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Poly(2,5-bis(2-octyldodecyl)-3,6-di(furan-2-yl)-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione-co-thieno[3,2-b]thiophene): a high performance polymer
semiconductor for both organic thin film transistors and organic
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A new diketopyrrolopyrrole (DPP)-containing donor–acceptor polymer, poly(2,5-bis(2-octyldodecyl)3,6-di(furan-2-yl)-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione-co-thieno[3,2-b]thiophene) (PDBF-coTT), is synthesized and studied as a semiconductor in organic thin ﬁlm transistors (OTFTs) and
organic photovoltaics (OPVs). High hole mobility of up to 0.53 cm2 V 1 s 1 in bottom-gate,
top-contact OTFT devices is achieved owing to the ordered polymer chain packing and favoured
chain orientation, strong intermolecular interactions, as well as uniform ﬁlm morphology of
PDBF-co-TT. The optimum band gap of 1.39 eV and high hole mobility make this polymer a
promising donor semiconductor for the solar cell application. When paired with a fullerene acceptor,
PC71BM, the resulting OPV devices show a high power conversion eﬃciency of up to 4.38% under
simulated standard AM1.5 solar illumination.

Introduction
Conjugated polymers comprising alternating electron donor
(D) and acceptor (A) units are of rapidly growing interest since
many of them are excellent semiconductor materials for
organic thin ﬁlm transistors (OTFTs)1–13 and organic photovoltaics (OPVs).13–17 2,5-Dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione
or more commonly diketopyrrolopyrrole (DPP) is one of the
most important electron accepting building blocks for high
mobility polymer semiconductors.4–10 When coupled with
appropriate electron donors, the resulting DPP-containing
DA polymers have strong intermolecular D–A interactions,
which could shorten the p–p stacking distance to facilitate
charge hopping between polymer chains. On the other hand,
fused aromatic rings that can bring about strong p–p interactions
and increase p-stacking overlap areas are also very useful building
blocks for constructing p-conjugated polymers with highly

eﬃcient charge transport characteristics.18–23 Among them,
thieno[3,2-b]thiophene (TT) is an excellent building block and
several TT-containing polymers have shown high charge
transport mobility in OTFTs.18,19 Previously we reported a
polymer, PDBT-co-TT (Fig. 1), comprising DPP and TT
blocks which are linked with thiophene units. PDBT-co-TT
showed high hole mobility of up to 0.94 cm2 V 1 s 1 in
OTFTs, owing to the strong intermolecular interactions.4
Later, this polymer was also found to be an excellent ambipolar
semiconductor, exhibiting a high hole mobility of 1.18 cm2 V 1 s 1
and an electron mobility of 1.86 cm2 V 1 s 1 in OTFT devices
which were fabricated at high temperature using modiﬁed
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Fig. 1 Structures of some DPP-containing D–A polymers.
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contacts.24 Recently, we found that a DPP-containing polymer,
PDBFBT (Fig. 1), which was incorporated with furan, instead of
thiophene, exhibited much improved hole mobility of up to
1.54 cm2 V 1 s 1,6 as compared with its thiophene counterpart
PDQT (Fig. 1) that showed a hole mobility of 0.97 cm2 V 1 s 1.5
Inspired by the high performance of PDBFBT, here we use furan
to link the DPP and TT units to form poly(2,5-bis(2-octyldodecyl)3,6-di(furan-2-yl)-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione-cothieno[3,2-b]thiophene) (PDBF-co-TT) (Fig. 1), which is a
structural analog of PDBT-co-TT. The optical properties,
molecular ordering, thin ﬁlm morphology, as well as the charge
transport properties of this new polymer are systematically
investigated. Our results show that PDBF-co-TT is a highperforming p-type semiconductor material for organic thin ﬁlm
transistors with high hole mobility of up to B0.53 cm2 V 1 s 1.
In addition to its high hole mobility, PDBF-co-TT has a small
band gap of B1.39 eV, making this polymer an ideal absorber
and donor material for OPVs. Power conversion eﬃciency of
up to 4.38% is achieved when this polymer is paired with
PC71BM, to be used as an active layer in OPV devices.

Results and discussion
Synthesis and characterization of PDBF-co-TT
Polymer PDBF-co-TT was synthesized according to Scheme 1.
Stille coupling polymerization of 3,6-bis(5-bromo-2-furanyl)2,5-bis(2-octyldodecyl)-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione
and 2,5-bis(trimethylstannyl)bithiophene was conducted in toluene
at 90 1C under an argon atmosphere in the presence of a catalyst,
Pd(PPh3)2Cl2. This reaction aﬀorded PDBF-co-TT in a high
isolated yield (B98%) after puriﬁcation with Soxhlet extraction
using methanol, acetone, and hexane. PDBF-co-TT showed
much improved solubility in THF, chloroform, and several
other common organic solvents as compared with its thiophene
counterpart, PDBT-co-TT.4 The number average molecular weight
(Mn) and polydispersity index (PDI, Mw/Mn) of PDBF-co-TT
were determined to be 132 kDa and 2.63, respectively, with GPC
using THF as an eluent and polystyrene as standard.
As shown in Fig. 2, PDBF-co-TT displays a maximum
absorption (lmax) at 797 nm with a clear vibronic shoulder at
723 nm in chloroform. The polymer thin ﬁlm shows a similar lmax
at 794 nm, but the absorption proﬁle becomes much broader and
strongly absorbs from 600 nm to 850 nm. The vibronic shoulder
(B712 nm) remains prominent, but more intensiﬁed compared
with the shoulder observed in the solution spectrum. The optical
band gap estimated from the absorption cutoﬀ wavelength is
1.39 eV, which is larger than that (1.23 eV) of PDBT-co-TT.4
PDBF-co-TT showed reversible oxidative and reductive cycles
during cyclic voltammetric (CV) scans (Fig. 3). The electrical
response in the oxidative sweep is signiﬁcantly stronger than

Scheme 1

Synthesis of PDBF-co-TT via Stille coupling polymerization.
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Fig. 2 UV-vis-NIR absorption spectra of PDBF-co-TT in CHCl3
solution (black) and in thin ﬁlm (red) on a glass substrate.

that in the reductive sweep, indicating that this polymer favors
hole transport over electron transport. The oxidation and
reduction onset potentials are +0.93 V and 0.98 V, respectively.
The band gap calculated from the CV results is 1.91 eV, which is
considerably larger than the optical band gap (1.39 eV) obtained
from the thin ﬁlm UV-vis-NIR spectrum. This is considered
due to the exciton binding energy of this polymer as observed
for other semiconductor polymers.25,26 Since ferrocene showed
an oxidation onset potential of +0.45 V under the same
experimental conditions, the HOMO energy level of PDBFco-TT is calculated to be 5.28 eV, based on the HOMO (4.8 eV)
of ferrocene. (Calculation using EHOMO = 4.4 eV + Eonset27–29
gave a similar value: EHOMO = 5.33 eV.) The LUMO energy
level of PDBF-co-TT is thus calculated to be 3.89 eV, by using
the EHOMO (5.28 eV) obtained from the CV results and the
band gap (1.39 eV) obtained from the UV-vis measurement.
The crystallinity and molecular organization of spin-coated
PDBF-co-TT thin ﬁlms on octyltrichlorosilane (OTS)-treated
Si/SiO2 wafer substrates were characterized by using an X-ray
diﬀractometer (XRD). The non-annealed polymer thin ﬁlm
showed a very weak diﬀraction peak at 2y = 4.561 (Fig. 4).
For the thin ﬁlm annealed at 100 1C, this primary peak intensiﬁed
signiﬁcantly. Further increasing the annealing temperature to
140 1C, the primary peak further increased and the secondary

Fig. 3 The ﬁrst cyclic voltammogram (CV) redox cycle of a PDBF-co-TT
thin ﬁlm.
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Fig. 4 X-ray diﬀraction (XRD) data obtained from spin-coated
PDBF-co-TT thin ﬁlms (B35 nm) on OTS treated SiO2/Si substrates
annealed at diﬀerent temperatures.

peak at 2y = 7.161 started to appear. When the annealing
temperature was increased to 200 1C, no obvious improvements in crystallinity were observed. The intensity of the broad
peak at B201 remained nearly constant, which might be due to
the short-range ordering in the amorphous regions in the thin
ﬁlms. These XRD patterns resemble many other conjugated
polymers such as P3HT, which were determined to reﬂect a
layer-by-layer lamellar polymer chain packing structure.30
Since there is no discernible peak corresponding to the p–p
stacking distance, it can be concluded that the polymer chains in
the spin coated thin ﬁlms predominantly adopted an edge-on
chain orientation. Polymer chains aligned in this manner on the
substrate are most favored for the charge transport in OTFT
devices.30
The thin ﬁlm surface morphology of PDBF-co-TT was
visualized by using the atomic force microscopy (AFM)
technique. The non-annealed sample showed a smooth surface
comprising long ﬁne ﬁbrils (Fig. 5). Once the thin ﬁlm was
annealed to 100 1C, the ﬁbrils became thicker and shorter.
Further increasing the annealing temperature to 140 and
200 1C, the size and the shape of the ﬁbrils remained similar,
but the contours of the ﬁbrils became clearer, indicating the
increased crystallinity of the polymer thin ﬁlm. All the AFM
images showed well-interconnected networks without large
grain boundaries, which is beneﬁcial for the charge hopping
between crystalline domains.4,5

Fig. 5 Atomic Force Microscopy (AFM) data obtained from spin-coated
PDBF-co-TT thin ﬁlms (B35 nm) on OTS treated SiO2/Si substrates
annealed at diﬀerent temperatures.

through a shadow mask with the channel dimensions of 100 micron
(L)  1 mm (W). The ﬁeld eﬀect characteristics were then analyzed
under dry nitrogen in a glove box.
As shown in Fig. 6 and 7, the device having the nonannealed PDBF-co-TT ﬁlm showed characteristic output and
transfer curves of a typical p-channel ﬁeld eﬀect transistor. In
the accumulation mode, the mobility extracted from the
saturation regime is 0.34 cm2 V 1 s 1 with a high current
on-to-oﬀ ratio (ION/OFF) of B106. The threshold voltage (VTH)

Evaluation of PDBF-co-TT in OTFT devices
PDBF-co-TT was evaluated as a channel semiconductor in
bottom-gate, top-contact OTFT devices. An OTS-treated
Si/SO2 wafer was used as substrate to construct the device.
The heavily n+-doped Si base functioned as the gate electrode,
whereas the B200 nm thermally grown SiO2 top layer was used
as the dielectric layer. A B35 nm-thick PDBF-co-TT ﬁlm was
deposited on top of the OTS-treated SiO2 layer by spin-coating
a PDBF-co-TT solution in chloroform (8 mg mL 1), followed
by optional thermal annealing on a hot plate at 140 or 200 1C
under dry nitrogen in a glove box. Subsequently, the substrate
with the polymer layer was transferred to a high vacuum
thermal evaporator to deposit the source and drain top contacts
7164
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Fig. 6 The output (left: VG = 0 V to 70 V) and transfer (right:
VDS = 70 V) characteristics of an OTFT device with PDBF-co-TT
thin ﬁlms without annealing (a and b) and annealed at 100 1C for
15 min (c and d). Device dimensions: channel length (L) = 100 mm;
channel width (W) = 1 mm.
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trapping becomes more obvious if the hole switch-on voltage
(Vhole
switch-on) is considered. As the annealing temperature is
increased from room temperature (non-annealed) to 100,
140, and 200 1C, the Vhole
switch-on progressively moved towards
the negative VGS direction from +18.8 V to +16.7 V, +4.6 V,
and 5.3 V. When the device was tested in the electron
enhancement mode (VGS = 20 V to +70 V and VDS =
0 V to +70 V), however, no saturation characteristics were
observed in electron enhancement mode. Therefore PDBF-co-TT
is predominantly a hole transport material by nature.
Organic solar cells based on PDBF-co-TT and PC71BM

Fig. 7 The output (left: VG = 0 V to 70 V) and transfer (right:
VDS = 70 V) characteristics of an OTFT device with PDBF-co-TT
thin ﬁlms annealed at 140 1C (a and b) and 200 1C for 15 min (c and d).
Device dimensions: channel length (L) = 100 mm; channel width
(W) = 1 mm.

is 8.7 V, which indicates that p-doping or electron trapping24
in the semiconductor might exist. The reverse voltage sweep in
the hole accumulation mode showed a hysteresis with a DVTH
(VTH,forward
VTH,backward) = 12.4 V, which is commonly
observed for most polymer semiconductor based OTFTs. The
causes for the hysteresis are considered to be surface traps31–33
and/or conformation changes of the polymer chains under an
electrical bias.34 The OTFT device having a PDBF-co-TT ﬁlm
annealed at 100 1C displayed a slightly decreased mobility of
0.25 cm2 V 1 s 1. The VTH shifted slightly to 6.6 V in the
negative direction. A large hysteresis (DVTH = 16.8 V) is still
observed. When the polymer ﬁlm was annealed at 140 1C,
the mobility was increased notably to 0.49 cm2 V 1 s 1.
A negative threshold voltage (VTH = 15.5 V) was shown,
indicating that p-doping or electron trapping eﬀect was
completely removed by thermal annealing at this temperature.
The hysteresis eﬀect is somehow decreased (DVTH = 10.3 V).
Interestingly, in the positive gate voltage region (VGS =
0 V–+20 V), a slight electron transport behavior was
observed. When the annealing temperature was increased
further to 200 1C, the OTFT device showed a marginal
increase in mobility (0.53 cm2 V 1 s 1) and a slight decrease
in VTH ( 12.6 V). The hysteresis (DVTH = 4.4 V) is signiﬁcantly
reduced, which might be due to elimination of the structural
disorder and traps in this high-temperature annealed polymer
thin ﬁlm. This device showed even more prominent electron
transport characteristics in the positive gate voltage region
(VGS = 0 V–+20 V). The increasingly pronounced ambipolar
transport behaviour with increasing annealing temperature
was also recently observed for PDBT-co-TT,24 the structural
analogue of PDBF-co-TT. This is possibly attributed to the
removal of electron trapping impurities at a high annealing
temperature. The eﬀect of thermal annealing on the electron
This journal is
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DPP-containing D–A polymers have been recently extensively
investigated as eﬃcient donor materials for OPVs.9,35–39 The
optical band gap (B1.39 eV) of PDBF-co-TT is close to the
ideal band gap for optimum power conversion of sunlight,
while its relatively low-lying HOMO and LUMO energy levels
would lower the energy loss during the electron transfer and
achieve a high open circuit voltage (VOC).14,15,40,41 Additionally,
the high hole mobility of this polymer would be beneﬁcial for
hole transport to the anode to minimize charge recombination
for achieving a high ﬁll factor (FF). In this study, we used
PDBF-co-TT as an electron donor material to pair with a
widely used electron acceptor, PC71BM, to form a blend
bulk-heterojunction layer in OPV devices. Indium-doped tin
oxide (ITO) glass was used as both the anode and the substrate
support to construct the OPV devices. Prior to use, the properly
cleaned ITO glass was deposited with a layer of PEDOT:PSS
(B40 nm) on the top of ITO layer by spin coating a Clevios
4083 PEDOT:PSS solution at 2000 rpm and then annealed at
140 1C on a hotplate under nitrogen. An active blend ﬁlm of
PDBF-co-TT and PC71BM with a certain weight ratio was
deposited on the substrate by spin coating a semiconductor
solution in a mixture of chloroform and o-dichlorobenzene
(4 : 1 by volume) with a solid concentration of 24 mg mL 1.
Finally a layer of aluminium as a cathode was thermally
evaporated on top of the semiconductor layer through a shadow
mask, forming a square device with an area of approximately
9 mm2.
The ﬁrst batch of devices were based on a permutation
of three blend compositions (the donor-to-acceptor ratio
(D : A) = 1 : 1, 1 : 2, and 1 : 3) and three diﬀerent additive
conditions (no additive, 1-chloro-naphthalene (CNp), and
1,8-diiodooctane (DIO)). Solvent additives are known to be
able to improve the OPV performance, often dramatically.42–45
Table 1 summarizes the performance of the most eﬃcient cell
from each process combination.
Without any solvent additive, the OPV devices for all three
blend compositions (D : A = 1 : 1, 1 : 2, and 1 : 3) showed
very low short circuit current densities (JSC r 1.72 mA cm 2)
and low power conversion eﬃciencies (PCE r 0.74%). It was
found that the FF increases with an increasing amount of
PC71BM (D : A from 1 : 1 to 1 : 3). This might be due to the
electron mobility of PC71BM being lower than the hole
mobility of PBDF-co-TT, which results in unbalanced hole
and electron transports when D : A is 1 : 1. However, the
increase in FF is marginal and JSC starts to fall when the D : A
ratio is decreased to 1 : 3, probably due to the reduced amount
Phys. Chem. Chem. Phys., 2012, 14, 7162–7169
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Table 1 Figures of merit of PDBF-co-TT:PC71BM-based OPV devices with varied D : A ratios and diﬀerent solvent additives. Data are from the
best-performing devices chosen from 9 devices for each process combination. Data in parentheses are average values and standard deviations from
the top 4 performing devices
Solvent additive

JSC/mA cm

1:1

None
CNp 1% (vol)
DIO 1% (vol)
None
CNp 1% (vol)
DIO 1% (vol)
None
CNp 1% (vol)
DIO 1% (vol)

1.3 (1.2  0.1)
3.7 (3.4  0.2)
12.1 (11.6  1.0)
1.7 (1.6  0.1)
3.2 (3.0  0.1)
11.3 (11.4  0.5)
1.4 (1.3  0.1)
2.0 (1.9  0.1)
9.0 (8.6  0.3)

1:2

Published on 26 March 2012. Downloaded by University of Pittsburgh on 31/10/2014 14:30:49.

2

D : A ratio

1:3

VOC/V
0.71
0.68
0.67
0.70
0.70
0.68
0.73
0.72
0.68

of PDBF-co-TT that causes weaker light absorption and
poorer connectivity of the donor phase. A quite high VOC
of up to 0.73 V was obtained, which originated from the
low-lying HOMO energy level (B5.28 eV) of PDBF-co-TT.
When 1% CNp was used as a solvent additive, a notable
increase in JSC (up to 3.66 mA cm 2) was observed, while both
VOC and FF decreased slightly. With the use of 1% CNp
solvent additive, the highest PCE of 1.10% was obtained
for the blend composition of D : A = 1 : 2. In all blend
compositions, addition of 1% DIO in the solvent mixture
was found to improve the cell performance signiﬁcantly. The
best performance was observed for the device using a blend
composition of D : A = 1 : 2, which showed a high JSC
of 11.3 mA cm 2, B6.6 times of that (1.72 mA cm 2) of
the best-performing device fabricated without any solvent
additive. This device showed a high PCE of 4.03%, although
its VOC and FF are slightly lower than those for the devices
without a solvent additive or with 1% CNp. Encouraged
by the high PCE for the device fabricated using a blend of
D : A = 1 : 2 and DIO as a solvent additive, we further
optimized the fabrication process by varying the spin coating
speed (1500, 2500 and 4000 rpm) and the DIO content (0.5, 1,
and 2% by volume). The performance of the most eﬃcient
cells from each set of fabrication parameters is summarized in
Table 2.
This set of experiments shows clearly that the FF improves
as the spin coating speed increases. This could be accounted
for by the decreasing thickness of the active blend layer with
increasing spin coating speed; a thinner active layer would
suppress charge recombination (increased FF). On the other
hand, the inﬂuence of the spin coating speed on the JSC is

FF

(0.71
(0.69
(0.63
(0.71
(0.70
(0.67
(0.72
(0.72
(0.69











0.01)
0.01)
0.06)
0.01)
0.01)
0.01)
0.01)
0.01)
0.01)

PCE (%)

0.45
0.40
0.42
0.61
0.50
0.52
0.62
0.63
0.61

(0.45
(0.40
(0.40
(0.62
(0.52
(0.52
(0.62
(0.63
(0.62











0.00)
0.00)
0.04)
0.01)
0.02)
0.04)
0.00)
0.00)
0.04)

0.42 (0.39  0.03)
1.0 (0.94  0.05)
3.4 (3.0  0.8)
0.74 (0.72  0.02)
1.1 (1.1  0.00)
4.0 (3.9  0.1)
0.64 (0.60  0.04)
0.92 (0.84  0.2)
3.76 (3.6  0.2)

insigniﬁcant. The eﬀects of the DIO additive content within
the range of 0.5–2% were found to be insigniﬁcant. The
highest PCE of 4.38% was achieved for the device fabricated
at a spin speed of 4000 rpm using 0.5% of DIO.
The inset of Fig. 8 shows the external quantum eﬃciency
(EQE) of the best OPV device in this study, measured under
low-intensity monochromatic light. The EQE spectrum
indicates that the PDBF-co-TT:PC71BM blend is photo-active
between 300 and 900 nm, in a good agreement with the
absorption proﬁle of the PDBF-co-TT (Fig. 2) and PC71BM.
Fig. 8 also shows the current density–voltage curves of
the same device measured in dark and irradiated under a
simulated AM1.5 light source. We used the EQE spectrum
to calculate a spectral mismatch factor for an appropriate
solar simulator light level for the light source calibration.46
As an additional veriﬁcation step, it is prudent to calculate
the theoretical JSC from the EQE spectrum by integrating
its convolution with the AM1.5 spectrum. The measured
JSC agrees very well with the calculated value, suggesting
that under short-circuit conditions, losses associated with
high photogenerated carrier densities are minimal in this
device.
The OPV performance observed for PDBF-co-TT is much
better than that of its thiophene analogue, PDBT-co-TT,
which was reported to show a maximum PCE of B1.6%.36
Several other furan-containing DPP-based polymers have also
shown improved eﬃciencies in comparison to their thiophene
counterparts.35,37–39 The slightly wider band gap and lower
HOMO levels of the furan-containing polymers might be
beneﬁcial for their OPV performance. Another possible
reason is that the furan-containing DPP polymers have better

Table 2 Figures of merit of PDBF-co-TT:PC71BM-based OPV devices with a D : A ratio of 1 : 2 (by volume) and varied spin coating speed and
amount of DIO. Data are from the best-performing devices chosen from 9 devices for each process combination. Data in parentheses are average
values and standard deviations from the top 4 performing devices
Spin speed/rpm

DIO content (%)

JSC/mA cm

2

VOC/V

1500

0.5
1
2
0.5
1
2
0.5
1
2

10.7
11.1
11.4
10.9
10.4
12.1
10.8
10.2
11.4

0.4)
0.5)
0.3)
0.3)
0.4)
0.8)
0.3)
0.4)
0.3)

0.68
0.67
0.67
0.68
0.67
0.67
0.69
0.69
0.68

2500
4000
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Synthesis of poly(2,5-bis(2-octyldodecyl)-3,6-di(furan-2-yl)-2,5dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione-co-thieno[3,2-b]thiophene)
(PDBF-co-TT)

Fig. 8 Current density–voltage curves of the best PDBF-coTT:PC71BM-based solar cell under dark and simulated AM1.5 solar
illumination conditions. The inset is the external quantum eﬃciency
(EQE) spectrum under low light levels.

solubility in general than their corresponding thiophene-based
polymers,37 which facilitate the formation of higher quality
polymer blend layers.

Experimental
Instrumentations and materials
Gel permeation chromatography (GPC) measurements were
conducted on a Waters 2690 System using tetrahydrofuran
(THF) as eluent and polystyrene as standard at a column
temperature of 40 1C. UV-vis-NIR spectra were recorded on
a Shimadzu UV 2501PC Spectrophotometer in solution
(chloroform) or on thin ﬁlms on quartz glass substrates. Cyclic
voltammetry (CV) measurements were performed using an
Ecochimie PGSTAT30 Autolab potentiostat in 0.1 M tetrabutylammonium hexaﬂuorophosphate (TBAPF6) in dry acetonitrile at a sweep rate of 100 mV s 1 under dry nitrogen in a
glove box. An Ag/AgCl electrode in 3 M KCl, a Pt wire, and a
Pt foil were used as the reference electrode, counter electrode,
and working electrode, respectively, where the polymer sample
was coated from a dilute solution in chloroform on the Pt foil.
Ferrocene, which has a HOMO energy level of 4.8 eV,47–49 was
used as an external reference. The HOMO energy level of
PDBF-co-TT was calculated by comparing its onset oxidation
potential with that of ferrocene. Diﬀerential scanning calorimetry (DSC) measurements were carried out under nitrogen on
a TA Instrument DSC Q100 instrument at a scanning rate of
10 1C min 1. X-ray diﬀraction (XRD) measurements were
performed on a PANalytical X’PERT PRO system using a
Cu Ka source (l = 1.5418 Å). The polymer thin ﬁlms for the
XRD measurements were deposited on octyltrichlorosilane
(OTS)-treated Si/SiO2 wafer substrates. 3,6-Bis(5-bromo-2-furanyl)2,5-bis(2-octyldodecyl)-2,5-dihydro-yrrolo[3,4-c]pyrrole-1,4-dione6
and 2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene18 were
prepared according to the literature methods.
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3,6-Bis(5-bromo-2-furanyl)-2,5-bis(2-octyldodecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole(2H,5H)-1,4-dione (0.296 g, 0.3 mmol), 2,5bis(trimethylstannyl)-thieno[3,2-b]thiophene (0.1398 g, 0.3 mmol),
and bis(triphenylphosphine)palladium(II) dichloride (7 mg,
0.01 mmol) were dissolved in anhydrous toluene (15 mL) in
a 25 mL ﬂask under argon. The mixture was heated to 90 1C
and stirred for 48 h under argon to obtain a viscous dark
greenish blue solution. A small amount of bromobenzene
(0.5 mL) was added to the mixture and stirred at 90 1C for
an additional 6 h to react with any unreacted trimethylstannyl
end groups. After cooling down to room temperature, the
reaction mixture was added dropwise into methanol with
stirring (200 mL). The dark solid precipitates were ﬁltered
oﬀ and washed with methanol. The solid was then transferred
to a Soxhlet extraction apparatus and extracted until the
extracts were almost colorless with methanol, acetone, and
hexane successively. Finally the solid was dried and extracted
with chloroform to dissolve the polymer. After evaporating
the solvent, dark blue ﬁlms were obtained (0.290 g, 98.0%).
Mw/Mn (GPC) = 346 996/131 961, PDI = 2.63, UV-vis-near
IR: 797 nm (in chloroform); 794 nm (thin ﬁlm).
Fabrication and characterization of OTFT devices
A typical bottom-gate, top-contact OTFT device conﬁguration
was adopted to evaluate PDBF-co-TT. Heavily n+-doped Si
wafers with a thermally grown silicon oxide layer (B200 nm)
were used as substrates to build the OTFT devices. The conductive
silicon layer was used as both the gate electrode and the support,
while the SiO2, which has a capacitance of B17 nF cm 2,
functioned as the gate dielectric. The detailed OTFT fabrication
and characterization procedures are similar to the previously
reported ones.4
Fabrication and characterization of OPV devices
Indium-doped tin oxide (ITO) glass substrates were cleaned,
dried and treated with UV-ozone. A layer of PEDOT:PSS
(B40 nm) was spin coated on the substrate at 2000 rpm by
using a commercial PEDOT:PSS solution (Clevios 4083) and
then annealed at 140 1C on a hot plate under nitrogen. The
organic semiconductor blend layer was then deposited by spincoating (at 1500, 2500, or 4000 rpm) a solution of PDPF-co-TT
and PC71BM in a mixture of chloroform and o-dichlorobenzene
(4 : 1 by volume) on top of the PEDOT:PSS layer. The ﬁrst
batch of devices had donor–acceptor ratios of 1 : 1, 1 : 2 and
1 : 3 and the total concentration of the semiconductors was
24 mg mL 1. 1,8-Diiodooctane (DIO) or 1-chloronaphthalene
(CNp) (0.5, 1, and 2% by volume) was optionally added to the
solution as a solvent additive. The second batch of devices had a
donor–acceptor ratio of 1 : 2 and the total concentration of
semiconductors was 21 mg mL 1. Varied amounts of DIO
(0.5, 1, and 2% by volume) were added to the solution. After
spin coating, samples were heated on a hot plate at 60 1C for
10 min to remove residual solvent. An aluminium cathode was
deposited on top of the polymer blend layer by thermal evaporation
Phys. Chem. Chem. Phys., 2012, 14, 7162–7169

7167

Published on 26 March 2012. Downloaded by University of Pittsburgh on 31/10/2014 14:30:49.

View Article Online

through a shadow mask under a pressure of B10 5 mbar to
complete the device. The device area is approximately 9 mm2.
Characterization of devices was performed under dry nitrogen in
a glove box. For a typical device, the external quantum eﬃciency
(EQE) spectrum was measured ﬁrst, which was conducted by
placing the device under a low intensity (B0.01 sun) monochromatic, mechanically-chopped (217 Hz) light. The resulting
photocurrent signal was detected through a SR830 lock-in
ampliﬁer and calibrated against a silicon photodetector with a
known EQE. The obtained EQE spectrum was then used to
determine the appropriate solar simulator light level for
proper AM1.5 simulation, based on the standard spectral
mismatch factor method. The photocurrent–voltage curve
was measured under the simulated AM1.5 solar illumination
using a Keithley 2400 Sourcemeter under dry nitrogen in a
glove box.

Conclusions
We designed and synthesized a novel DPP-containing
donor–acceptor p-conjugated polymer, PDBF-co-TT, which
comprises of (i) a DPP unit as the acceptor building block, (ii)
one fused aromatic thieno[3,2-b]thiophene as the electron
donor, and (iii) two furan units as electron donating bridges.
Owing to the highly ordered edge-on polymer chain packing
in thin ﬁlms, strong intermolecular interactions, large p–p
overlap, and well-interconnected thin ﬁlm morphology,
PDBF-co-TT exhibited high hole mobility values of up to
0.53 cm2 V 1 s 1 when used as a channel semiconductor in
OTFT devices. This polymer has low-lying HOMO and
LUMO energy levels and a small band gap, which are desirable
for an electron donor for OPVs. The favoured energy levels and
the optimum band gap of PDBF-co-TT helped the attainment
of a high open circuit voltage and a high short circuit current.
The high hole mobility and good solubility of this polymer
semiconductor contributed to the relatively high ﬁll factor,
while its low HOMO level resulted in a large open circuit
voltage. High power conversion eﬃciency of 4.38% was
achieved for the PDBF-co-TT:PC71BM based solar cell with a
proper selection of the donor–acceptor ratio, solvent additive,
and spin-coating speed.
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