
ARTICLE IN PRESS

Solar Energy Materials & Solar Cells 93 (2009) 1932–1938
Contents lists available at ScienceDirect
Solar Energy Materials & Solar Cells
0927-02

doi:10.1

� Corr

E-m
journal homepage: www.elsevier.com/locate/solmat
Synthesis and characterization of 2,1,3-benzothiadiazole-thieno[3,2-b]
thiophene-based charge transferred-type polymers for photovoltaic
application
Jang Yong Lee a, Soo Won Heo a, Heelack Choi b, Yoon Jung Kwon c, Jung Rim Haw a, Doo Kyung Moon a,�

a Department of Materials Chemistry and Engineering, Konkuk University, 1 Hwayang-dong, Gwangjin-Gu, Seoul 143-701, South Korea
b Department of Materials Science and Engineering, Pukyong National University, san 100 YongDang-Dong, Nam-Gu, Busan 608-739, South Korea
c Department of Textile Engineering, Konkuk University, 1 Hwayang-dong, Gwangjin-Gu, Seoul 143-701, South Korea
a r t i c l e i n f o

Article history:

Received 2 March 2009

Received in revised form

7 July 2009

Accepted 8 July 2009
Available online 6 August 2009

Keywords:

Organic photovoltaics

Donor materials

Bulk heterojunction

Thieno[3

2-b]thiophene

2,1,3-benzothiadiazole
48/$ - see front matter & 2009 Elsevier B.V. A

016/j.solmat.2009.07.006

esponding author. Tel.: +82 2 450 3498; fax:

ail address: dkmoon@konkuk.ac.kr (D.K. Moo
a b s t r a c t

New low-band-gap copolymers, including thieno[3,2-b]thiophene and 2,1,3-benzothiadiazole, were

synthesized as photovoltaic materials. Thiophene was introduced to provide extended p-conjugation

length and charge transfer properties. A band gap (Eg
op
¼ 1.62 eV, Eg

ec
¼ 1.51 eV) of this polymer was

investigated through UV–vis spectroscopy and cyclic voltammetry. A bulk heterojunction structure of

glass/indium tin oxide (ITO)/PEDOT:PSS/polymer-PCBM(1:3)/LiF/Al was fabricated for investigating

photovoltaic properties. PC71BM was used as an acceptor material, due to its increased absorption in the

visible region, in comparison with PC61BM. In this polymer, incident photon-to-current conversion

efficiency (IPCE) was as high as 50%. Moreover, maximum power conversion efficiency (PCE) of up to

1.72% was achieved under AM 1.5 G conditions. It demonstrated relatively high VOC (0.67 V) and JSC

(6.86 mA/cm2), while a low fill factor value (0.37) was obtained.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

Various aromatic ring-based conjugated polymers have been
developed for use in potential applications, such as organic light-
emitting diodes (OLEDs) [1,2], organic thin-film transistors
(OTFTs) [3,4], and organic photovoltaics (OPVs) [5–7]. In parti-
cular, OPVs have generated considerable scientific interest due to
a potential in fabricating low-cost integrated circuit elements for
large area and the feasibility of low production using various
methods such as spin coating, ink-jet printing, and roll-to-roll
through solution process [8–11]. One of the most efficient donor
components to date has been the semiconducting polymer
poly(3-hexylthiophene) (P3HT) in combination with a soluble
fullerene derivative as the nonpolymeric acceptor. However, the
maximum power conversion efficiency (PCE) of this donor–
acceptor (DA) couple is limited to �5% due to incomplete match
with the solar spectrum and the large offset of lowest unoccupied
molecular orbital (LUMO) energy levels of the DA [12–14].
Therefore, the development of low-band-gap polymers, having a
better overlap with the solar spectrum, is needed for maximum
photon harvesting in OPV devices [15–18].
ll rights reserved.
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Recently, low-band-gap polymers have been developed to
better match the solar output, which has a maximum photon flux
near 700 nm and an appreciable tail stretching into the infra-red
region [19]. The typical ways to lower band gap in polymerization
are to improve intermolecular interaction and to increase
p-conjugation length [20]. However, it is not easy to reduce the
band gap extensively throughout by these methods, because it is
hard to control the polymer structure by increasing conjugated
repeating units. The introduction of electron-rich and electron-
poor building blocks into the polymer backbone is regarded as a
more powerful and efficient method to synthesize low-band-gap
polymers, as alternating donor–acceptor units lower the effective
band gap by orbital mixing [21–23]. In DA-type polymers, the high
energy level for the highest occupied molecular orbital (HOMO) of
the donor and the low energy level for the LUMO of the acceptor
results in a low band gap due to an intra-chain charge transfer
from donor to acceptor [24–27]. In principle, if donor polymers
having a well-aligned energy level, an outstanding charge
transport property, and low band gap that could harvest photons
in the range of the infra-red region were to be developed, the
performance of bulk heterojunction-type solar cells with an active
layer of these DA-type copolymers and [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) could reach 10% PCE [14].

In this study, new CT-type copolymers, based on 2,1,3-benzo-
thiadiazole-thieno[3,2-b]thiophene, poly[2,5-bis(thieno-2-yl)
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-3,6-dipentadecylthieno[3,2-b]thiophene-co-2,1,3-benzothiadiazole]
(P1), and poly[2,5-bis(3,4-ethylenedioxythieno-2-yl)-3,6-dipentade-
cylthieno[3,2-b]thiophene-co-2,1,3-benzothiadiazole] (P2), were
synthesized through the Stille coupling reaction for OPVs.
Thiophene and 3,4-ethylenedioxythiophene molecules were in-
troduced into the polymer backbone to increase the charge
transporting property and p-conjugation length [28]. Because of
their high electron-accepting and good planarity, 2,1,3-benzothia-
diazole and thieno[3,2-b]thiophene, respectively, are extensively
used in the chemistry of organic electronics. Moreover, a polymer
that contains 2,5-bis(2-thienyl)-3,6-dialkylthieno[3,2-b]thio-
phene moiety in a polymer chain has good stacking property
and charge transporting ability. Devices (indium tin oxide (ITO)/
PEDOT:PSS/pol:PCBM/LiF(7 Å)/Al(120 nm)) were fabricated to
measure the photovoltaic properties.
2. Experimental

2.1. Materials

All reagents and chemicals were purchased from Aldrich.
Chloroform was dried over CaCl2 and THF. Toluene was dried over
sodium/benzophenone under a nitrogen atmosphere. Other
reagents and chemicals were used as received; 2-(trimethylstan-
nyl)thiophene, 2-(trimethylstannyl)-3,4-ethylenedioxythiophene,
4,7-dibromo-2,1,3-benzothiadiazole, and 2,5-dibromo-3,6-dipen-
tadecynylthieno[3,2-b]thiophene—1 were prepared as described
in the literatures [29–32].

2.2. Instruments

1H NMR spectra were performed in a Brüker ARX 400
spectrometer using solutions in CDCl3 and chemicals were
recorded in ppm units with TMS as the internal standard. The
UV–vis spectra were measured with a HP Agilent 8453 UV–vis. All
gel permeation chromatography (GPC) analyses were made using
THF as eluent and polystyrene standard as reference. Cyclic
voltammetric waves were produced using a Wonatech WMPG
1000 with a 0.1 M acetonitrile (substituted a nitrogen in 20 min)
solution containing tetrabutylammonium tetrafluoro borate
(TBABF4, Fluka 99.9%) at a constant scan rate of 50 mV/s. The
working electrode (WE) and the counter electrode (CE) were
platinum plates. A silver wire coated with AgCl was used as the
reference electrode (RE). After each measurement, the RE was
calibrated with ferrocene. Current density–voltage (J–V) charac-
teristics of all polymer photovoltaic cells were measured under
the illumination of simulated solar light with 100 mW/cm2

(AM 1.5 G) by Oriel 1000 W solar simulator. Electric data were
recorded using a Keithley 236 source-measure unit and all
characterizations were carried out in an ambient environment.
The illumination intensity used was calibrated by a standard Si
photodiode detector from Bunkoukeiki Co., Ltd. The incident
photon-to-current conversion efficiency (IPCE) was measured as a
function of wavelength from 360 to 800 nm (PV measurement
Inc.) equipped with a halogen lamp as a light source, and
calibration was performed using a silicon reference photodiode.
Thickness of the thin film was measured using a KLA Tencor
Alpha-step 500 surface profilometer with an accuracy of 1 nm.

2.3. Synthesis

2.3.1. 2,5-bis(2-thienyl)-3,6-dipentadecylthieno[3,2-b]thiophene—2

To a mixture of 1 (2 g, 2.77 mmol) and 2-(trimethylstan-
nyl)thiophene (1.64 g, 6.66 mmol) were added bis(triphenylpho-
sphine)palladium(a)dichloride (97 mg, 0.14 mmol) and an-
hydrous THF (20 mL). The reaction flask was evacuated and
then filled with argon several times, after which the reaction
mixture was refluxed for 12 h. The reaction mixture was cooled
to room temperature and was then poured into deionized
water. CHCl3 was added to extract the product from the
aqueous layer, and the combined organic layers were washed
with water and brine. The organic layer was dried over anhydrous
Na2SO4, and the solvent was removed by rotary evaporation.
The residue was purified by column chromatography (silica gel,
30% EA in hexane) to provide 1.2 g (60%) product 2 as a
yellow solid. 1H NMR (CDCl3, 400 MHz) d (ppm): 7.34 (d,
J ¼ 4.9 Hz, 2H), 7.16 (d, J ¼ 2.6 Hz, 2H), 7.09(t, J1 ¼ 4.9 Hz, 2H),
2.87 (t, J ¼ 7.9 Hz, 4H), 1.76 (m, 4H), 1.25–1.40 (m, 48H), 0.88
(t, J ¼ 6.5 Hz, 6H).
2.3.2. 2,5-bis(5-trimethylstannyl-thienyl-2yl)-3,6-

dipentadecylthieno[3,2-b]thiophene—3

To a mixture of 2 (0.91 g, 1.25mmol) in anhydrous THF (15 mL)
at �25 1C was added 1.6 mL n-butyllithium (1.6 M in hexane)
by syringe. The mixture was stirred at �25 1C for 1 h. Trimethyl-
stannylchloride was added dropwise to the solution, and
resulting mixture was warmed to room temperature and
stirred for 24 h. The mixture was poured into water and extracted
with chloroform. The organic extracts were washed with brine
and dried over anhydrous Na2SO4. The solvent was removed by
rotary evaporation and the crude product was obtained as a
yellow solid (1 g, 76%). It was used directly in the next step
without further purification. 1H NMR (CDCl3, 400 MHz) d [ppm]:
7.29 (d, J ¼ 2.6 Hz, 2H), 7.15(d, J1 ¼ 4.9 Hz, 2H), 2.87 (t, J ¼ 7.9 Hz,
4H), 1.76 (m, 4H), 1.25–1.40 (m, 48H), 0.88 (t, J ¼ 6.5 Hz, 6H), 0.43
(s, 18H).
2.3.3. 2,5-bis(3,4-ethylenedioxithieno-2-yl)-3,6-

dipentadecylthieno[3,2-b]thiophene—4

Prepared as above for compound 2. Yield: 56%, yellow solid. 1H
NMR (CDCl3, 400 MHz) d (ppm): 6.39 (s, 2H), 4.27 (d, J ¼ 2.6 Hz,
8H), 2.78 (t, J ¼ 7.9 Hz, 4H), 1.71 (m, 4H), 1.24–1.35 (m, 48H), 0.87
(t, J ¼ 6.5 Hz, 6H).
2.3.4. 2,5-bis(5-tri-n-methylstannyl-3,4-ethylenedioxithieno-2-yl)-

3,6-dipentadecylthieno[3,2-b]thiophene—5

Prepared as above for compound 3. Yield: 81%, yellow solid. 1H
NMR (CDCl3, 400 MHz) d (ppm): 4.27 (d, J ¼ 2.6 Hz, 8H), 2.78
(t, J ¼ 7.9 Hz, 4H), 1.71 (m, 4H), 1.24–1.35 (m, 48H), 0.87
(t, J ¼ 6.5 Hz, 6H), 0.38 (s, 18H).
2.3.5. Poly[2,5-bis(thieno-2-yl)-3,6-dipentadecylthieno[3,2-

b]thiophene-co-2,1,3-benzothiadiazole]—P1
Compounds 3 (0.5 g, 0.476mmol) and 4,7-dibromo-2,1,3-benzo-

thiadiazole (0.14 g, 0.476mmol) were dissolved in toluene (15 mL)
under nitrogen atmosphere. Pd(PPh3)Cl2 (1.0 mol%) was dissolved
in the mixture and vigorously stirred for 10 min. The mixture was
stirred at 85–90 1C for 48 h under nitrogen. After the mixture was
cooled to room temperature, it was poured into methanol. A
powder obtained by filtration was reprecipitated with methanol
several times. The polymer was further purified by washing with
methanol, acetone, and hexane in a Soxhlet apparatus for 24 h and
dried under reduced pressure at 50 1C. Dark violet solid 0.2 g (yield
49%). 1H NMR (CDCl3, 400 MHz) d [ppm]: 7.70 (d, 2H), 7.58 (d, 2H),
7.54 (s, 2H), 7.25 (s, 2H), 7.10 (d, 2H), 7.05 (d, 2H), 2.63 (t, 4H), 1.94
(t, 4H), 1.58 (m, 4H), 1.24 (m, 20H), 1.18 (m, 4H), 1.05 (m, 20H), 0.86
(t, 6H), 0.80 (t, 6H).
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2.3.6. Poly[2,5-bis(3,4-ethylenedioxythieno-2-yl)-3,6-

dipentadecylthieno[3,2-b]thiophene-co-2,1,3-benzothiadiazole]—P2
Prepared as above for P1. Dark violet solid 0.17 g (yield 46.7%).

1H NMR (CDCl3, 400 MHz) d (ppm): 8.47 (s, 2H), 8.28 (d, 0.5H),
7.85 (d, 0.5H), 6.40 (s, 0.25H), 4.45 (d, 8H), 2.82 (t, 4H), 2.63
(t, 4H), 1.44–1.21(m, 48H), 0.85 (t, 6H).

2.4. Device fabrication

Composite solutions with polymers and PCBM were prepared
using 1,2-dichlorobenzene (DCB). The concentration was con-
trolled adequately in a range of 1.0–2.0 wt%. The polymer
photovoltaic devices were fabricated with a typical sandwich
structure of ITO/PEDOT:PSS/active layer/LiF/Al. The ITO-coated
glass substrates were cleaned through a routine cleaning
procedure, including sonication in detergent followed by distilled
water, acetone, and 2-propanol. A 45 nm thick layer of PEDOT:PSS
(Baytron P) was spin coated on a cleaned ITO substrate after
exposing the ITO surface to ozone for 10 min. The PEDOT:PSS layer
is baked on a hot plate at 120 1C for 10 min. The active layer was
spin coated from the pre-dissolved composite solution after
filtering through 0.45mm poly(tetrafluoroethylene) (PTFE) syringe
filters. The resulting films were thermally treated at 120 1C for
5 min before deposition on the electrode. The device structure was
completed by depositing 120 nm Al cathode as top electrode onto
the polymer active layer under 3�10�6 Torr vacuum in thermal
evaporator.
3. Results and discussion

3.1. Synthesis of the monomers and polymers

Scheme 1 shows the syntheses of P1 and P2. The synthesis
of 1 was carried out according to procedures described previously.
2,5-Dibromo-3,6-dipentadecylthieno[3,2-b]thiophene—1 was
synthesized by bromination of 3,6-dipentadecylthieno[3,2-
b]thiophene with NBS, and 2,5-bis(2-thienyl)-3,6-dipenta-
decylthieno[3,2-b]thiophene—2 and 2,5-bis(3,4-ethylene-
dioxithieno-2-yl)-3,6-dipentadecylthieno[3,2-b]thiophene—4 were
obtained by Stille coupling reaction between 1 and 2-
Scheme 1. Synthesis routes of poly[2,5-bis(thieno-2-yl)-3,6-dipentadecylthieno[3,2-b]

yl)-3,6-dipentadecylthieno[3,2-b]thiophene-co-2,1,3-benzothiadiazole].
trimethylthiophene, 2-trimethyl-3,4-ethylenedioxythiophene,
respectively. Compounds 3 and 5 were directly synthesized from
compounds 2 and 4 without bromination. Because of the poor
solubility and long chain length of compounds 2 and 4, it was
difficult to stannate them. The syntheses of P1 and P2 were
accomplished by the copolymerization of compounds 3 and 5
with 4,7-dibromo-2,1,3-benzothiadiazole in the presence of
Pd(PPh3)Cl2. Proton nuclear magnetic resonance (1H NMR) data
were consistent with the proposed structure of the polymers. The
1H NMR peaks of the polymers were broader than the peaks of the
monomers. The 1H NMR spectrum of P1 in CDCl3 showed peaks
indicating two protons of benzothiadiazole at d ¼ 8.15 ppm and
four protons of thiophene at d ¼ 7.70 and 7.10 ppm. Protons of
alkyl side chains of fused thiophene appeared between d ¼ 3.07
and 0.82 ppm. Similarly, the 1H NMR spectrum of P2 in CDCl3

showed peaks indicating protons of benzothiadiazole at
d ¼ 8.47 ppm. In the 1H NMR spectrum of P2, two doublet peaks
were observed at 8.28 and 7.85 ppm. It is assumed that these are
peaks of protons of terminal 2,1,3-benzothiadiazole in polymer
chains, originating from the low molecular weights of P2.
Four protons of ethylenedioxythiophene were observed at
d ¼ 4.43 ppm, and protons of alkyl side chains of fused
thiophene appeared between d ¼ 2.96 and 0.82 ppm.

3.2. Molecular weight and thermal property

The average molecular weights of polymers were determined
by gel permeation chromatography (GPC) with polystyrene as the
standard. Tetrahydrofuran (THF) served as the eluting solvent. The
number-average molecular weight (Mn) values of P1 and P2 were
6815 and 2872, and the weight-average molecular weight (Mw)
values of P1 and P2 were 17215 and 4875, respectively. The
molecular weights of the polymers were not high. Most notably,
P2 had a very low molecular weight. This low value indicated that
P2 had three or four repeating moieties, stemming from poor
solubility of the 3,4-ethylenedioxythiophene units.

The thermal properties of these copolymers were investigated
using thermogravimetric analysis (TGA) at a heating rate of
10 K/min. P1 and P2 had decomposition temperatures (Td) of 343
and 360 1C, respectively. The values indicate that these polymers
have good thermal stability, making them applicable for use in
thiophene-co-2,1,3-benzothiadiazole] and poly[2,5-bis(3,4-ethylenedioxythieno-2-
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Table 1
Molecular weights and thermal properties of the two polymers.

Polymer Yield (%) Mn
a Mw

a PDI Td
b (1C)

P1 49 6815 17,215 2.5 343

P2 46.7 2872 4835 1.7 360

a Molecular weights and ploydispersity indexes determined by GPC in THF on

the basis of polystyrene calibration.
b Tg measured by TGA under N2.

Fig. 1. Comparison of UV–vis absorption spectra of P1, P2 in chloroform solution

and solid state.

Table 2
UV-–vis data for P1, P2 in dilute chloroform solution and the thin film.

Polymer Absorption lmax (nm)a Eg
op(eV)c

In CHCl3 In filmb

P1 394, 554 432, 624, 678 (shoulder) 1.62

P2 386, 570 436, 674, 738 (shoulder) 1.48

a lmax was determined from UV-–vis data.
b Spin- coated from a chloroform.
c Estimated from the onset absorption of the thin film.

Table 3
Electrochemical data of polymers as obtained from cyclic voltammetry and

electrochemical voltage spectroscopy.

Polymer Oxidation potential

(V)

Reduction potential

(V)

Energy levele

(eV)

Eg
e,c,f (eV)

Eox
a Eonset, ox

b Ered
c Eonset, red

d HOMO LUMO

P1 1.13 0.73 �1.17 �0.73 �5.17 �3.66 1.51

P2 0.97 0.56 �1.25 �0.96 �5 �3.48 1.52

All potentials are given vs. Ag/AgCl electrode.

a Final oxidation potential.
b Onset oxidation potential.
c Final reduction potential.
d Onset reduction potential.
e Calculated from the reduction and oxidation potentials under the assumption

that the absolute energy level of Fc/Fc+ was 4.8 eV below a vacuum.
f Band gaps drivedderived from the difference between onset potentials of

oxidation and reduction.
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polymer solar cells and other optoelectronic devices. The
molecular weights and thermal properties of P1 and P2 are
shown in Table 1.
3.3. Optical and electrochemical measurements

Fig. 1 shows the normalized UV–vis absorption of the polymers
in chloroform solution and in thin solid films. Two distinct
absorption bands are observed. P1 and P2 display similar
maximum absorption wavelength values (394 and 554 and 386
and 570 nm, respectively) in CHCl3 solution. The lmax values
of P1 and P2 in the solid film were red shifted by approximately
70 and 100 nm, respectively. P2 was more red shifted than P1
owing to the stronger electron-donating property of 3,4-
ethylenedioxythiophene units than of thiophene. Shoulder peaks
were observed at 678 nm (P1) and 738 nm (P2), indicating that
these polymers have good intermolecular interaction [33,34]. The
optical band gaps calculated from the band edge of P1 and P2
were 1.62 and 1.48 eV, respectively. Maximal wavelengths of the
absorption peaks and optical band gaps of the polymers are
summarized in Table 2.

Electrochemical behaviors of the copolymers were investigated
by cyclic voltammetry (CV). The supporting electrolyte was
tetrabutylammonium hexafluorophosphate (TBAPF6) in acetoni-
trile (0.1 M) at a scan rate of 50 mV/s. A three-electrode cell was
used and silver/silver chloride [Ag in 0.1 M KCl] was used as a RE.
Onset potentials are values obtained from the intersection of the
two tangents drawn at the rising current and the baseline
changing current of the CV curves. The onset and the peak
potentials, the electrochemical band gap energy, and the esti-
mated position of the upper edge of the valence band (HOMO) and
of the lower edge of conduction band (LUMO) are listed in Table 3.
As shown by the cyclic voltammograms in Fig. 2, the
electrochemical oxidation of P1 starts at 0.73 V vs. Ag/AgCl and
gives a p-doping peak at 1.13 V vs. Ag/AgCl. The oxidation of P2
starts at 0.56 V vs. Ag/AgCl and gives a p-doping peak at 0.97 V vs.
Ag/AgCl. Similarly, the reduction of P1 and P2 starts at �0.73 and
�0.96 V vs. Ag/AgCl and gives an n-doping peak at �1.17 and
�1.25 V vs. Ag/AgCl, respectively. In the range of 2.0 to �2.0 V vs.
Ag/AgCl, the films of P1 and P2 revealed stability in repeated
scanning by CV. However, the thin films decomposed over 2.0 V vs.
Ag/AgCl and below �2.0 V vs. Ag/AgCl. Electrochemical band gap
energy was directly measured from the CV. Several methods to
evaluate HOMO and LUMO energy levels from the onset potentials
have been proposed in the literature [35,36]. The levels were
estimated here on the basis of the reference energy level of
ferrocene (4.8 eV below the vacuum level) [37,38], according to
the following equation:

EHOMO/LUMO
¼ [�(Eonset (vs. Ag/AgCl)�Eonset (Fc/Fc+ vs. Ag/AgCl)]�

4.8 eV

According to this equation, HOMO levels of P1 and P2 were
�5.17 and �5.0 eV and the LUMO levels of P1 and P2 were �3.66
and �3.48 eV, respectively. The high HOMO level of P2 is followed
by strong electron donor properties of the 3,4-etylenedioxythio-
phene(EDOT) unit. This can give rise to noncovalent intermole-
cular interactions with adjacent thiophenic units, thus inducing
self-rigidification of the p-conjugated system in which it is
incorporated [39]. The electrochemical band gaps, estimated from
the HOMO and LUMO of P1 and P2, were 1.51 and 1.52 eV, which
are close to optical band gap energy levels. Normally, the Eg

ec are
higher than Eg

op. Differences between Eg
op and Eg

ec reflect the fact
that free ions are created in the electrochemical experiment rather
than a neutral excited state [40]. However, the Eg

ec of P1 was
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Fig. 2. Cyclic voltammograms of thin films recorded in 0.1 M TBAPF6/acetonitrile

at a scan rate of 50 mV/s. Fig. 3. I–V characteristics of photovoltaic devices made from P1, P2 and their

mixture in the ratio of 1:3 (by weight) blended with PC61BM and PC71BM.

J.Y. Lee et al. / Solar Energy Materials & Solar Cells 93 (2009) 1932–19381936
smaller than the Eg
op. As shown in Fig. 2, It seems that unstable

reduction state of thiophene unit of P1 results in nuclear
reduction potential [41,42].
Fig. 4. Energy scheme for P1, P2/PC71BM.
3.4. Photovoltaic studies

The polymer materials were all applied in bulk heterojunction
geometry (BHG) with PCBM. OPV cells, with the sandwiched
structure of glass/ITO/PEDOT:PSS/polymer-PCBM(1:3)/LiF/alumi-
nium, were fabricated. Each substrate was patterned using
photolithography techniques to produce a segment with an active
area of 9.0 mm2. Prior to use, the substrates were cleaned with
detergent and deionized water. Thereafter, ultrasonication in
deionized water and isopropanol was performed. PEDOT:PSS
(Baytron P) was spin coated on an indium tin oxide slide and
dried at 120 1C for 10 min. A blend of polymer and PC71BM was
solubilized overnight in DCB, filtered through a 0.45mm poly
(tetrafluoroethylene) (PTFE) filter, and spin coated. The active
layers were pre-annealed at 120 1C for 5 min before deposition on
the electrode. The devices were completed by deposition on 7 Å
LiF and 120 nm aluminium layers as an electrode. Current vs.
potential curves (I–V characteristics) were measured with a
Keithley 2400 Digital Source Meter. Illumination of the cells was
done via the ITO side using light from a 150 W Oriel Instruments
Solar Simulator and xenon lamp using an AM 1.5 G filter. All
fabrications and characterizations were performed in an ambient
environment without a protective atmosphere.

A typical I–V curve of P1 and P2, demonstrating the behavior of
the device, is presented in Fig. 3. Devices having various active
layer thicknesses were fabricated to optimize the photovoltaic
property. When PC71BM was introduced as an acceptor, the PCE of
P2 was as low as 0.045%. However, when tested under AM 1.5 G
(100 mW/cm2) solar illumination, P1 photovoltaic cells, having an
active layer 58 nm thick, regularly demonstrated PCEs of up to
1.72%. Even though the fill factor value was as low as 0.37, a good
current density (6.86 mA/cm2) and a relatively high open-circuit
voltage, 0.67 V, were obtained.

In spite of a large absorption range, one reason of the low PCE
value for P2 is low molecular weight and solubility. Mw of P2 was
as low as 4835 and solubility of synthesized polymer was very low
in organic solvent. A rigid structure of EDOT prevented P2 from
having a high molecular weight and good solubility, which
hindered P2/PCBM blend films from having an effective photon
harvesting and charge transport properties. Another reason is
unbalanced energy levels between the polymer and the acceptor,
as shown in Fig. 4. A large LUMO energy value difference between
the donor and acceptor allows for increased energy loss in
photovoltaic devices. Moreover, the high HOMO level resulting
from the strong electron donor properties of the EDOT molecules
caused a reduction in the open-circuit voltage. Compared with P2,
P1 has a more balanced acceptor energy level.

To confirm the acceptor effect in the polymer/PCBM blend,
PC61BM was introduced instead of PC71BM as an acceptor. The PCE
of the devices with P1/PC61BM and P2/PC61BM blend film as an
active layer was regularly 1.15% and 0.017%, respectively. In a device
with the P1/PC61BM active layer, VOC and FF of this device were as
high as 0.67 V and 0.38, respectively, while the current density
was decreased. A reduction of current density and PCE in the
P1/PC61BM blend originates from the difference of IPCE values in
the different blending systems. As shown in Fig. 5, the IPCE values
obtained in the P1/PC71BM blend are considerably high at the main
absorption peak (range 400–550 nm) and approach 49%, which
shows that the system has the ability to efficiently convert photons
into electrons in an external circuit. The onset of photocurrent
starts at approximately 750 nm, in agreement with the optical data.
The IPCE, as high as 49%, stems from the effective combination with
the acceptor [43]. The photovoltaic properties of devices that
include P1 or P2 as active layers are presented in Table 4.
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Fig. 5. Comparison of IPCE between the photovoltaic cells based on P1/PC61BM

and P1/PC71BM.

Table 4
Photovoltaic characteristics of bulk heterojunctions based on P1, P2.

Active layer Thickness (nm) VOC (V) JSC (mA/cm2) FF PCE (%)

P1/PC61BM (1:3) 63 0.67 4.46 0.38 1.15

P1/PC71BM (1:3) 58 0.67 6.86 0.37 1.72

P2/PC61BM (1:3) 58 0.07 1.02 0.24 0.017

P2/PC71BM (1:3) 52 0.11 1.68 0.24 0.045

The measurements were carried out at 1000 W m�2 and AM 1.5. The structure of

the device was: ITO/PEDOT:PSS/pol:PCBM/LiF(7 Å)/Al(120 nm).
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4. Conclusion

In conclusion, poly[2,5-bis(thieno-2-yl)-3,6-dipentadecylthie-
no[3,2-b]thiophene-co-2,1,3-benzothiadiazole] (P1) and poly[2,5-
bis(3,4-ethylenedioxythieno-2-yl)-3,6-dipentadecylthieno[3,2-
b]thiophene-co-2,1,3-benzothiadiazole] (P2) were successfully
synthesized through the Stille coupling reaction. These polymers
were characterized by 1H NMR, GPC, cyclic voltammetry, TGA, and
UV–vis spectroscopy. The molecular weights of P1 and P2 were
not high. It appears that these polymers have rigid chains and
poor solubility in organic solvents. Absorption maximas of P1 and
P2 in the solid film, compared to those in solution, were
approximately 70 and 100 nm red shifted, respectively. Shoulder
peaks were observed at 678 nm (P1) and 738 nm (P2), indicating
that these polymers have good intermolecular interaction. It is
expected that these polymers have relatively high charge mobility
properties. The HOMO level of P1, as determined by cyclic
voltammetry, was 5.17 eV from vacuum, which is lower than the
HOMO levels of most regioregular polythiophenes (for example,
P3HT, ca. 5.0 eV; poly(3,3000-didodecyl-quaterthiophene) (PQT-12),
ca. 5.1 eV [44]). The best device was obtained with a 58 nm thick
active layer of P1 mixed with PC71BM in the ratio of 1:3, which
gave a VOC of 0.67 V, JSC of 6.86 mA/cm2, and high efficiency of
1.72% under simulated sunlight (1000 W/m2, AM 1.5). The fill
factor, which is the significant factor that limits efficiency, was
0.37, which is considered low and is one of the parameters that
must be improved. The photovoltaic property of P2 was very low,
stemming from low molecular weights and unbalanced energy
levels with PCBM. Future studies will be carried out to optimize
measurement conditions and synthesize P1 through another
synthetic route for increasing the molecular weight.
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