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Two new narrow bandgap D—A conjugated copolymers P1 and P2 containing different fused thiophene
donor unit and same benzothiadiazole acceptor unit were synthesized by Stille cross-coupling poly-
merization, and characterized by 'H NMR, elemental analysis and GPC, TGA, DSC. Cyclic voltammetry
measurement showed that the HOMO energy level both copolymers is deep lying (—5.10 and —5.35 eV
for P1 and P2, respectively) which show that copolymers has good stability in the air and assured a
higher open circuit voltage when it photovoltaic application. These copolymer were used as donor along
with PC7:BM and the BH] polymer solar cells based on P1:PC71BM and P2:PC7;BM processed with
chloroform (CF) solvent showed over all PCE of 4.54% and 4.36%, respectively. Additionally, the PCE was
improved up to 5.62% and 5.24% for P1:PC71BM and P2:PC71BM active layer processed with DIO (4 v%)/CF
solvent. The enhancement in the PCE has been attributed to improved nanoscale morphology and
crystalline nature of active layer as well as charge transport in the device with the addition of DIO, due to

the higher boiling point of DIO causing slow evaporation rate during the film formation.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Organic solar cells (OSCs) based on the bulk heterojunction
active layers consist of electron donating polymers and electron
accepting fullerene derivatives have attracted significant attention
due to their low cost of fabrication using convenient roll to roll
printing techniques and light weight devices [1]. Remarkable
progress has been made in improving the power conversion effi-
ciencies of OSCs based on single BH] have surpassed 8% [2] and the
PCE of tandem OSC has broken 10% [3]. To improve the PCE further,
significant efforts have been made to increase the short circuit
current (Jsc), fill factor (FF) and open circuit voltage (Vo) of the OSCs.
The Vqc of the OSCs directly related to the energy difference of
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highest unoccupied molecular orbital (HOMO) of donor and lowest
occupied molecular orbital (LUMO) of acceptor energy levels. To
increase the V., strategies have been focused on the synthesis of
new polymers and/or new acceptors to achieve optimal donor (D)—
acceptor (A) energy level offsets [4]. In order to achieve high Jsc of
0SCs conjugated polymers are required to have a broad light ab-
sorption spectrum that effectively overlaps the solar spectrum for
effective exciton generation, high charge carrier mobility of donor
and acceptor materials, for efficient charge transport and collection.
Among the various conjugated polymers that can be used for BHJ-
0SCs, donor—acceptor (D—A) type conjugated copolymers have
been recently identified as promising candidate for the use in OSCs
due to their broad light absorption spectrum [5] and strong inter-
molecular interactions, which facilitate charge generation and
transport [6]. In a D—A polymer system, the intra- and intermolec-
ular interactions between the D and A units can lead to self assembly
into ordered structures and strong m-stacking of polymer chains,
which favor charge carrier transport [7]. In this approach, both
HOMO/LUMO energy levels and the bandgap of D—A polymers can
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be effectively tuned by using a combination of various types of D and
A units having different electron donating and electron with-
drawing strengths via intramolecular charge transfer. Moreover, the
different structure and solubilizing groups of D and A can change
other properties such as molecular packing and solubility [8].

The ideal D—A polymer should have a combination of weak
donor and strong acceptor units, in which weak donor helps
maintain a low HOMO level whereas strong acceptor would reduce
the band gap of the polymer [9]. Among the various D—A conju-
gated polymers building blocks, 2, 1, 3-benzothiazole (BT) as
acceptor unit, due to its easy preparation, excellent stability and
electro-optical characteristics together with its ability to adopt a
quinoid structure. A D—A polymer with BT derivative as electron
withdrawing unit in which two thiophene moieties (DTBT) were
flanked into the benzene ring of BT as a ww-bridge for reducing steric
hindrance and tuning the electronic properties can also be ideal
donor material of high performance OSCs. In recent years, benzo-
trithiophenes (BTT) have emerged as attractive donor units for the
designing of D—A polymers which showed promising performance
in both OFETs and polymer solar cells [7a]. This kind of donors
possesses high coplanarity and extended w-conjugation, which
should promote intermolecular w-stacking and charge transport in
BTT containing polymers.

In order to accomplish this task new approach to make the -
conjugated polymers was realized based on one and the same
structure of macromolecule (strong alternation of donor and
acceptor fragments, quinoid character of w-conjugation, planarity).
In view of the above mentioned new effective synthetic pathway to
obtain new class of fused thiophene containing monomers with
increased quinoid character of m-conjugation and basing on such
monomers by selection of structural types, their composition and
sequence of alternation the conditions for directed synthesis of low
band gap m-conjugated polymers were realized.

In this study, we have synthesized two benzothiadiazole- and
fused bithiophene D—A copolymers P1 and P2 with same acceptor
moiety and different donor units i. e. 2,8-Dibromo-4,6-bis(n-
octylthiophen-2-yl) benzo[2,1-b:3,4-b’:5,6-c”] trithiophene and
2,5-dibrom-8-heptodecyl-10N-bisthieno  [2/,3":6,7;  3”,2":4,5]
indeono[1,2-d][1,3] thiazole for P1 and P2, respectively. The later
donor is weak as compared to former. These donor monomers
contains highly fused thiophene unit and can form w— stacked
structure, which is favorable for increasing charge carrier mobility
and morphology of the resulted film cast from the solution pro-
cessing, which are very important for polymer solar cells. Similar
monomers are synthesized by Mullen and used them for field effect
transistor devices [7] and reported high charge carrier mobility. In
addition, Mullen et al. prepared this monomers in 7 stages (starting
from 2,2’-bithiophene) and the target monomers were obtained in
only 18% yield (by the Rh — catalyzed cyclization). In our synthetic
scheme there are 6 stages (starting from bithiophene) and the
maximum yield on the cyclization stage is achieved of 72—73%. In
addition, our synthetic stages are simpler and easily scalable to
large loading of starting materials. We modified structure of
monomers by introducing alkylthiophene fragments for increasing
charge carrier mobility, since it's known that mobility is important
for OSC too. The device based on P1:PC71BM showed higher Js¢
while P2:PC71BM exhibited higher V,. and demonstrated overall
PCE of 4.54% and 4.36%, respectively. The higher value of ]
attributed to the lower band gap and broader absorption profile of
P1 as compared to P2 and higher V. for may be attributed the
deeper HOMO energy level of P2 as compared to the P1. The PSC
processed with DIO/CF showed 5.62% and 5.24%, for P1:PC71BM and
P2:PC71BM, respectively, which is attributed the fine morphology
adjustment for better exciton dissociation and charge transport in
the active layer.

2. Experimental part
2.1. Instruments and characterization methods

'H and ¥C NMR spectra of the starting compounds and co-
polymers were recorded on the spectrometer “Bruker Avance-400”
with a working frequency of 400.13 and 100.62 MHz, respectively.
IR spectra were recorded by a FT-IR spectrometer “Perkin—Elmer
1720-X”, TGA and DSC analysis was performed on “Per-kin-Elmer
TGA-7" and “Perkin—Elmer DSC 7” devices with heating rate of 20
deg/min. The absorption spectra in the range 190—1100 nm were
recorded on the spectrophotometer “Varian Cary 50.” The source of
the exciting light was a xenon lamp L8253, which is part of the
block radiator with optical fiber output radiation “Hamamatsu LC-
4" Cyclic voltammetry measurements were performed on a
potentiostat-galvanostat AUTOLAB Type IIl equipped with standard
three-electrode scheme in an acetonitrile solution of 0.1 mol/L tri-
butylammonium perchlorate (n BugyNCIO4) at a potential scan rate
of 50 mV/s. Films of investigated polymers were deposited on a
glass surface coated with ITO and then dried and used as working
electrode. Ag/Ag+ and platinum were used as reference and
counter electrodes, respectively.

2.2. Synthesis of copolymers P1 and P2

The synthesis and characterization of intermediate monomers
used for the synthesis of P1 and P2 were described in
Supplementary Information.

2.2.1. Synthesis of polymer P1

2,8-Dibromo-4,6-bis(n-octylthiophen-2-yl)  benzo[2,1-b:3,4-
b’:5,6-c"] trithiophene (10) (0.3964 g, 0.5 mmol) compound 10, 4,7-
bis[5-(trimethylstannyl)thiophen-2-yl]-2,1,3-benzothiadiazole
((0.3102 g, 0.5 mmol), Pd(PhsP)4 (0.027 g, 0.0234 mmol) and
toluene (20 ml) were heated under argon at 110 °C for 48 h. Then 2-
bromothiophene (0.02 g) was added and the mixture was stirred at
110 °C for another 5 h. After cooling to r.t. reaction mixture was
poured into methanol (200 ml) and filtrated. Polymer was dis-
solved in CHCl3 and precipitated with methanol. Then it was pu-
rified by extraction with methanol, hexane and chloroform in
Soxlett apparatus. Yield is 88%. Calc. for CsoH4gN2Sg,%: C,64.47;
H,4.98; N,3.00; S,27.54. Found: C, 64.28; H,4.84; N,3.13; S, 27. 69. 'H
NMR (400 MHz, CDCl3, §, ppm): 8.20—7.40 (6H, Ar), 7.09—6.80 (6H,
Ar), 4.25 (4H, alk), 2.30—0.86 (30H, aliph).

2.2.2. Synthesis of polymer P2

P2 was prepared similarly as P1 using 2,5-dibromo-8-
pentadecyl-10H-bisthieno[2’,3":6,7,3",2":4,5]indeno[1,2-d][ 1,3]
thiazole compound 17 and 4,7-bis[5-(trimethylstannyl)thiophen-
2-yl]-2,1,3-benzothiadiazole =~ with  75% yield. Calc. for
Co9H10N4SsFg %:,C47.93; H,1.39; N, 7.71; S,22.06; F, 20.91 Found:C,
4798; H,1.27; N, 7.64: 5,22.36; F, 20.41. 'H NMR (400 MHz, CDClI3, 6,
ppm): 7.74—7.30 (6H, Ar), 7.10—6.89 (29H,alk).

2.3. Device fabrication and characterization

The photovoltaic devices using copolymers as donor and
PC71BM as acceptor were fabricated on the indium tin oxide (ITO)
coated glass substrate as follow: The ITO coated glass substrates
were cleaned continuously in ultrasonic baths containing acetone,
detergent, de-ionized water and isopropanol. Then the cleaned ITO
glass substrates were dried by high purity nitrogen gas and then
treated by UV-ozone for 10 min. The solution of PEDOT:PSS (Clevios
PVP Al 4093) was spin coated onto the cleaned ITO glass substrates
at 2500 rpm for 30 s and subsequently dried at 100 °C for 20 min in
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Scheme 1. Synthetic route of monomer 10.

air. The blends of P1 or P2:PC71BM of different weight ratios were
prepared by dissolving the copolymers and fullerene derivatives in
chloroform (CF) solution and stirring for about 2 h. For the solvent
additive, i.e. DIO/CF, a small amount of DIO (4% by volume) is added
to the CF solution. The photoactive layer of P1 or P2:PC7:BM (in
different ratios with and without solvent additive DIO) was
deposited onto the PEDOT:PSS layer by spin coating and then dried
in ambient atmosphere. The thickness of the active layer was
controlled by the spinning speed and time. The thickness of the
active layers was 90—95 nm. The total concentration of mixture of
copolymer and PC7:BM is 20 mg/ML. Finally, an aluminum (Al)
metal top electrode was deposited in vacuum on the active layer at
a pressure of less than 10~ torr. The active area of the device was
ca. 0.20 mm?. The current density—voltage (J—V) characteristics
were measured on a computer-controlled Keithley 236 source
meter unit. A xenon lamp coupled with AM 1.5 optical filter was
used as the light source, and the optical power at the sample was
100 mW/cm?. The incident photon to current conversion efficiency
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(IPCE) of the devices was measured using a monochromator and
xenon lamp as light source and resulting photocurrent was
measured with source meter under short circuit condition.

3. Results and discussion
3.1. Synthesis and characterization of P1 and P2

New fused thiophene-containing monomer 2,8-dibromo-4,6-
bis(n-octylthiophene-2-yl)benzo[2,1-b:3,4-b’:5,6-c|thrithiophene
(10) was synthesized by way of consecutive reactions according to
Scheme 1.

Including bromination of 2,2,/ -dithiophene (4) with consequent
iodization of obtained substance by 5,5’-dibromothiophene (5)
with the formation of intermediate 3,3’-diiod-5,5’-dibromothio-
phene (6) with the yield of 80%. Bis-ethynyl derivative of 5,5'-
dibromo-3,3’-bis(2-(5-n-octylthiophene-2-yl)-2,2’-dithiophene (7)
was obtained by interaction of the latter with 2 mol of 2-(n-octyl)-
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Scheme 2. Synthetic route of monomer 17.
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5-ethynyl-thiophene in conditions of Suzuki reaction with the yield
of 78%. Following cyclization of the product in the presence of
Rhodium catalyst and Sulfur in situ lead to the formation of target
product — 2,8-dibromo-4,6-bis(5-(2-ethylhexyl) thiophene-2-yl)
benzo [2,1-b:3,4-b’:5,6-c”] trithiophene (10) with the yield just
10—12%. A yield of 18% was obtained for similar compound in
analogous reaction [10]. At the same time compound 8, without
bromine atoms, reacts in similar conditions with the formation of
benzotrithiophenes with the yields of 60—70%. In order to increase
the yields of final monomers we succeeded to dehalogenate of
compound 7 by action of butyllithium with following hydrolysis
resulting compound 8 with the yield as high as 91%. Following
crystallization of the latter in presence of rhodium catalyst and
sulfur in situ leads to formation of 4,6-bisc (5-(2-ethylhexyl)thio-
phene-2-yl) benzo [2,1-b:3,4-b":5,6-c"] tritiophene (9) with the
yield of 73%.

The latter was brominated in the presence of 2 mol excess of
bromsuccinimide with the yield of target product 2,8-dibromo-4,6-
bis(5-(2-ethylhexyl)-thiophene-2-yl)benzo|[2,1-b:3,4-b":5,6-c"] tri-
tiophene (10) 49%). The composition and structure of intermediate
compounds 1-9 and target product 10 were confirmed by
elemental analysis and NMR 'H '3C. In particular in proton spectra
of compound 7 in the range of 6 = 7.16, 6.71 and 7.05 ppm two
doublets and one singlet were present respectively, corresponding
to aromatic protons of thiophene fragments. At § = 2.81—0.87 ppm
appears two triplets typical for CH, in direct contact with thio-
phene ring and terminal CH3 end alkyl fragment. Ratio of integral
intensities of aliphatic and aromatic parts well correspond to the
proposed structure. In carbon spectra of aromatic part are present 8
signals, corresponding to 8 non-equivalent aromatic carbon atoms.
In the range 6 = 90 — 87 ppm 14.3 ppm appear signals, typical for
ethynyl and CH3 groups correspondingly.

In proton spectrum of target product 10 (Fig. S6a) in the range
6 =7.22,7.09 and 6.89 ppm, resonate one singlet and two doublets
relating to aromatic protons of thiophene fragment, in aliphatic
range at ¢ = 2.93 ppm triplet appears, typical for the CH, group,

Table 1
Molecular weights and thermal properties of copolymers P1 and P2.

Copolymer Yield (%) M,® (kgmol™!) M, (kgmol™') PDI T,"(°C) T4 (°C)

P1 88 16.4 29.5 1.80 160 393
410¢
P2 71 11.9 29.8 250 205 400
415¢

2 Determined by GPC in THF on polystyrene standards.

b Determined by DSC at scan rate 20 C/min under nitrogen.

¢ Decomposition temperature, determined by TGA in nitrogen based on 10%
weight loss, in numerator — temperature of 10% mass loss in air.

4 10% mass loss in Argon atmosphere.

directly attached to thiophene ring. In the range ¢ = 1.25—2.00 ppm
signals are present, relating to the rest CH; groups of alkyl frag-
ment. At 6 = 0.91 ppm triplet resonates, typical for the terminal CH3
group of alkyl fragment. The ratio of integral intensities of aromatic
and aliphatic parts of all intermediate compounds and target
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Fig. 1. Normalized UV-vis absorption spectra copolymers P1 and P2, (a) in chloroform
solution (1 x 10~ M) (b) in thin films.
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Table 2
Optical and electrochemical properties of copolymers P1and P2.

Copolymer 23S, (nm),solv 225, (nm),film EQ%set (V) HOMO (eV) Erde: (V) LUMO (eV) Ege(eV) ESP* (eV)
P1 499,723 493,734 0.67 -5.15 -0.90 -3.58 1.57 1.51
P2 376,599 370, 610 0.92 ~5.40 -0.86 -3.62 1.78 1.73

product well correspond to the proposed structure. In NMR'>C 10
(Fig. S6b) in range 6 = 110—150 ppm ten signals are present, relating
to ten non-equivalent aromatic atoms of carbon in thiophene
fragment. Moreover, in aliphatic part, in the range ¢ = 32—14 ppm
resonate 8 signals, relating to eight different aliphatic atoms of
carbon.

Synthesis of key monomer 2,5-dibrom-8-heptodecyl-10N-bis-
thieno [2/,3":6,7; 3”,2":4,5] indeono[1,2-d][1,3] thiazole (17) was
accomplished according to Scheme 2. Compound 3-0x0-4-
thiophene-3-yl-butanoic acid 11 was obtained by acylation of 3-
thiopheneacetic acid in the presence of Meldrum acid with the
following alcoholysis. Compound 2-brom-1-thiophene-3-yl-etha-
none 12 was obtained by bromination of 3-acetylthiophene in the
presence of CuBr,. Next stage consisted in equimolar interaction of
compound 11 with compound 12 in the presence of Na in absolute
benzene with the formation of ethylethere of 3-oxo-2-(2-oxo0-2-
thiophene-3-yl-ethyl)-4-thiophene-3-yl-butanoic acid 13 with the
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1,5 4
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Fig. 2. Cyclic voltammetry curves of polymers P1 and P2 films on platinum electrode
in 0.1 mol/L BuyNClO4 in CH3CN solution at scan rate 50 mvsL

yield of 87%. Crystallization of compound 13 with formation of 2,3-
dithiophene-3-yl-cyclopent-2-enon 14 was carried out in 7% solu-
tion of KOH in EtOH:H,0 1:1 with the yield of 60%. The latter was
cyclizated in the presence of FeCl; with the formation of 15,
following bromination of which lead to compound 16. Interaction
of 16 with aliphatic thioamide leads to the formation of target
product 17 with the yield of 71%. The composition and structure of
intermediate compounds and target substances were confirmed by
elemental analysis data, IR spectroscopy and also NMR 'H and '3C.
In particular in IR spectra of compounds 14 and 15 in the range of
1695 cm~! the intensive absorbance line is present, typical for
valent vibrations of C]O group, which disappears after conversion
into compound 16. In NMR 'H (Figure S12a) of monomer 17 in weak
field range 6 = 8.16—7.39 ppm two singlets are present, typical for
the protons of thiophene ring in range 6 = 3.90 and 3.17 ppm singlet
and triplet appear and in range 6 = 2.01-1.40 ppm multiplet ap-
pears relating to the aliphatic protons of alkyl groups and in range
0 = 0.90 the triplet appears, typical for CH3 groups. The ratio of
integral intensities of aromatic part to aliphatic of all intermediates
and target compounds well correspond to the proposed. In NMR3C
17 (Fig. S12b) in range 6 = 110—180 ppm thirteen signals are pre-
sent, relating to thirteen non-equivalent aromatic atoms of carbon
in thiophene fragment and in aliphatic part in the range 6 = 38-
14 ppm resonate signals, relating to different aliphatic atoms of
carbon.

The new low band gap donor —acceptor (D—A) copolymers P1
and P2 with quinoid character of m-conjugation and strong alter-
nation of donor-acceptor fragments, obtained under conditions of
cross coupling Stille reaction according to Scheme 3. Poly-
condensation was carried out in Argon atmosphere in toluene at
110° C during 48 h, using tetrakis (triphenylphosphine) palladium
as a catalyst. As the electron-donor fragment in The copolymers P1
and P2 consist same 4,7-[bis-trimethylstannyl-(thiophen-2-yl)-
2,1,3-benzthiadiazole acceptor unit and different donor moiety i.e.
2,8-dibromo-4,6-bis(n-octylthiophene-2-yl) benzo[2,1-b:3,4-
b':5,6-c"] trithiophene (monomer 10) and 2,5-dibromo-8-
pentadecyl-10#H-bis-thieno [2',3": 6,7, 3", 2":4,5] indeno [1,2-d][1,
3] thiazole (monomer 17), respectively.

1.2

~= P1:PC71BM
1 - P2:PC71BM

Normalized absorption (a.u)
o o
» =]

0.2

300 400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 3. Normalized absorption spectra of P1:PC71BM and P2:PC7;BM thin films.



198 M.L. Keshtov et al. / Polymer 65 (2015) 193—201

Table 3

Photovoltaic parameters of organic polymer photovoltaic devices based on P1:PC71BM and P2:PC7;BM active layer.

Active layer Jse (MA/cm?) Voe (V) FF PCE (%) n (cm?/Vs) Hte (cm?/Vs) le/lh
P1:PC7;BM? 10.96 0.74 0.56 4.54 9.56 x 107 246 x 1074 23.51
P2:PC7;BM? 9.12 0.92 0.52 436 7.54 x 1076 240 x 1074 31.83
P1:PC;,;BM" 12.95 0.70 0.62 5.62 9.64 x 107> 252 x 1074 261
P2:PC;1BM" 10.88 0.86 0.56 5.24 7.42 x 107> 2.56 x 1074 3.45
2 CF cast.

b DIO/CF cast.

Obtained polymers P1 and P2 were purified from the residues of
catalysts, tin-organic and low molecular impurities by two-fold re-
sedimentation from solution in methanol and following extraction
with methanol, hexane and chloroform. Yield of polymer P1 and P2
was 88% and 71%, respectively. The composition and structure of
polymers P1 and P2 were confirmed by elemental analysis data and
NMR 'H and NMR'3C spectroscopy.

The thermal properties of the P1 and P2 were investigated via
DSC and TGA methods and the data were summarized in Table 1.
The glass transition temperature of P1 and P2 estimated from DSC
measurement are 160° and 205°°C, respectively. Both the co-
polymers have the sufficient high thermal stabilities. The temper-
ature of 5% wt loss of the copolymer in nitrogen i.e. Tsy are 410° and
415 °C for P1 and P2, respectively. These results show that the
copolymers show thermal stabilities sufficiently high for the use in
polymer solar cells.

4
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Fig. 4. (a) Current-voltage (J—V) characteristics under illumination and (b) IPCE
spectra of devices based on P1:PC7;BM and P2:PC7,BM active layer processed with CF
solvent.

3.2. Optical and electrochemical properties

The UV-visible absorption spectra of P1 and P2 were inves-
tigated in dilute chloroform solution and in thin films and shown
in Fig. 1a and b, respectively and detail data were summarized in
Table 2. As shown in Fig. 1a and b both the polymers showed two
absorption peaks, which is a typical feature of D—A polymers.
The absorption peak in shorter wavelength region originated
from the mw—=* transition of the polymer main chain, and the
absorption in the longer wavelength region, mainly due to the
charge transfer between the donor and acceptor units present in
the D—A polymer [11]. The absorption spectra of both co-
polymers in thin film were similar to their corresponding solu-
tion spectra, with slight red shifts of their absorption maximum,
due to the enhanced intermolecular electronic interactions in
the solid state. The optical bandgap of these polymers was
estimated from the onset absorption edge of absorption spectra
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Fig. 5. (a) Current-voltage (J—V) characteristics under illumination and (b) IPCE
spectra of devices based on P1:PC71BM and P2:PC7BM active layer processed with DIO
(4 v %)/CF solvent.
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of their in film and is about 1.51 eV and 1.73 eV for P1 and P2,
respectively.

The energy levels of the copolymers were examined by cyclic
voltammetry in acetonitrile with 0.1 M tetrabutylammonim
perchlorate (BusNCIO4) at scan speed of 50 mV/s. Platinum elec-
trode was used as the counter-electrode, Ag/Ag™ in 0.1M solution of
AgNOs as reference electrode, and Fc/Fc' as an external standard.
The results of cyclic voltammograms are presented in Fig. 2a and b
in data were summarized in Table 2. Both the copolymers exhibit
reversible or partly reversible redox properties.

The electrochemical properties of polymers were investigated
by cyclic voltammetry measurements and shown in Fig. 2. The
HOMO and LUMO energy levels were calculated from their onset
oxidation potential and onset reduction potentials according to the
following expressions:

Enomo = —q(Eonser +4-48)eV
Erumo = —9 (E(r)f;get + 4~48> ev

The HOMO energy level of P1 (—5.15 eV) is higher than that of
P2 (-5.40 eV). This can be easily understood because donating
ability of 2,8-dibromo-4,6-bis(n-octylthiophene-2-yl)benzo[2,1-
b:3,4-b":5,6-c] thrithiophene in P1 is stronger than that 2,5-
dibromo-8-pentadecyl-10H-bis-thieno [2/,3': 6,7, 3", 2":4,5]
indeno [1,2-d][1, 3] thiazol in P2, since the strong donating unit in
the donor polymer raises the HOMO energy level. The LUMO levels
of P1 and P2 are —3.58 eV and —3.62 eV, respectively, the LUMO
offsets between the donor polymers and PC7;BM (—4.1 eV) are
larger than 0.3 eV, which is sufficient for effective exciton dissoci-
ation [4a]. The electrochemical bandgap of P1 and P2 are 1.57 eV
and 1.76 eV and the trend is consistent with the optical bandgap
within the experimental error. The deeper HOMO energy level of
both copolymers than that of P3HT favors the high value of V¢
when used as donor for the fabrication of BHJ polymer solar cells.

(€)

(b)
(d)

3.3. Photovoltaic properties

We have investigated the photovoltaic properties of the co-
polymers in BH] solar cells having the sandwich structure ITO/
PEDOT:PSS/copolymer:PC71BM (1:2)/Al with the photoactive layers
having been spin coated from chloroform solutions of copolymer
and PC71BM. After testing several compositions, we found that the
optimized weight ratio of the copolymer and PC7;BM was 1:2. The
normalized absorption spectra of P1:PC71BM and P2:PC71BM thin
films were shown in Fig. 3. It can be seen from these spectra that
the blend films exhibited the absorption spectra of both copolymer
and PC7]BM.

The J—V curves under illumination (AG1.5100 mW/cm?) of these
PSCs based with P1 or P2:PC7;BM (1:2) blend are shown in
Fig. 4 and corresponding photovoltaic parameters are summarized
in Table 3. The maximal PCE of 4.54% with Vo of 0.74 V, Js of
10.96 mA/cm2 and FF of 0.56 was obtained for P1:PC71BM device,
while P2:PC71BM based device showed a PCE of 4.36% with Js. of
9.12 mA/cm?, Vo of 0.92 V and FF of 0.52. The higher value of V. of
for the device with P2 may be due to deeper HOMO energy level of
P2 as compared to P1 [12]. The Js of the devices incorporating the
blend of P1 and P2 with PC71BM were 10.96 and 9.12 mA/cmZ,
respectively. The higher value of Jsc with P1 may be its broader
absorption profile and high hole mobility as compared to that for
P2 [13].

The incident photon to current conversion efficiency (IPCE)
spectrum of the optimized device were investigated and shown in
Figure. The IPCE spectra of devices closely resembles to the ab-
sorption spectra of respective blended active layers, indicating both
copolymers and PC71BM contributed to the exciton generation and
thereby in photocurrent generation. High IPCE value over 40% in a
broad range from 350 to 680 nm and 350—840 nm for P2:PC71BM
and P1:PC7BM, respectively, was observed. The maximum IPCE of
53% at 384 nm and 725 nm for P1:PC7;BM and 51% at 386 nm and
608 nm for P2:PC7;BM. Obviously, the P1:PC71BM active layer

25 nm

0.0 nm

y 20°
l
]

Fig. 6. AFM morphology images (a, b) and phase images (c, d) of P1:PC7;BM blend films processed with CF and DIO/CF as solvents, image size 5 pm x pm.
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based device shows higher values of IPCE as well as broader IPCE
spectra compared to P2:PC71BM based device, leading to higher
value of Js. for former device. The Js. value estimated from inte-
gration of IPCE spectra for P1:PC7;BM and P2:PC7;BM based device
was about 10.75 mA/cm? and 9.04 mA/cm?, respectively. These
values are closely resembled with the measured values from J—V
characteristics under illumination.

The over all PCE of the BH] polymer solar cells based on above
copolymers is still low and may be due to the low fill factor and Js.
The performance of the polymer solar cells based on BHJ active
layer requires the optimization of molecular scale order and its
nanoscale domain structure [14]. Many techniques have been
employed for the optimization of BHJ film active layer [15],
including solvent choice and thermal annealing [16] or vapor
annealing [17]. Recently use of high boiling point solvent additive in
the host solvent has have employed to achieve the high PCE
without thermal annealing and have become popular [18]. To
further improve the PCE of the polymer solar cells using P1 and P2
as donor and PCBM as acceptor, we have used DIO (4% v) as solvent
additive i.e. DIO (4 %v)/CE. The J—V characteristics under illumina-
tion and IPCE spectra of these device were shown in Fig. 5 and the
photovoltaic data were complied in Table 3. The PCE have been
enhanced up to 5.62% and 5.24% for P1:PC71BM and P2:PC7;BM,
respectively. The increase in PCE is due to the higher values of both
Jsc and FE.

The Jsc of the polymer solar cells processed on the solvent ad-
ditive has been improved which is in agreement with the increase
in the IPCE values (Fig. 5a). Since the Jsc of a polymer solar cells
depends upon the exciton dissociation into electrons and holes in
the active layer and their charge transport towards the respective
electrodes. We have investigated the surface morphology of the BH]
active layer films processed with and without DIO additives using
atomic force microscopy (AFM) for blends. AFM height and phase
images of P1:PC71BM are shown in Fig. 6. Similar image were also
observed for P2:PC7;BM blends. The average surface roughness
measured from the topographic images were 3.44 nm, 2.14 nm,
2.76 nm and 1.45 nm for P2:PC7;BM (CF cast), P2:PC71BM (DIO/CF
cast), P1:PC71BM (CF cast) and P1PC7;BM (DIO/CF cast), respec-
tively. The phase images of the active layer films show uniform D—A
interpenetrating networks with appropriate domain sizes
(30—35 nm for CF cast and 20—25 nm for DIO/CF cast respectively).
The increased value of Js for the devices processed with solvent
additives as compared CF cast, may be due the reduced domain size
and improved phase separation, enhancing the exciton dissociation
and charge transport.

We further investigated the effect of solvent additives on the
charge transport properties of active layers using space charge
limited current (SCLC) method. The hole only ITO/PEDOT:PSS/
blend/Au and electron devices ITO/Al/blend/Al were fabricated to
estimate the hole and electron mobilities in active layers, using the
dark J-V characteristics in forward bias (Fig. 7). The mobilities were
extracted by fitting the J-V curves using Mott-Gurney relationship
[18]:

9 V2
J= gsofrﬂd—3

where ] is the current density, d is the film thickness of the active
layer, p is the charge carrier mobility, e, is the relative dielectric
constant of the transport medium, o is the permittivity of free
space (8.55 x 10~ '2 F/m), V is the internal voltage in the device, i.e.
V =Vappl — Vbi, Vappl is the applied voltage to the device and Vy,; is
the built in voltage due to the relative work function difference of
the two electrodes. The values of hole and electron mobilities were
also complied in Table 3. As shown in Table 3, the hole mobilities for
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Fig. 7. Current —voltage (J—V) characteristics of the hole only devices based on (a)
P1:PC7;BM and (b) P2:PC7;BM blend active layers processed from CF and DIO/CF
solvents. Solid lines are SCLC fit.

CF cast P1:PC7;BM and P2:PC1BM are about 9.56 x 10~% cm?/V and
7.54 x 10~% cm?)V, respectively. However, using the solvent addi-
tives, the hole mobilities has been increased significantly up to
8.64 x 107> and 7.42 x 10~° cm?}V, for P1:PC7;BM and P2:PC7;BM
blend, respectively. The solvent additive only slightly affects the
electron mobility in the active layers, since the solvent additive
does not effect the crystallinity of the PC71BM phase. The higher
hole mobility that resulted from the solvent additives permitted
the holes to travel faster during the charge transport processes,
resulting higher Js. [18,19]. Moreover, the devices processed with
the solvent additives show relatively well balanced mobility
compared to those without solvent cast devices. The more balanced
mobility contributes to higher Jsc and FF because of accumulated
SCLC charges and hence recombination processes are reduced by
the increase in hole mobility and enhance charge collection effi-
ciency [20].

4. Conclusions

We designed and synthesized two low band gap D—A co-
polymers P1 and P2 with same benzothiadiazole acceptor unit and
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different fused thiophene donor units. The optical absorption range
and energy levels of the copolymers were easily tuned thought the
introduction of different donor units. These copolymers showed
favorable electrochemical energy levels and are compatible with
the PC71gM for efficient exciton dissociation and charge transfer.
The device based on P1:PC71BM showed higher Js while
P2:PC7;BM exhibited higher V,c and demonstrated overall PCE of
4.54% and 4.36%, respectively. The higher value of Js attributed to
the lower band gap and broader absorption profile of SB20 as
compared to P2 and higher Voc for may be attributed the deeper
HOMO energy level of P2 as compared to the P1. The PSC processed
with DIO/CF showed 5.62% and 5.24%, for P1: PC71BM and
P2:PC71BM, respectively, which is attributed the fine morphology
adjustment for better exciton dissociation and charge transport in
the active layer.
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