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1. INTRODUCTION

7t-Conjugated polymer semiconductors with donor—acceptor
(D—A) architectures are of growin§ interest in view of their
applications in low-cost solar cells.” * D—A copolymers are
advantageous because of the facile tunability of their absorption
bands, charge carrier mobilities, and HOMO—LUMO levels,
depending on the choice and strength of the electron-donating
(D) and electron-withdrawing (A) segments.' > Among recent
examples of D—A copolymers found to be good p-type semi-
conductors for developing highly efficient bulk heterojunction
(BHYJ) solar cells include those containing donor moieties such as
benzodithiophene and dithienosilole and acceptors such as
thieno(3,4-b)thiophene-2-carboxylate® and thieno(3,4-c)pyrrole-
4,6-dione " p-Type polymer semiconductors with high carrier
mobilities were recently developed from electron-deficient thia-
zolothiazole (TT) ring and used to realize high-performance field-
effect transistors.” TT-based copolymers were recently also de-
monstrated to be promising in bulk heterojunction (BHJ) solar
cells, showing power conversion efficiency of 2—5%.” There
remains a need to explore new p-type polymer semiconductors
with D/A combinations to further understand the underlying
structure—property relationships and toward the discovery of
design criteria of optimum materials for highly efficient solar cells.
Among the specific aims in the design of new p-type polymers for
high-performance polymer solar cells are to achieve low-lying
HOMO levels (—5.2 to —S5.7 eV) toward higher open-circuit
voltage, small band gap (1.2—1.9 eV) for more efficient light
harvesting, high charge carrier mobility (>0.001 cm*/(V s)),
optimal solid-state morphology, and HOMO/LUMO levels well
matched to the fullerene acceptors for more efficient charge
separation.

We report herein new thiazolothiazole-based D—A copoly-
mers PTBSTT and PSDTTT (Chart 1) that combine small band
gaps (1.73—1.77 eV), broad absorption band, high carrier
mobility, and oxidative stability with excellent film forming
properties. These copolymers were enabled by the design and
synthesis of a novel monomer, 2,5-bis(S-bromo-4,4'-dioctyl-
dithieno[3,2-b:2’,3'-d]silole)thiazolo[ 5,4-d]thiazole, in which
the TT unit is flanked by dithienosilole moieties with the aim
of improving oxidative stability, s-stacking, intramolecular
charge-transfer interactions, crystallinity, and charge photoge-
neration and transport. In field-effect transistors, PTBSTT and
PSDTTT showed p-channel characteristics and average mobility
of 0.009—0.042 cm®/(V s) with high on/off current ratios
(>10°—10°). Bulk heterojunction (BHJ) solar cells incorporating
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the new copolymer PSDTTT as a donor with [6,6]-phenyl
C,;-butyric acid methyl ester (PC;BM) acceptor had an average
power conversion efficiency of 5.3% under 100 mW/cm”
AM1.5G irradiation in air.

2. EXPERIMENTAL SECTION

Experimental details of the synthesis of monomers $, 8, and 9
and the polymer PTBSTT can be found in the Supporting
Information. Poly[(4,8-di(2-butyloctyloxy)benzo[1,2-b;d,4-b]
dithiophene)-2,6'-diyl-alt-(2,5-bis(4,4’-bis(2-octyl )dithieno[ 3,2-
b:"3'-d]silole-2,6-diyl)thiazolo[ 4,4-d]thiazole] (PSDTTT): The
distannyl compound 8 (260 mg, 0.30 mmol) and dibromo com-
pound 5 (330 mg, 0.30 mmol) and catalyst tris(dibenzylidenea-
cetone)dipalladium (0) (S mg, 0.06 mmol) and tri-o-tolylpho-
sphine (7 mg, 0.2 mmol) in anhydrous chlorobenzene (23 mL)
were heated at 80 °C for 36 h. The temperature was then
reduced to 50 °C. The reaction mixture was poured into
200 mL of methanol containing S mL of hydrochloric acid
and stirred for S h. The brown precipitate was collected via
filtration and was further purified by Soxhlet extraction with
methanol and hexane. The remaining solid obtained was dried
under vacuum to afford PSDTTT in 90% yield. GPC: M,, =
13.1 kDa, PDI = 3.39. "H NMR (CDCl;, 300 MHz, ppm): 6
0.88—2.15 (m, 106 H), 2.55—2.88 (m, 8H), 3.82—4.11 (m, br,
4H), 6.2—6.8 (m, br, 6H).

3. RESULTS AND DISCUSSION

3.1. Synthesis. PTBSTT and PSDTTT were synthesized by
Stille-type copolymerization of a new dibromide $ with the
distannyl compounds 9 and 8, respectively, in anhydrous chlor-
obenzene (Scheme 1). The new comonomer § was synthesized
in four steps from 3,3'-dibromo-2,2"-bithiophene (1). Vilsmeier
formylation of 2 yielded the corresponding aldehyde 3, which
was converted into thiazolothiazole derivative 4 in 20% yield.
Treatment of thiazolothiazole compound 4 with NBS in chloro-
form/acetic acid (2:1) gave the dibromide § as a red solid in 80%
yield (Scheme 1). The comonomer 8 was synthesized from
compound 6 in two steps. Further details of the synthesis and
characterization of the monomers are given in the Supporting
Information. PSDTTT was readily soluble in organic solvents
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(chloroform, chlorobenzene, 1,2-dichlorobenzene, etc.) at room
temperature, whereas PTBSTT was less soluble in these solvents
even at higher temperatures (>100 °C). PSDTTT had moderate
number-average molecular weight of 13.1 kDa with a polydis-
persity index of 3.39.

3.2. Optical and Electrochemical Properties. The solution
and thin film absorption spectra of the new copolymers are
shown in Figure 1. In dilute solution (107° M), PTBSTT and

Chart 1. Molecular Structures of New Thiazolothiazole-
Based Copolymers
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PSDTTT have identical absorption spectra with an absorption
maximum at $72—574 nm (Figure 1a). The thin film absorption
spectrum of PSDTTT has a vibronic structure with a peak at
576 nm and a shoulder at 614 nm, resulting in an absorption edge
optical band gap (E,;") of 1.77 eV. The thin film absorption
spectrum of the thienothiophene-linked polymer PTBSTT also
has a vibronic structure but is slightly red-shifted from that of
PSDTTT (Figure 1b), giving a lower energy maximum at 649 nm
and a higher energy vibronic peak at 604 nm. The optical band gap
of PTBSTT at 1.73 eV is slightly reduced compared to PSDTTT.
The resolved vibronic structure of the absorption spectra of both
polymer thin films suggest that the polymer chains are relatively
planar with strong intramolecular order in the solid state.® The
HOMO/LUMO energy levels of PTBSTT and PSDTTT, esti-
mated from cyclic voltammetry (Supporting Information, Figure
S1),” were —5.3/—3.7 eV and —5.4/—3.6 eV, respectively.

3.3. Morphology and Molecular Packing. X-ray diffraction
(XRD) studies on drop-casted thin films on ITO-coated glass
substrates (annealed at 150 °C for 20 min) were carried out to
investigate the solid-state morphology and molecular packing of
PTBSTT and PSDTTT. Figure 2 shows the XRD patterns of the
polymer films. Strong and weak peaks corresponding to (100) and
(200) reflections, respectively, are observed in the XRD patterns of
PTBSTT film, indicating a high degree of crystallinity in the
PTBSTT thin films. The (100) lamellar reflection corresponds to

Scheme 1. Synthetic Route to PTBSTT and PSDTTT
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Figure 1. Absorption spectra of PTBSTT and PSDTTT: (a) in dilute
1,2-dichlorobenzene solutions and (b) as thin films.
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Figure 2. X-ray diffraction spectra of PSDTTT and PTBSTT thin films.
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Figure 3. (a) Output curves of a PTBSTT FET and (b) overlays of
transfer characteristics of PTBSTT (square) and PSDTTT (triangle)
FETs. Forward and backward scans are overlaid in both panels.

d-spacing of 1.56 nm. The absence of a 71— stacking diffraction
indicates that most of the PTBSTT polymer chains predominantly
adopts a layered structure with an edge-on orientation relative to
the substrate,'*>'" which is similar to reported XRD results for
other dithienosilole-based polymer semiconductors.'® In con-
trast, PSDTTT films showed a very weak diffraction peak at
2.13 nm, suggesting that this polymer is largely amorphous and
similar to other thiazolothiazole polymers.®

3.4. Field Effect Transistors (FETs). The output and transfer
characteristics of field-effect transistors fabricated from PTBSTT
as well as the transfer characteristics of PSDTTT OFETSs are
shown in Figure 3. Both polymers showed typical p-channel
characteristics with a good current modulation with on/off
current ratios (I,,/Ig) higher than 10%. PTBSTT had an average
hole mobility of 0.042 £ 0.006 cm®/(V s). A small hysteresis
between the forward and backward scans was observed in both
output and transfer curves of PTBSTT devices. PSDTTT also
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Figure 4. (a) Current density—voltage characteristics of PSDTTT:
PC,,BM (1:1, 1:1.5, and 1:2) solar cells with a structure of ITO/PEDOT/
PSDTTT:PC,,BM/LiF/Al under dark and 100 mW/ cm® 1.5AM sunlight
illumination. (b) Absorption spectra of the same devices as in (a).

Table 1. Photovoltaic Parameters of PSDTTT:PC,,BM Solar
Cells

PSDTTT:PC,;BM  J. (mA/em®) V.. (V) FF Nave (%)

1:1 9.17 0.71 0.60 39+£0.1
1:1.5 11.6 0.69 0.66 53 +01
1:2 9.70 0.67 0.64 41£0.1

showed a good current modulation and saturation and had a lower
average mobility of 0.009 %+ 0.001 cm’/(V s) (Supporting
Information, Figure S2). Threshold voltages were —10.4 V for
PTBSTT and —19.7 V for PSDTTT. Although the greater lamellar
crystalline order in PTBSTT films, as observed in the above XRD
results, may appear to explain its factor of 4.67 greater carrier
mobility, we note that hole mobilities as high as 0.30 cm”/(V s)
have been observed in other amorphous thiazolothiazole
copolymers.®® We also note that despite the relatively low-lying
LUMO energy levels of —3.6 and —3.7 eV, we have not observed
electron transport properties from any of these two polymer
semiconductors as would be expected if they were ambipolar.>*?
3.5. Photovoltaic Cells. The photovoltaic properties of the
new copolymer PSDTTT were investigated in BHJ solar cells
using PC,;BM as the acceptor. Three different compositions of
the active layer, PSDTTT:PC,,BM = 1:1, 1:1.5, and 1:2, were
investigated. The current density—voltage (J—V) curves of the
solar cells are shown in Figure 4a. The best solar cell performance
was achieved in PSDTTT:PC,,BM (1:1.5) blend film with an
average power conversion efficiency of 5.3%. The current density
(Jse), open-circuit voltage (VOC), and fill factor (FF) measured in
this solar cell are 11.6 mA/cm’, 0.69 V, and 0.66, respectively
(Table 1). The performance decreased significantly on either
side of the 1:1.5 composition, suggesting that this is the optimum
composition for this polymer. The absorption spectra of all the
blend films shown in Figure 4b have similar absorption features
with characteristic peaks at 575 and 625 nm, which are identical
to the pure PSDTTT film (Figure 1b). The obvious absorption
enhancement in the 350—550 nm wavelength range with higher
PC;;BM loading is observed. The best photovoltaic performance
of PSDTTT:PC,,BM solar cells comes from the 1:1.5 ratio at
which the various parameters are maximized, especially the
current density and fill factor (Table 1). The external quantum
efficiency (EQE) spectrum of the best PSDTTT:PC,BM
(1:1.5) solar cell is shown in Figure S. This device has a high
photoconversion efficiency with EQE greater than 50% in the
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Figure S. EQE spectrum of PSDTTT:PC,;BM (1:1.5) solar cells.

wavelength range of 410—640 nm and a peak value of 68.5% at
480 nm. A mismatch factor of 5% was observed between the J,.
calculated by integrating the EQE curve with an AM1.5G
reference spectrum and that from the J—V measurements.

Because of the poor solubility of PTBSTT and consequent
large polymer aggregates formed during spin-coating of
PTBSTT:PC,;BM blend films, the efliciency of devices made
from this polymer was significantly lower. The photovoltaic
efficiency of PTBSTT:PC,BM (1:2) solar cells was only
0.97% PCE with a J., V., and FF of 2.73 mA/cm?, 0.64 V,
and 0.56, respectively. However, on the basis of high hole
mobility, crystallinity, and relatively red-shifted absorption of
PTBSTT compared to PSDTTT, we expect that better photo-
voltaic devices could be developed from PTBSTT-type materials
by improving the polymer solubility.

4. CONCLUSIONS

Stille-type copolymerization of the novel monomer, 2,5-bis(S-
bromo-4,4’-dioctyl-dithieno[3,2-b:2’,3'-d]silole)-thiazolo[ 5,4-d]-
thiazole, has produced new thiazolothiazole-based copolymer
semiconductors found to have promising charge transport and
photovoltaic properties. PTBSTT and PSDTTT had hole mobi-
lities of 0.009—0.042 cm®/(V's). The slightly higher hole mobility
of PTBSTT was attributed to the high crystallinity of the polymer
thin film as observed from X-ray diffraction. PC,;BM-based BH]
solar cells utilizing PSDTTT were found to have a power
conversion efficiency of 5.3% under one sun AM 1.5G illumina-
tion. These results demonstrate that high-efficiency (>5%) solar
cells can be achieved from the new thiazolothiazole-based copo-
lymer semiconductors.
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