without solvent annealing.
The values of both JSC and FF were significantly dependent on
the film growth rate for the PCPDTTBT/PCBM system. After
solvent annealing had been performed, the values of JSC and FF
increased from 4.1 to 7.1 mA cm-2 and from 35.7 to 61.6%,
respectively. With a value of VOC of 0.7 V, this system provided a
PCE of 3.05%, much greater than that obtained without solvent

Figure 6. TEM images of the (a) PCPDTTBT/PCBM and (b) Si-
PCPDTTBT/PCBM blend films.

Figure 7. GIXRDspectraof thePCPDTTBT/PCBMandSi-PCPDTTBT/
PCBM blend films.

Figure 8. J-V characteristics under illumination at 100 mW cm-2

(simulated AM 1.5G) of photovoltaic devices incorporating active layers
based on PCPDTTBT and Si-PCPDTTBT. Inset: Corresponding EQE
spectra of the devices.
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annealing. In contrast, the Si-PCPDTTBT/PCBM system de-
livered almost identical cell performance, regardless of the use
or not of solvent annealing, suggesting that the introduction
of the silicon bridge enhanced the degree of polymer stacking
to achieve thermodynamic equilibrium. We suspect that the
rapidly grown interpenetrating network constructed within the
Si-PCPDTTBT/PCBM film achieved a favorable morphology
that was very close to that established after solvent annealing of
the PCPDTTBT/PCBM system.23 Therefore, the cell featuring
the Si-PCPDTTBT/PCBM film did not require solvent anneal-
ing to exhibit superior performance. Because solvent annealing
consumes time and is not suitable for large-scale mass production,
we believe that such silole-based polymers have great potential
for industrial application.

’CONCLUSIONS

We have synthesized a silole-containing low-bandgap polymer
by replacing the C5 atom of PCPDTTBT with a silicon atom.
From ELD images of the polymer/PCBM films, we found that
the Si-PCPDTTBT/PCBM blends featured a higher degree of
mixing between the polymer and the fullerene. Expanded ELD
images also indicated that the Si-PCPDTTBT/PCBM blends
underwent large-scale phase separation, with thermodynamically
stable mixing on the nanoscale. As a result, this morphology of
the Si-PCPDTTBT/PCBM blends enhanced both the rate of
photocarrier generation and the charge-transport properties. The
combination of these two effects enhanced the overall device
efficiency. Thus, a subtle variation in monomer structure can
influence material properties significantly, suggesting a direction
for future polymer design.

’EXPERIMENTAL SECTION

Measurement. 1H NMR spectra were recorded using a
Varian Unity 300 MHz spectrometer and CDCl3 as the solvent.
UV-vis absorption and PL spectra were recorded using HP
G1103A and Hitachi F-4500 spectrophotometers, respectively.
Cyclic voltammetry (CV)measurements were performed using a
BAS 100 electrochemical analyzer and a standard three-electrode
electrochemical cell, in 0.1 M TBAPF6 (in MeCN) at room
temperature with a scanning rate of 50 mV s-1. For the
fluorescence measurements, the samples were excited with light
(wavelength: 470 nm) from a picosecond laser (LDH-P-C-470,
PicoQuant); the fluorescence lifetime signal was measured using

time-correlated single-photon counting (TCSPC). To map the
lifetime images, the samples were scanned using an Olympus
FV300 confocal optical microscope equipped with a PicoQuant
PDM single-photon avalanche diode detector and a PicoQuant
PicoHarp 300 USB interface for TCSPC. The fluorescence signal
was improved using an edge filter (REF-473.0-25, CVI). The
acquisition time for each lifetime image (pixel size: 512 � 512)
was 20 min. The surface morphologies of the polymer films were
investigated using an atomic force microscope (Digital Instru-
ment NS 3a controller equipped with a D3100 stage). The EQE
action spectra were obtained under short-circuit conditions. The
light source was a 450-W Xe lamp (Oriel Instrument, model
6266) equipped with a water-based IR filter (Oriel Instrument,
model 6123NS). The light output from the monochromator
(Oriel Instrument, model 74100) was focused onto the photo-
voltaic cell under test.
Synthesis. All chemicals were purchased from Aldrich and

used without further purification. The structures of the mono-
mers and polymer (Si-PCPDTTBT) are presented in Scheme 1.
1-Bromo-2-octanone (1). 2-Octanone (120 mL, 0.767 mol),

urea (73.7 g, 1.23 mol), and glacial AcOH (375 mL) were placed
in a 1000-mL round-bottom flask that was cooled in an ice bath.
A solution of Br2 (43 mL, 0.844 mmol) in glacial AcOH (120 mL)
was added dropwise to the flask, and then the mixture was
stirred overnight at room temperature. The mixture was poured
into water (600 mL) and extracted with CH2Cl2; the organic
phase was washed with 10% Na2CO3 and brine and then dried
(MgSO4). After evaporation of the solvent, the product was
obtained through vacuum distillation (54.2 g, 34%). 1H NMR: δ
3.88 (s, 2H), 2.62 (t, 2H), 1.58 (m, 2H), 1.35-1.15 (m, 6H),
0.86 (t, 3H). EI-MS: m/z 206.
4,40-Dihexyl-2,20-bithiazole (2). A mixture of 1 (14.6 g, 75.6

mmol), dithiooxamide (4.54 g, 37.8 mmol), and EtOH (190mL)
in a 250-mL round-bottom flask was heated under reflux for 24 h.
After being allowed to cool, themixture was poured onto crushed
ice and extracted with CH2Cl2; the combined organic phases
were then dried (MgSO4). After evaporation of the solvent, the
residue was purified chromatographically (SiO2: EtOAc/hexane,
1:8) to give a light-brown oil (9.2 g, 39%). 1H NMR: δ 6.92
(s, 2H), 2.76 (t, 4H), 1.72 (m, 4H), 1.40-1.15 (m, 12H), 0.86
(t, 6H). EI-MS: m/z 336.
5,50-Dibromo-4,40-dihexyl-2,20-bithiazole (3). A mixture of 2

(8.00 g, 23.7 mmol) and N-bromosuccinimide (NBS, 10.7 g, 59.4
mmol) in glacial AcOH (80 mL) and dimethylformamide (DMF)
(80 mL) was stirred for 2 h in the dark. The pale-yellow precipitate

Table 1. Photovoltaic Parameters and Mobilities for BHJ Devices Based on PCPDTTBT/PCBM and Si-PCPDTTBT/PCBM

sample JSC (mA cm-2) VOC (V) FF (%) PCE (%) μe (m
2 V-1 s-1) μh (m

2 V-1 s-1) μe/μh

PCPDTTBT 4.1 0.71 35.7 1.04 5.4 � 10-8 3.2 � 10-9 16.9

Si-PCPDTTBT 8.7 0.73 51.9 3.33 2.7 � 10-7 1.9 � 10-7 1.4

Table 2. Photovoltaic Parameters for BHJ Devices Fabricated with and without Solvent Annealing

device condition JSC (mA cm-2) VOC (V) FF (%) PCE (%)

PCPDTTBT (fast-grown)a 4.1 0.71 35.7 1.04

PCPDTTBT (solvent-annealed)b 7.1 0.70 61.6 3.05

Si-PCPDTTBT (fast-grown) 8.7 0.73 51.9 3.33

Si-PCPDTTBT (solvent-annealed) 9.0 0.72 53.6 3.47
a Fast-grown devices weremade by spin-coating the polymer/PCBM film until the film had dried. b Solvent-annealed devices weremade according to the
method reported in ref 14.
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was filtered off, washed with MeOH, and dried to give the dibromo
product (6.0 g, 51%). 1H NMR: δ 2.72 (t, 4H), 1.68 (m, 4H),
1.40-1.15 (m, 12H), 0.86 (t, 6H). EI-MS: m/z 492.
5,50-Bis(2-thienyl)-4,40-dihexyl-2,20-bithiazole (4). Under

an Ar atmosphere, a degassed solution of NaHCO3 (0.85 g,
10 mmol) in water (ca. 46 mL) was added to a solution of 3 (1.0 g,
2.0 mmol), thiophen-2-ylboronic acid (0.73 g, 2.8 mmol), and
Pd(PPh3)4 (0.047 g, 0.04 mmol) in THF (15 mL) at room
temperature, and then the mixture was heated under reflux for
24 h. After themixture had been cooled to room temperature, the
organic solvent was evaporated under reduced pressure. The
aqueous residue was extracted with CH2Cl2; the combined
organic phases were then washed with water and brine, dried
(MgSO4), and concentrated under reduced pressure. The resi-
due was reprecipitated with CH2Cl2/MeOH to give pale-yellow
needles. 1H NMR: δ 7.36 (d, 2H), 7.16 (d, 2H), 7.08 (t, 2H),
2.90 (t, 4H), 1.70 (m, 2H), 1,38-1.10 (m, 12H), 0.85 (t, 6H).
EI-MS: m/z 500.
5,50-Bis(5-bromo-2-thienyl)-4,40-dihexyl-2,20-bithiazole

(5). NBS (0.52 g, 2.94 mmol) was added to a solution of 4 (0.70 g,
1.4mmol) inCHCl3 (7mL) and glacial AcOH (1.75mL), and then
themixturewas stirred for 1 h in the dark. The precipitatewas filtered
off, washed with MeOH, and dried to give the dibromo product
(0.6 g, 65%). 1H NMR: δ 7.03 (d, 2H), 6.92 (d, 2H), 2.86 (t, 4H),
1.72 (m, 4H), 1.40-1.15 (m, 12H), 0.86 (t, 6H). EI-MS:m/z 656.
2,20-Bithiophene (6) . 2-Bromothiophene (84 g, 510 mmol)

was added dropwise to a suspension of Mg (12.6 g, 510 mmol) in
dry THF (800 mL), and then the mixture was stirred at ambient
temperature for 2 h. The resulting Grignard reagent was added
dropwise to a mixture of 2-bromothiophene (84.0 g, 510 mmol)
and Ni(dppp)Cl2 (2.2 g, 5.0 mmol) in dry THF (700 mL) at
5-15 �C, and then the mixture was stirred at room temperature
for 24 h. After evaporation of the solvent, the residue was purified
chromatographically (SiO2: hexane) to give the product (49 g,
72%) as a green solid. 1H NMR: δ 7.19 (q, 4H), δ 7.01 (t, 2H).
3,30,5,50-Tetrabromo-2,20-bithiophene (7). Br2 (17.8 g,

111 mmol) was added dropwise over 1.5 h to a solution of 6
(5 g, 30 mmol) in glacial AcOH (20 mL) and CHCl3 (45 mL) at
5-15 �C. The mixture was stirred at room temperature for 5 h
and then under reflux for 24 h. After the mixture had been
allowed to cool to room temperature, the reaction was quenched
by adding aqueous KOH (10%, 50 mL). The aqueous phase
was extracted with CHCl3 (200 mL); the combined extracts
were washed with water, dried (MgSO4), filtered, and con-
centrated under reduced pressure. Recrystallization (EtOH)
afforded off-white crystals (66%). 1H NMR: δ 7.06 (s, 2H).
3,30-Dibromo-5,50-bis(trimethylsilyl)-2,20-bithiophene

(8). n-BuLi in hexane (1.6 M, 25 mL) was added dropwise over
a period of 1 h to a solution of 7 (9.56 g, 20.0 mmol) in THF
(300mL) at-78 �C. Themixture was stirred for 15min, chlorotri-
methylsilane (5.4 g, 50 mmol) was added in one portion, and then
the cooling bath was removed to warm the mixture to ambient
temperature. The volatiles were evaporated under reduced pressure.
The residue was purified chromatographically (SiO2: hexane) to
give a colorless oil (1.64 g, 18%). 1H NMR: δ 7.04 (s, 2H), 0.33
(s, 18H). EI-MS: m/z 466.
4,40-Bis(2-ethylhexyl)-5,50-bis(trimethylsilyl)dithieno[3,2-b:

20,30-d]silole (9). n-BuLi in hexane (1.6 M, 4.5 mL) was added
dropwise over 5 min to a solution of 8 (1.6 g, 3.4 mmol) in THF
(30 mL) at -78 �C. The mixture was stirred for 15 min,
dichlorodi(2-ethylhexyl)silane (1.33 g, 4.00 mmol) was added
in one portion, and then the cooling bath was removed, and the

mixture was stirred for 2 h under ambient conditions. The
mixture was then poured into water and extracted several times
with Et2O. The volatiles were evaporated under a vacuum, and
the residue was purified chromatographically (SiO2: hexane) to
give a colorless oil (0.24 g, 12%). 1H NMR: δ 7.06 (s, 2H), 1.72
(q, 2H), 1.52-1.14 (m, 16H), 0.92 (t, 6H), 0.86 (t, 6H), 0.76
(m, 4H), 0.32 (s, 18H). EI-MS: m/z 562.
4,40-Bis(2-ethylhexyl)-5,50-dibromodithieno[3,2-b:20,30-d]-

silole (10). NBS (3.8 g, 21 mmol) was added in one portion to a
solution of 9 (5.8 g, 10 mmol) in THF (75 mL). After being
stirred at ambient temperature for 4 h, the mixture was extracted
with Et2O, and the volatiles were evaporated under a vacuum.The
residue was purified chromatographically (SiO2: hexane) to give a
yellow oil (5.3 g, 89%). 1H NMR: δ 6.97 (s, 2H), 1.72 (q, 2H),
1.52-1.14 (m, 16H), 0.92 (t, 6H), 0.86 (t, 6H), 0.76 (m, 4H). EI-
MS: m/z 574.
4,40-Bis(2-ethyl-hexyl)-5,50-bis(trimethyltin)-dithieno[3,2-

b:20,30-d]silole (11). n-BuLi in hexane (1.6 M, 2.7 mL) was
added dropwise to a solution of 10 (1.0 g, 1.7 mmol) in dry
THF (30 mL) at-78 �C. After the mixture had been stirred for
15 min, trimethyltin chloride (1.0 g, 5.0 mmol) was added in one
portion, and then the cooling bath was removed. The mixture
was stirred at ambient temperature for 2 h and then poured
into cool water and extracted several times with Et2O. After
evaporation of the volatiles, a sticky pale-green oil was obtained
(1.2 g, 92%). 1H NMR: δ 7.06 (s, 2H), 1.68 (m, 2H), 1.4-
1.13 (m, 16H), 0.90 (t, 6H), 0.83 (t, 6H), 0.74 (m, 4H), 0.32
(s, 18H).
Poly[(4,40-bis(2-ethylhexyl)dithieno[3,2-b:20,30-d]silole)-2,

6-diyl-alt-(5,50-thienyl-4,40-dihexyl-2,20-bithiazole)-2,6-diyl] (12).
A solution of 5 (2.00 g, 2.68mmol) and 11 (1.70 g, 2.68mmol) in
toluene (40 mL) was purged with Ar for 10 min, and then
Pd(PPh3)4 (0.150 g, 0.134 mmol) and triphenylphosphine
(0.21 g, 0.80 mmol) were added. After being purged with Ar
for 20 min, the mixture was heated under reflux for 48 h in an
oil bath set at 110 �C under an Ar atmosphere. The mixture
was cooled to room temperature, MeOH (100 mL)was added,
and the precipitated polymer was filtered off. After Soxhlet
extraction with MeOH, hexane, and CHCl3, the polymer was
recovered from the CHCl3 phase through reprecipitation with
MeOH and then dried under a vacuum for 1 day (40%).
Fabrication of Solar Cell Devices. The polymer solar cells

consisted of a layer of the Si-PCPDTTBT/PCBMblend thin film
sandwiched between a transparent anode [indium tin oxide
(ITO)] and a metal cathode. Prior to device fabrication, the
ITO glasses (1.5 � 1.5 cm2) were cleaned ultrasonically in
detergent, deionized water, acetone, and isopropyl alcohol. After
routine solvent cleaning, the substrates were treated with UV
ozone for 15 min. The modified ITO surface was then obtained
by spin-coating a layer of poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS) (ca. 30 nm). Subse-
quently, the active layer, Si-PCPDTTBT/PCBM (1:2, w/w),
was spin-coated from dichlorobenzene (DCB) onto the PEDOT:
PSS-modified ITO surface. Finally, layers of Ca (30 nm) and
Al (100 nm) were thermally evaporated under a vacuum
(pressure: <6 � 10-6 Torr) through a shadow mask. The active
area of the device was 0.12 cm2. In the hole-only devices, Ca was
replaced with MoO3 because its higher work function (Φ = 5.3
eV) provided a better hole injection contact for Si-PCPDTTBT/
PCBM. The layer of MoO3 was thermally evaporated to a
thickness of 20 nm, and then it was capped with a layer of Al
(50 nm). For the electron-only devices, the PEDOT:PSS layer
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was replaced with CsCO3 (Φ = 2.9 eV), which is an efficient
electron injection layer. This layer of Cs2CO3 was thermally
evaporated to a thickness of 2 nm. The active layers were then
annealed at 130 �C for 20 min to provide the final hole- and
electron-only devices.
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