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Silole-containing organic materials have been known to exhibit
altered properties with respect to their carbon analogues.[1–4]

Recently, different categories of silole-containing polymers have
been reported to show promising characteristics as materials for
thin-film transistors[5] and polymer solar cells.[6,7] Most of the
previous studies on silole derivatives mainly focus on the
molecular orbital shapes and energies.[1–4] How the replacement
of a carbon atom by a silicon atom influences the interaction
between molecules has not been addressed. Here we compare a
silole-containing polymer with its carbon counterpart and show
that the material properties, particular the packing of polymer
chains, can be altered significantly. As a result, different
processing conditions are needed to obtain high-efficiency solar
cells. Packing simulations show that the geometrical effect caused
by the replacement of the carbon atom with a silicon atom plays a
dominant role effecting the polymer stacking property.

Polymer solar cells have the advantages of having lower cost
and lighter weight, as well as being fabricated via easier
processing methods, when compared with commercial inorganic
material-based solar cells. However, most of the current polymer
solar cells show power conversion efficiencies (PCE) of less than
5%, mainly due to the low carrier mobilities. Recently an efficient
solar cell based on a low bandgap polymer, poly{[4,4-bis(2-
ethylhexyl)-cyclopenta-(2,1-b;3,4-b’)dithiophene]-2,6-diyl-alt-
(2,1,3- benzothiadiazole)-4,7-diyl} (PCPDTBT, Scheme 1a) was
reported using additives to control the desired morphology.[8]

With the reports of the high carrier mobility of silole-containing
polymers,[5] attempts to further improve the efficiency of polymer
solar cells by transforming PCPDTBT to the silole-containing
polymer, poly{[4,40-bis(2-ethylhexyl)dithieno(3,2-b;20,30-d)silole]-
2,6-diyl-alt-(2,1,3-benzothidiazole)-4,7-diyl} (hereafter referred to
as PSBTBT, Scheme 1b), has been recently realized.[7] By
replacing the 5-position carbon of PCPDTBT with a silicon
atom, a PCE of as high as 5.6%[7] [processed with chloroform,
see the Supporting Information (SI), Fig. S1] can be achieved.
While trying to optimize solar cells based on PCPDTBT
and PSBTBT, we found that very different processing conditions
are needed, indicating that the intrinsic material properties of
these two polymers are rather different. In this manuscript, we
explore experimentally how the silicon influences material
properties and device performance, and quantum chemical
calculations are used to identify the origin of changes from the
carbon analogue.

The polymer solar cells studied here are produced from blend
solutions of polymer/PC70BM (see the Experimental section for
details). For comparison, PCPDTBT is synthesized by the method
reported in the literature[9] and devices based on PCPDTBT/
PC70BM (1:3w/w) show a PCE comparable to the previously
reported value (�3.1%, without any additives).[8,9] It has been
reported that thermal annealing does not improve the device
performance of solar cells based on PCPDTBT.[8] Similarly, we did
not observe any efficiency improvement after thermal annealing
in our PCPDTBT-based devices. Our previous work[7] showed that
the efficiency of polymer solar cells based on the silole-containing
polymer, PSBTBT, can be significantly improved from 3.8% to
5.6% by thermal annealing (SI, Fig. S1). To correlate the charge
transport property of PSBTBTdevice with thermal annealing, the
change of hole mobility is measured by thin-film transistors
(TFT) before and after annealing. The mobility (extracted from
the saturation regime; see SI, Fig. S2) obtained after annealing at
140 8C for 5min is �3� 10�3 cm2 V�1 s�1, which is approxi-
mately five times higher than that before annealing
(�6� 10�4 cm2 V�1 s�1). A mobility higher than 10�3 cm2 V�1

s�1 is desired for high-efficiency polymer solar cells in order to
have efficient charge transport.[10] The increase in mobility after
thermal annealing is likely one of the reasons for the increased
Scheme 1. Structure of a) PCPDTBT and b) PSBTBT. By replacing the
5-position carbon of PCPDTBT with a silicon atom, a silole-containing
polymer with high crystallinity (PSBTBT) is obtained.
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Figure 1. a) Out-of-plane and b) azimuthal scan (at q(100)) X-ray profiles of PSBTBT and PSBTBT/
PC70BM films. These X-ray profiles were extracted 2D GIXD patterns measured at an incident
beam angle of 0.158. c) Schemes of the PSBTBT/PC70BM-based solar cell device; after annealing,
PSBTBT chains form highly oriented edge-on structures on the PEDOT:PSS surface, indicating
that the orientation of the p–p stacking planes is parallel to the surface (see bottom right corner),
as determined by its 2D GIXD pattern (see upper right corner).
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short-circuit current density (Jsc, increased from �10.9 to
�13.6mA cm�2) and fill factor (FF, from 50.9% to 62.2%), both
of which contribute to the high efficiency. Tapping-mode atomic
force microscopy (AFM) was then used to study the nanoscale
morphology change before and after annealing (see SI, Fig. S3).
However, no obvious change was observed after thermal
annealing. A stronger interaction between polymer molecules
after thermal annealing is thus suspected to be the reason for the
increase in carrier mobility. The discernible response to thermal
annealing after replacing the 5-position carbon of PCPDTBTwith
a silicon atom demonstrates the different self-assembly char-
acteristics of these two polymers.
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
To clarify the nature of the molecular
stacking by PSBTBT, grazing incidence X-ray
diffraction (GIXD) was used to investigate the
crystalline structures of both PSBTBT and
PSBTBT/PC70BM blend films on PEDOT:PSS/
ITO/glass substrates. It is known that the ITO
layer of a multilayered substrate can show
strong powder-like X-ray reflections. To
exclude the reflection from ITO, the 2D GIXD
patterns were extracted using background
patterns from the substrate (see SI, Fig. S4).
Out-of-plane (Fig. 1a) and azimuthal angle
X-ray profiles (Fig. 1b) were then extracted
from these 2D GIXD patterns to systematically
investigate the crystalline structure of PSBTBT.
In the out-of-plane X-ray profiles (Fig. 1a), pure
PSBTBT films before (black line) and after
(gray line) annealing show an intense peak at
qz� 0.404 Å�1, corresponding to the reflection
of (100) crystal planes (see Fig. 1c) with an
interlayer spacing d(100) of �15.5 Å. The much
stronger peak intensity after annealing is
related to the increase in film crystallinity,[11]

which is consistent with the observed thick-
ness variation of �15%. In contrast, drop-cast
PSBTBT films fabricated with a longer solvent
evaporation time of �5min (through the use
of chlorobenzene, CB) show much stronger
out-of-plane X-ray reflections of (100) with
higher order planes (blue line). The (010)
crystal planes, which are oriented normal to the
(100) planes, are also detected with an estimated
d(010) (p-stacking spacing) of �3.48 Å. These
results suggest that the slow solvent evaporation
process aids in the growth of highly crystalline
but randomly oriented PSBTBT crystals with
respect to the surface normal. To the best of our
knowledge, such short d(010) has not been
observed in other self-assembled semiconduct-
ing polymers, e.g., d(010) is �3.8 Å for poly-
(3-hexylthiophene) (P3HT).

Similar to what is observed with pure
PSBTBT films, the long-range ordering of
PSBTBT crystals in the blend with PC70BM is
enhanced by thermal annealing (green line).
By comparing annealed PSBTBT (Fig. 1, gray
line) with annealed blend film (green line), the
increase in the X-ray reflection ratio of the (100) to (010) plane in
the annealed blend film strongly supports the hypothesis that the
edge-on[12,13] orientation of PSBTBT is enhanced by the presence
of PC70BM in the blend system (Fig. 1c), as also determined by
the azimuthal scan profiles of these films (Fig. 1b). In addition,
the PSBTBT/PC70BM film shows a discernible change in d(100)
before (15.5 Å) and after (16.7 Å) thermal annealing, indicating
that some portion of the PC70BMmolecules diffuse into the space
between the intertwining side-chain groups along the p–p
conjugated planes.[14]

On the other hand, no indication of crystallization was
observed in the PCPDTBT system with or without additives, as
nheim Adv. Mater. 2009, 21, 1–5
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Figure 2. a) Structures of the model systems for PCPDTBT and PSBTBT
used in computations. b) Electrostatic potential maps and c) HOMOs and
LUMOs computed with B3LYP/6-31G(d). d) Orientations of subunit
dimers considered in the computations. These three orientations were
obtained from force field conformational searches, and were used in
subsequent quantum mechanical calculations. e) Structures of the head-
to-head dimers. Binding energies (green) are given in kcal mol�1. Dis-
tances are shown in Å.
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also was previously reported by Peet et al.[8] The significant
change from an amorphous material to a crystalline material by
replacing the carbon at the 5-position of PCPDTBTwith a silicon
atom suggests that the interactions between the polymer
molecules in these two materials are very different. Silole-
containing organic materials have been studied for a long time
because of their interesting properties when compared with their
carbon analogues.[1–4] Because the silicon has relatively low-lying
s* orbitals,[15–17] the silicon atom can enter into p-conjugation
with the diene, which gives rise to a lower lowest unoccupied
molecular orbital (LUMO) in the silole analogue.[2,5]

To gain insight into the electronic properties and molecular
interactions of both PCPDTBT and PSBTBT, computations were
then performed with several different computational methods.
First, conformational searches with a force field model, using a
Monte Carlo algorithm were performed on monomeric units of
each polymer (PCPDTBT-1a and PSBTBT-2a, Fig. 2a) using the
OPLS-AA force field with the GB/SA solvation model for
chloroform in Macromodel.[18] This procedure provides many
different conformers and then approximates their relative
energies. The low energy conformers were then subjected to
density functional theory (DFT) optimizations using the
B3LYP[19] functional with the 6-31G(d) basis set in Gaussian03
(see SI, Fig. S5).[20] This quantum mechanical method gives
relatively accurate energetics. According to these DFT computa-
tions, the conformation shown in Figure 2a with the thiadiazole
ring syn to the alkyl substituents is preferred by�1 kcal mol�1 for
both units.

After determining the favored conformation of these mono-
mers, the long alkyl chains were substituted by methyl groups in
order to shorten computation time (PCPDTBT-1b and
PSBTBT-2b). B3LYP computations of the electrostatic potential
(ESP) surface (Fig. 2b) and the bandgaps (2.61 and 2.69 eV,
respectively) showed that both have very similar ESPs and
bandgaps. In addition, the highest-occupied molecular orbitals
(HOMOs) and LUMOs are similar for both molecules (Fig. 2c).
Together, these results indicate that a significant difference in the
electronic structures of the C and Si analogues is not predicted for
these systems.

The intermolecular interactions between two PCPDTBT-1b or
PSBTBT-2b units were explored first with conformational
searches on the dimers. Three types of dimers are found to be
low in energy: 1) parallel head-to-head (HH), 2) parallel
head-to-tail (HT), and 3) perpendicular complexes (P), which
are shown schematically in Figure 2d. All three types of dimer
structures for both the carbon and silicon analogues were
optimized using a DFT method known to give reasonable
p-complexation energies,[21] MO5-2X[22] in the program
Gamess.[23] Many of these dimers were found to have similar
complexation energies of around�10 kcal mol�1 (see SI, Fig. S6).
However, the HH orientation for the PSBTBT monomer is
predicted to have a significantly more favorable complexation
energy of �14 kcal mol�1 (Fig. 2e). For this dimer, a parallel
geometry is predicted with an averaged d(010) (p-stacking spacing)
of 3.56 Å, which is very close to the value observed from GIXD
(�3.48 Å). In the HH orientation, PCPDTBT is unable to adopt a
parallel geometry (Fig. 2e), presumably as a result of steric
interactions between the methyl groups in this model system and
the long alkyl chains in the polymer. The C�Si bond is
H & Co. KGaA, Weinheim 3
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Figure 3. a) Absorption spectra of PSBTBT in dilute solution and in solid
film. The large red-shift of the absorption edge of pure PSBTBT from
solution to solid film suggests strong interchain interaction in solid state.
b) Absorption spectra of PSBTBT solutions with different concentrations.
The growth of the p–p interaction peak at �725 nm with increasing
concentrations is clearly seen. c) Absorption spectra of PSBTBT in different
states. Absorption spectra of PSBTBT in very dilute solution (0.001% in
CB), higher concentration solution (2% in CB, the concentration used to
make devices), and in solid state (as-spun film), show different levels of
p–p interaction of PSBTBT molecules.

4 � 2009 WILEY-VCH Verlag G
significantly longer than the C�C bond (1.89 and 1.53Å,
respectively), allowing more efficient packing due to the absence
of steric hindrance between the alkyl groups and the thiophene
rings.

According to the results of the simulation, strong intermole-
cular interactions between PSBTBTmolecules are expected. From
the absorption spectra, a significant red shift of the absorption
edge of PSBTBT from solution (0.001% in CB, blue line) to the
solid state (spin-coated film) is observed (Fig. 3a), suggesting
strong intermolecular interactions in the solid state.[24] The
absorption peak of the PSBTBT film at �740 nm is attributed to
the strong p–p interaction of PSBTBTmolecules (see SI, Fig. S7).
As a result, the intensity of the peak at 740 nm slightly decreases
in the presence of PC70BM (Fig. 3a, black line). With the
speculation of interaction of polymer molecules in the solution
state, solutions with different concentrations were produced and
the absorption spectra (see the Experimental section for details)
are shown in Figure 3b. The growth of the p–p interaction peak
with increasing concentration of PSBTBT is clearly seen,
indicating that, at a concentration of 2% (20mg mL�1 PSBTBT,
the concentration used to make solar cell devices), strong p–p
interaction already occurs in the solution state. Different levels of
p–p interaction are observed in different concentrations of
solutions and the solid (film) state (Fig. 3c). The slight shift of the
major peak at �670 nm from solution to solid state (Fig. 3c)
suggests that the backbone of PSBTBT is rather planar (less
twisted) even in solution state, which is consistent with the
conformational simulation results.

In conclusion, a new silole-containing low bandgap polymer
was synthesized by replacing the 5-position carbon of PCPDTBT
with a silicon atom (PSBTBT). With this subtle difference in the
chemical structures of these two polymers, their response toward
thermal treatment is, however, rather different. Therefore, the
interactions between polymer molecules are studied via experi-
ments as well as by computational calculations. By measuring the
hole mobility of PSBTBT with thin film transistors, it was found
that the hole mobility is five times higher after annealing. From
the simulation results, 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 (PCPDTBT) to a highly crystalline (PSBTBT)
structure, as characterized by GIXD. Under thermal treatment,
the crystallinity of the PSBTBT solid films can be effectively
improved, which results in a higher carrier mobility. Strong p–p
stacking is even observed in the solution. No significant
difference is found in the electronic structures by the replacement
of the carbon atom by a silicon atom. This discovery highlights
subtle differences inmonomer structure that can have a profound
influence on intermolecular interactions, a perspective that has
implications for future polymer design.
Experimental

PSBTBTwas synthesized using themethod reported in Ref. [7] and PC70BM
was purchased fromNano-C (used as received). Both PSBTBT and PC70BM
were then dissolved in chloroform in a 1:1.5 (10mgmL�1:15mgmL�1) wt.
ratio. The solutions were spin-coated on ITO (indium tin oxide)/glass
substrates with a pre-coated PEDOT/PSS [poly(ethylenedioxythiophene)/
mbH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 1–5
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polystyrene sulfonate] layer. The PSBTBT:PC70BM films were spin-coated at
5000 rpm and the thicknesses before and after annealing were
approximately 100 and 85 nm, respectively. A bilayer electrode composed
of calcium (Ca, 20 nm) and aluminium (Al, 100 nm) was then thermally
evaporated on top of the polymer films. The device active area was
�0.12 cm2 for all the solar cell devices discussed in this work. Device
characterization was performed in an N2 atmosphere under simulated
AM1.5G irradiation (100mW cm�2) using a xenon lamp-based solar
simulator (Oriel 96000 150W Solar Simulator) [25].

The absorptions spectra of the solutions shown in Figure 3b and 3c were
taken by drop-casting the solutions onto a glass substrate and then
covering it by another piece of glass so that the behavior of polymer
molecules in the solution could be imitated.

Thin-film transistors (TFT) of PSBTBT were fabricated by spin-coating
PSBTBT film (with 1% PSBTBT in CB) onto pre-cleaned SiO2 (300 nm)/Si
substrates. Bottom contact devices were comprised of chromium (Cr,
10 nm)/gold (Au, 40 nm) as the source and drain electrodes, respectively,
with W¼ 500mm and L¼ 25mm (also see the Supporting Information).
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