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ABSTRACT: A series of three new 1-(2,6-diisopropylphenyl)-2,5-
di(2-thienyl)pyrrole-based polymers such as poly[1-(2,6-diiso-
propylphenyl)-2,5-di(2-thienyl)pyrrole]  (PTPT), poly[1,4-(2,5-
bis(octyloxy)phenylene)-alt-5,5'-(1-(2,6-diisopropylphenyl)-2,5-di(2-
thienyl)pyrrole)] (PPTPT), and poly[2,5-(3-octylthiophene)-alt-5,5'-
(1-(2,6-diisopropylphenyl)-2,5-di(2-thienyl)pyrrole)] (PTTPT) were
synthesized and characterized. The new polymers were readily
soluble in common organic solvents and the thermogravimetric
analysis showed that the three polymers are thermally stable
with the 5% degradation temperature >379 °C. The absorption
maxima of the polymers were 478, 483, and 485 nm in thin film
and the optical band gaps calculated from the onset wavelength
of the optical absorption were 2.15, 2.20, and 2.13 eV, respec-

tively. Each of the polymers was investigated as an electron do-
nor blending with PC;0BM as an electron acceptor in bulk
heterojunction (BHJ) solar cells. BHJ solar cells were fabricated
in ITO/PEDOT:PSS/polymer:PC,,BM/TiO,/Al configurations. The
BHJ solar cell with PPTPT:PC;,BM (1:5 wt %) showed the power
conversion efficiency (PCE) of 1.35% (Js. = 7.41 mA/cm?, V. =
0.56 V, FF = 33%), measured using AM 1.5G solar simulator at
100 mW/ecm? light illumination. © 2010 Wiley Periodicals, Inc. J
Polym Sci Part A: Polym Chem 48: 5514-5521, 2010

KEYWORDS: bulk heterojunction solar cells; conjugated poly-
mers; copolymerization; 1-(2,6-diisopropylphenyl)-2,5-di(2-thie-
nyl)pyrrole-based polymers; solar cells; synthesis

INTRODUCTION Polymer solar cells (PSCs) have attracted a
great deal of attention because of the low-cost, light-weight,
and mechanical flexibility."*> The most common PSC struc-
tures are the bulk heterojunction (BH]J) solar cells consisting of
an interpenetrating network of electron donor (D) and
acceptor (A) materials.™*® In polymer BHJ solar cells, conju-
gated polymers are used as electron donor (D) materials and
fullerene derivative, [6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM), is usually used as electron acceptor (A) material.

Previously, BH] solar cells made from a blend of poly(3-hex-
ylthiophene) (P3HT) and PCBM were widely investigated
and found to show relatively high conversion efficiency of
4.0-5.0%.°7'8 More recently, the power conversion effi-
ciency (PCE) of polymer BHJ solar cells has been improved
to around 6.0% to 7.4% by using low band gap conjugated
polymers as electron donors and PCBM or [6,6]-phenyl C,q
butyric acid methyl ester (PC;oBM) as electron acceptor.*® %
This inspirits us to prepare new donor polymers for BH] so-
lar cells. In BHJ solar cells, the PCE mainly depends on two
major factors such as light harvesting and charge separation.
In this instance, preparation of new conjugated polymers
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having high absorption coefficient with reasonable HOMO-
LUMO level is a really challenging work.

In our laboratory, we have been interested in the utilization of
1-aryl-2,5-di(2-thienyl)pyrroles as monomers for the prepara-
tion of new alternating n-conjugated polymers which can be
used as donor materials in BH] solar cells. Although 1-dodecyl-
2,5-bis(2-thienyl)pyrrole has been used as an electron-rich unit
for the preparation of low band gap conjugated polymers con-
sisting of alternating electron-rich and electron-deficient
units,?*?* recently, we prepared 1-aryl-2,5-di(2-thienyl)pyrroles
and used them as comonomers for the preparation of indeno-
fluorene-based copolymers.?® By introducing an N-aryl group
instead of the N-dodecyl group of 1-dodecyl-2,5-di(2-thienyl)-
pyrrole, the molar absorption was improved because of the
increased 7m-conjugation length of the molecule. Especially, 1-
(2,6-diisopropylphenyl)-2,5-di(2-thienyl)pyrrole was found to
show the highest molar absorption among other 1-dodecyl- or
1-aryl-2,5-di(2-thienyl)pyrroles and the BH] solar cell fabri-
cated with the blend of indenofluoren-based copolymer incor-
porating 1-(2,6-diisopropylphenyl)-2,5-di(2-thienyl)pyrrole and
PC70BM (1:5 wt %) was found to show the PCE of 1.12%.%
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As an effort to utilize 1-(2,6-diisopropylphenyl)-2,5-di(2-thi-
enyl)pyrrole further as an electron rich comonomer for the
preparation of another alternating n-conjugated polymers
which can be used as donor materials in BH] solar cells, in
this study, we copolymerized the electron rich monomer
with another successful electron rich monomer such as 2,5-
dioctyloxy-1,4-dibromophenylene®® or 2,5-dibromo-3-octylth-
iophene.?” In addition, to elucidate the effect of the electron
rich monomer such as 2,5-dioctyloxy-1,4-dibromophenylene
or 2,5-dibromo-3-octylthiophene, we also prepared the homo
polymer of 1-(2,6-diisopropylphenyl)-2,5-di(2-thienyl)pyrrole.
In this article, we wish to report the synthesis of a series of
three new 1-(2,6-diisopropylphenyl)-2,5-di(2-thienyl)pyrrole-
based polymers, their optical and electrical properties and
their applications in BH] solar cells.

EXPERIMENTAL

Materials and Instruments

All reagents were commercially available from Aldrich or TCI
chemicals and used without further purification. Solvents
purified by the standard procedure were handled in a mois-
ture-free atmosphere. Flash column chromatography was
performed on silica gel (Merck Kieselgel 60, 70-230 mesh).
'H and '3C NMR spectra were recorded using a 300 MHz
Varian Mercury Plus spectrometer in deuterated chloroform.
The weight average molecular weight (M,,) and polydisper-
sity (PDI) of each polymer were determined by gel permea-
tion chromatography (GPC) with the use of a PLgel 5 um
MIXED-C column on an Agilent 1100 series liquid chroma-
tography system. Tetrahydrofuran (THF) was used as an elu-
ent and the flow rate was maintained at 1.0 mL/min. The
GPC system performance was verified by a polystyrene
standard calibration. Thermal analyses were performed
under a nitrogen atmosphere at a heating rate of 10 °C/min
by using a Mettler Toledo TGA/SDTA 851, DSC 822 analyzer.
The optical properties of polymers were investigated at 25
°C in chloroform or as thin films on quartz using a JASCO V-
570 spectrophotometer and Hitachi F-4500 fluorescence
spectrophotometer, respectively. Electrochemical properties
of polymers were studied by using a CH Instruments Electro-
chemical Analyzer. Cyclic voltammetry (CV) measurements
were performed in chloroform solution containing 0.1 M tet-
rabutylammonium tetrafluoroborate (Bu,NBF,) as the sup-
porting electrolyte [Ag/AgCl: reference electrode, platinum
wire: counter electrode, ferrocene/ferrocenium (FOC): inter-
nal standard]. Atomic force microscopy (AFM) images of
blend films were obtained on a Veeco-Multimode AFM oper-
ating in the tapping mode.

Device Preparation

The polymer BH]J solar cells were constructed as follows. A
transparent ITO electrode was coated on glass substrates
(80 nm thick, 20 Q/sq sheet resistance) and the ITO-coated
glass substrates were cleaned with detergent, deionized
water, acetone, and isopropyl alcohol sequentially in an ul-
trasonic bath. After drying the substrates, a 40 nm thick
layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfo-
nate) (PEDOT:PSS) (H.C.Stack, PH500) was spin-coated onto
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the pre-cleaned and UV-ozone treated ITO substrates and
baked in air at 150 °C for 30 min. Subsequently, the active
layer (thickness: 80 nm) was prepared by spin-coating a
blend solution of each of the polymers and PC,,BM in a
weight ratio of 1:3, 1:4, or 1:5 wt % in 1,2-dichlorobenzene
and chloroform (1:1 wt %) onto the ITO/PEDOT:PSS sub-
strates. After drying, the TiO, precursor solution (1 wt %)
was spin-casted (4000 rpm) onto the active layer with a
thickness of around 10 nm and then heated at 80 °C for 10
min in air. After being subjected to a vacuum (5 x 107°
Torr), an Al electrode with thickness of around 100 nm were
deposited onto the TIO, layer. Finally, the polymer BH]J solar
cell devices were subjected to annealing at 100 °C for 30
min in a glove box. The top metal electrode area, comprising
the active area of the solar cells, was found to be 4 mm?.
The BHJ solar cell performance was measured using a AM
1.5G solar simulator (Oriel 300 W) at 100 mW/cm? light
illumination after adjusting the light intensity using Oriel
power meter (model No. 70260 which was calibrated using
laboratory standards that are traceable to the National Insti-
tute of Standards and Technologies). Current-voltage (I-V)
characteristics of the polymer BH] solar cell devices were
measured using a standard source measurement unit (Keith-
ley 236). All fabrication steps and characterization measure-
ments were performed in an ambient environment without a
protective atmosphere. The thickness of the thin films was
measured using a KLA Tencor Alpha-step IQ surface profi-
lometer with an accuracy of = 1 nm.

Synthesis
The polymers were synthesized as shown in Scheme 1. The
detailed synthetic procedures are as following.

1-(2,6-Diisopropylphenyl)-2,5-di(5-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-2-thienyl)pyrrole (1)
1-(2,6-Diisopropylphenyl)-2,5-di(5-bromo-2-thienyl)pyrrole
(2) (1.6 g, 2.9 mmol), which was prepared via the procedure
reported,?® was dissolved in dry THF (60 mL) and the solu-
tion was cooled to —78 °C in a bath containing dry ice-ace-
tone for 20 min. To the cooled solution was added n-BuLi
(1.6 M in hexane, 3.8 mL, 6.0 mmol) drop by drop with stir-
ring. The solution was allowed to stir at —78 °C in the same
bath, and then at room temperature for 3 h, and then again
at —78 °C for 20 min. To the cooled solution was added 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.2 mlL,
6.0 mmol) drop by drop, and then the whole mixture was
slowly warmed to room temperature with stirring. After stir-
ring for 24 h, the reaction mixture was poured into water,
and the aqueous solution was extracted with ethyl acetate
(50 mL) three times. The combined organic layer was dried
over anhydrous Na,SO,. The solvent was removed and the
residue was purified by silica gel column chromatography
(hexane:ethyl acetate, 9:1, v/v) to afford 1. (1.5 g, 80%). mp
196-197 °C.

'H NMR (300 MHz, CDCl,): § (ppm) 7.52-7.57 (t, 1H), 7.27-
7.30 (d, 2 H), 7.19-7.20 (d, 2 H), 6.72 (s, 2 H), 6.02-6.03 (d,
2 H), 2.40-2.56 (m, 2 H), 1.30 (s, 24 H), 0.86-0.89 (d, 12 H);
13C NMR (300 MHz, CDCI3): 6 (ppm) 147.64, 142.40, 137.88,
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SCHEME 1 Synthetic routes for the synthesis of polymers PTPT, PPTPT, and PTTPT. After Suzuki coupling, each polymer was end-

capped with phenylboronic acid and then bromobenzene.

134.84, 130.57, 130.52, 124.95, 123.24, 110.78, 84.16, 28.49,
24.97, 2395, 23.86; HRMS (EI+, m/z) [M+] Calcd for
C36H47B;N0,4S, 643.3133, found 643.3135.

General Procedure for Polymerization

A solution of 1 (0.26 g, 0.4 mmol) and 2 (0.22 g, 0.4 mmol)
for polymer PTPT, 1 (0.26 g, 0.4 mmol) and 3 (0.20 g, 0.4
mmol) for polymer PPTPT, or 1 (0.26 g, 0.4 mmol) and 4
(0.14 g, 0.4 mmol) for polymer PTTPT in THF (60 mL) was
purged well with nitrogen for 45 min and then Pd (PPhs),
(0.02 g, 5 mol %) and aqueous 2 M K,CO3 (7 mL) were
added. The whole mixture was refluxed with vigorous stir-
ring under nitrogen atmosphere. After refluxing for 48 h, 50
mg of phenylboronic acid was added. The whole mixture
was refluxed for 6 h and then 0.1 mL of bromobenzene was
added and refluxed again for 6 h. The reaction mixture was
cooled and then poured into the mixed solvent of methanol
and water (200 mL:100 mL) with vigorous stirring. The pre-
cipitate was recovered by filtration, washed well with 2 N
HCI solution, and then extracted with methanol for 24 h and
acetone for 24 h in a Soxhlet apparatus. After drying, each of
three polymers was obtained as dark brown solids.

PTPT: Yield (0.23 g 74%). 'H NMR (300 MHz, CDCI3): §
7.54 (t, 1H), 7.25-7.28 (d, 2H), 6.62-6.64 (d, 4H), 6.08-6.09
(d, 2H), 2.46 (m, 2H), 0.90-0.92 (d, 12H); *C NMR (75 MHz,
CDCI3): & (ppm) 148.05, 134.68, 134.32, 133.67, 130.79,
130.15, 124.98, 123.34, 123.12, 109.62, 28.53, 23.97; Anal.
Caled for Cy4H,sNS,: C, 73.61; H, 6.43; N, 3.58; S, 16.38.
Found: C, 72.04; H, 5.23; N, 4.79; S, 15.50.

PPTPT: Yield (0.22 g 67%). 'H NMR (300 MHz, CDCI3): ¢
7.54 (t, 1H), 7.28-7.30 (d, 2H), 7.16-7.18 (d, 2H), 7.05 (s,
2H), 6.70 (s, 2H), 6.14 (s, 2H), 3.96 (m, 4H), 2.55 (m, 2H),
1.83 (m, 4H), 1.31 (m, 20H), 0.95 (m, 18H); **C NMR (75
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MHz, CDCI3): & (ppm) 149.19, 148.10, 136.62, 135.35,
13498, 130.33, 12544, 124.82, 122.72, 12238, 112.04,
109.40, 32.12, 29.96, 29.68, 29.58, 28.58, 26.46, 24.00,
22.95, 14.41; Anal. Calcd for C46Hg1NO,S,: C, 76.30; H, 8.49;
N, 1.93; S, 8.86. Found: C, 75.56; H, 7.75; N, 1.69; S, 7.75.

PTTPT: Yield (0.19 g, 72%). '"H NMR (300 MHz, CDCI3): §
7.54 (t, 1H), 7.27-7.34 (d, 2H), 6.74-6.77 (m, 2H), 6.65-6.67
(m, 2H), 6.41 (s, 1H), 6.05 (s, 2H), 2.52 (m, 4H), 1.49 (m,
2H), 1.28 (m, 10H), 0.95 (m, 15H); *C NMR (75 MHz,
CDCI3): & (ppm) 148.15, 140.06, 134.72, 130.68, 130.14,
129.61, 126.31, 125.71, 125.01, 123.29, 109.47, 32.18, 30.72,
29.96, 29.81, 29.73, 29.55, 28.57, 23.97, 22.95, 14.41; Anal.
Caled for C36HusNSs: C, 73.79; H, 7.40; N, 2.39; S, 16.42.
Found: C, 72.21; H, 7.28; N, 3.35; S, 16.46.

RESULTS AND DISCUSSIONS

Synthesis and Characterization

Polymers PTPT, PPTPT, and PTTPT were prepared by
Suzuki polycondensation reaction between monomer 1 and
monomer 2, between monomer 1 and monomer 3, or
between monomer 1 and monomer 4, respectively, and then
by end capping with phenylboronic acid and bromobenzene
as outlined in Scheme 1. Monomer 1 was prepared by treat-
ing monomer 2, which was prepared via the procedure we
reported previously,?® with 2-isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane. Comonomers, 2,5-dioctyloxy-1,4-dibro-
mophenylene 3%¢ and 2,5-dibromo-3-octylthiophene 4,
were synthesized via the known procedures. Each of poly-
mers PTPT, PPTPT, and PTTPT was purified by Soxhlet
extraction to afford dark brown color solid material with a
reasonable yield of around 70%. All three polymers exhib-
ited excellent solubility in common organic solvents such as
chloroform, tetrahydrofuran, toluene, chlorobenzene, and
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FIGURE 1 TGA curves for polymers PTPT, PPTPT, and PTTPT.

dichlorobenzene. The weight average molecular weights
(My,) of polymers PTPT, PPTPT, and PTTPT were 7140,
19,600, and 14,600 and their polydispersities were 1.20,
1.72, and 1.44, respectively. Polymers PTPT, PPTPT, and
PTTPT were found to be thermally stable with the 5%
decomposition temperatures of 422 °C, 393 °C, and 379 °C,
respectively, as shown by the thermogravimetric analysis
(TGA) curves in Figure 1. The polymerization results and the
thermal properties of polymers PTPT, PPTPT, and PTTPT
are summarized in Table 1.

Optical and Electrochemical Properties

Figure 2 shows the solution and thin film state absorption
spectra of polymers PTPT, PPTPT, and PTTPT. All three
polymers display absorption maxima in the visible region,
and show absorption bands covering from 300 to 600 nm.
These absorptions are expected to be accompanied by the n—
n* transition of polymers. The absorption maximum wave-
length of PPTPT is shorter than that of PTPT by 23 nm in
chloroform. In turn, the absorption maximum wavelength of
PTTPT is shorter than that of PTPT by 9 nm in chloroform.
The presence of the octyloxy or octyl group in copolymer
back bone of PPTPT or PTTPT might lead to slightly
increased conformational disorder. In this instance, the
absorption maximum of PPTPT or PTTPT is expected to be
blue-shifted compared to that of PTPT. In addition, the con-
formational disorder of PPTPT having two octyloxy groups
is expected to be greater than that of PTTPT having one
octyl group. Consequently, PPTPT shows the more blue-
shifted absorption than PTTPT. In film state, all three poly-
mers showed very similar absorption maxima. The film state
absorption bands are red-shifted by 15 nm for PPTPT, 3 nm
for PTTPT, and blue-shifted by 13 nm for PTPT compared
to those in solution. The absorption study clearly indicated
the copolymers PPTPT and PTTPT are well conjugated in
film, but homopolymer PTPT is better conjugated in solu-
tion. The absorption maximum of the indenofluorene-based
copolymer incorporating 1-(2,6-diisopropylphenyl)-2,5-bis
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TABLE 1 Polymerization Results, Thermal, Optical, and
Electrochemical Properties of PTPT, PPTPT, and PTTPT

PTPT PPTPT PTTPT
M2 7.14 x 10°  1.96 x 10*  1.46 x 10*
PDI? 1.20 1.72 1.44
TGAP 422 393 379
Abs (nm) Solution 491 468 482
Film® 478 483 485
PL (nm) Solution 574 566 542
Film® 580 557 567
HOMO (eV) -5.15 -5.14 —-5.13
LUMO (eV) —3.00 —2.94 —3.00
Egy (eV)? 2.15 2.20 2.13

2 Weight average molecular weight (M,,) and polydispersity (PDI) of the
polymers were determined by GPC using polystyrene standards.

b Onset decomposition temperature (5% weight loss) measured by TGA
under N,.

¢ Measurements in thin film were performed onto the quartz substrate.
9 Band gap estimated from the onset wavelength of the optical absorp-
tion in thin film.
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FIGURE 2 UV-visible absorption spectra of polymers PTPT,
PPTPT, and PTTPT in chloroform (a) and thin film (b).
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FIGURE 3 Photoluminescence spectra of polymers PTPT,
PPTPT, and PTTPT in chloroform (a) and thin film (b).

(2-thienyl)pyrrole was reported to show the absorption max-
imum at 465 nm.?° However, the new polymers prepared in
this study show a considerable red shit of around 20 nm,
which reveals the more effective m-conjugation of the new
polymers. The optical band gaps of polymers PTPT, PPTPT,
and PTTPT were calculated from the onset wavelength of
the optical absorption in thin film to be 2.15 eV, 2.20 eV, and
2.13 eV, respectively.

Figure 3 shows the photoluminescence (PL) spectra of poly-
mers PTPT, PPTPT, and PTTPT in solution and in thin film.
The PL measurements were carried out in chloroform and in
the thin film upon photo excitation at absorption maxima of
the polymers. Polymers PTPT, PPTPT, and PTTPT exhibited
greenish yellow emission peaks at 574 nm, 566 nm, and 542
nm, respectively, in solution and 580 nm, 557 nm, and 567
nm, respectively, in thin film. The shoulder peaks observed
in all PL spectra might be due to the extended intermolecu-
lar interaction of the m-conjugated branches as previously
reported for thiophene derivative pendant systems.”® The
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FIGURE 4 CV curve of polymers PTPT, PPTPT, and PTTPT in film.

summary for the optical properties of polymers PTPT,
PPTPT, and PTTPT are also included in Table 1.

The electrochemical properties of polymers PTPT, PPTPT,
and PTTPT were investigated by CV (Fig. 4). From the CV
measurements on drop-cast polymer films, the highest occu-
pied molecular orbital (HOMO) energy levels of polymers
PTPT, PPTPT, and PTTPT were calculated to be —5.15 eV,
—5.14 eV, and —5.13 eV, respectively. In addition, the lowest
unoccupied molecular orbital (LUMO) energy levels of poly-
mers PTPT, PPTPT, and PTTPT were calculated from the
values of band gaps and the HOMO energies to be —3.00 eV,
—2.94 eV, and —3.00 eV, respectively. These results indicate
that the alternating repeat units such as 2,5-dioctyloxyphe-
nylene or 3-octylthiophene of the polymers have only a
slight influence on their HOMO or LUMO levels.

Since the open circuit voltage (V,.) of PSCs is correlated
with the difference between the HOMO level of the electron

294
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¥ Pl T Al
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515 Su P
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FIGURE 5 The energy level diagram of polymers PTPT, PPTPT,
PTTPT, and PC;,BM with all other materials used in BHJ solar cell.
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PPTPT:PC;,BM/TiO,/Al (b), and ITO/PEDOT:PSS/PTTPT:PC,,BM/
TiO /Al (c) under AM 1.5 irradiation (100 mW/cm?).

donor and the LUMO level of the electron acceptor,®® the
lower HOMO levels of the three new polymers can result in
higher V,. in the resulting PSCs. The LUMO levels of the
three polymers are higher than that of PC,,BM (—4.3 eV),*°
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and, consequently, the photoinduced electron transfer from
the polymers (as donor) to PC,oBM (as acceptor) can be
allowed.?® Judging from the CV results, the new polymers
are expected to show promising electrochemical properties
as polymer donor materials. Figure 5 illustrates the energy
levels of the three polymers and PC;,BM with some of other
materials used in BHJ solar cells.

BH]J Solar Cell Properties

BH] solar cells were fabricated with an active layer made
from a blend of PTPT, PPTPT, or PTTPT as the electron do-
nor and PC,,BM as the electron acceptor. The overall struc-
ture of BH]J solar cells was as follows: ITO/PEDOT:PSS/PTPT
or PPTPT or PTTPT:PC,,BM/TiO, (5 nm)/Al (100 nm). The
active layer was sandwitched between the hole transporting
(PEDOT:PSS) layer and the hole blocking (TiO,) layer. The so-
lution processable hole blocking as well as electron trans-
porting TiO, layer was made between the active layer and
the metal electrode. To achieve high PCE, finding the opti-
mum ratio of polymer:PC;oBM is most important because
the charge carrier mobility is higher at one particular ratio
than the other ratio.®' In our study, we made three devices
for each polymer with 1:3 wt %, 1:4 wt %, and 1:5 wt % ra-
tio of the polymer and PC;,BM in the active layer.

The current density-voltage (J-V) characteristics of the devi-
ces prepared from PTPT, PPTPT, and PTTPT measured
under the illumination of AM 1.5 G (100 mW/cm?) from a
solar simulator are shown in Figure 6 and summarized in
Table 2. Form the initial OPV studies, the maximum PCE was
found to be 1.35% for the device made from PPTPT:
PC,oBM (1:5 wt %) as an active layer with a V. of 0.56 V, a
short-circuit current density (Js.) of 7.41 mA/cm? and a fill
factor (FF) of 33% as shown in Table 2. In every case, the
PCE of the device made from polymer:PC,o,BM (1:5 wt %) is
higher than that of the device made from polymer:PC,,BM
(1:3 wt %) or polymer:PC,oBM (1:4 wt %) measured under

TABLE 2 Solar Cell Performance of PTPT, PPTPT, and PTTPT
as Electron Donors with PC;0BM as an Electron Acceptor in
ITO/PEDOT:PSS/PTPT (or) PPTPT (or) PTTPT:PC,,BM/TiOx/Al
Device

Ratio of Polymers Jsc
and PC;oBM (wt %) Vi (V)* (mA/cm?)® FF (%)° PCE (%)
PTPT (1):PC5;0BM (3)  0.36 3.39 30 0.37
PTPT (1):PC,cBM (4)  0.41 6.24 35 0.89
PTPT (1):PC,,BM (5) 0.41 7.09 34 0.98
PPTPT (1):PC,oBM (3) 0.55 5.47 33 0.99
PPTPT (1):PC5,BM (4) 0.56 5.83 & 1.09
PPTPT (1):PC,,BM (5) 0.56 7.41 33 1.35
PTTPT (1):PC;0BM (3) 0.38 4.24 36 0.58
PTTPT (1):PC,0BM (4) 0.37 5.37 37 0.74
PTTPT (1):PC,,BM (5) 0.37 7.08 34 0.90
2 Open-circuit voltage.
® Short-circuit current density.
° Fill factor.
9 Power conversion efficiency.
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FIGURE 7 AFM image obtained by tapping-mode on the surface for PTPT:PC,,BM (1:5 wt %) (a), PPTPT:PC,,BM (1:5 wt %) (b), and

PTTPT:PC,,BM (1:5 wt %) (c) spin coated thin film.

the identical condition. From these results, the higher con-
tent of PC,oBM is expected to be more favorable for the effi-
cient light harvesting and electron-hole separation. With
increasing the PC;oBM content, the J;. increases for all three
polymer devices. By increasing the the PC;,,BM content, the
charge carrier mobility is expected to increase.

The device made from PTPT:PC,,BM (1:5 wt %) and
PTTPT:PC,oBM (1:5 wt %) showed the PCE of 0.98% and
0.90%, respectively. These PECs are even lower than those
of the devices made from PPTPT:PC,,BM (1:4 wt %) or
PPTPT:PC,0BM (1:3 wt %). The devices made from
PTPT:PC;¢,BM (1:5 wt %) or PTTPT:PC,,BM (1:5 wt %) ex-
hibit the higher Js. (7.09 and 7.08 mA/cm?, respectively) and
the lower V,. (0.41 and 0.37 V, respectively) than the devices
made from PPTPT:PC,oBM (1:4 wt %) or PPTPT:PC,,BM
(1:3 wt %) while all devices exhibit quite similar FFs. These
results indicate that the relatively high PCE of the devices
made from PPTPT:PC;(BM is relied on the relatively high
Voe. According to the BHJ solar cell model, the V,. is deter-
mined by the energy difference between the HOMO level of
the donor and the LUMO level of the acceptor28 and, in addi-
tion, the V,. is influenced by the quality of the heterojunc-
tion, which was highly influenced by the film preparation
conditions.?® The energy differences between the HOMO lev-
els of the three polymers and the LUMO level of PC,oBM
should be quite similar because the HOMO levels of the
three polymers are similar. Consequently, the relatively high
V,. of the device made from PPTPT:PC,,BM seems to be ori-
ginated from the quality of the heterojuction. The presence
of octyloxy groups in PPTPT back bone is expected to
improve the quality of the heterojuction and, consequently,
to improve the PCE. The theoretical V,. values calculated
from the HOMO levels of the three polymers and the LUMO
level of PC,¢BM should be over 0.83 V, but the experimental
Voe values are 0.56 V or less as shown in Table 2. In this
instance, we hope that the device performance would be
improved considerably by the device optimization.

In BH]J solar cells, the surface morphology of the active layer
is quite important to their photovoltaic performance.>?
Indeed, the proper organization of polymers and PC,,BM
will help to achieve the optimum performance. Figure 7
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shows the AFM images of the active layers of PTPT:PC,,BM
(1:5 wt %), PPTPT:PC,oBM (1:5 wt %) and PTTPT:PC,,BM
(1:5 wt %). Their surfaces are quite smooth. The root-mean-
square (rms) roughness of the three active layers is 1.73,
1.35, and 1.30 nm, respectively. The main morphological fea-
ture of the composite film shows a homogeneous distribu-
tion of the two components within the nanoscale.

CONCLUSIONS

In this study, we successfully synthesized a series of three
new donor polymers such as PTPT, PPTPT, and PTTPT con-
taining 1-(2,6-diisopropylphenyl)-2,5-di(2-thienyl)pyrrole via
the Suzuki polycondensation reaction with reasonable yields.
All three polymers showed similar optical and electrochemi-
cal properties. However, BH] solar cell properties of the three
polymers as electron donor materials with PC;oBM as elec-
tron acceptor in the active layer were quite different. Among
others, the BH]J solar cells fabricated in ITO/PEDOT:PSS/
PPTPT:PC,,BM/TiO,/Al configurations were found to show
the highest solar cell performance, the PCE being 1.35% (Js.
= 7.41 mA/cm?, V,c = 0.56 V, FF = 33%) when the blend
ratio of PPTPT and PC,oBM in the active layer was 1:5 wt
%. We assume that the relatively high solar cell performance
of the device made from PPTPT:PC,,BM is attributed to the
octyloxy groups in PPTPT back bone. The octyloxy groups in
PPTPT back bone is expected to improve the quality of the
heterojuction between the polymer and PC,,BM and, conse-
quently, to improve the PCE.
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