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Conductive polymer precursors, including carboxylic acid, cyano groups, amino groups, 5,2':5,2"-
terthiophene-3’-carboxylic acid (TTCA), 3’-cyano-5,2’:5,2"-terthiophene (CTT), and 3’,4’-diamino-
2,2':5,2"-terthiophene (DATT) are synthesized. Electrochemically polymerized films of the precursors
on a nanocrystalline TiO, layer are examined as photo sensitizers, and the cell performance is compared.
The photovoltaic cells are assembled with a polymer-coated TiO, layer treated with TiCl4 as an anode and
a Pt layer as a cathode in a propionitrile solution containing an iodide ion-based redox electrolyte. The
charge-transfer processes of polymer-dyed cells are studied using impedance spectroscopy. The polymer
dyes on the TiO, surfaces are characterized by scanning electron microscope (SEM), atomic force micro-
scope (AFM), transmission electron microscope (TEM), and X-ray photoelectron spectroscopy (XPS). XPS
results show that the conducting polymer dye, bearing a carboxylic acid group, is more strongly bound
to the TiO, layer in comparison with other groups. Various experimental parameters affecting the cell
efficiency are optimized, including the scan rate, number of potential cycles, and terthiophene monomer
concentration. Of these polymers, the best cell efficiency is attained for poly-TTCA containing a carboxylic
acid group. The optimized cell with the poly-TTCA dye shows a short-circuit current of 6.78 mA cm~2, an
open-circuit voltage of 0.54 V, and a fill factor of 63.6. An energy conversion efficiency of 2.32% is obtained
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with a cell area of 0.24 cm? under an air mass 1.5 solar simulated light irradiation of 100 mW cm~2.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Silicon-based solar cells are commercially available due to their
high solar-to-electric energy conversion efficiency. They are associ-
ated with several disadvantages, however, including heavy weight,
high cost and lack of flexibility. Several approaches, including the
development of organic photovoltaic cells [1] and dye-sensitized
solar cells (DSSCs) [2], have been introduced to overcome these
disadvantages. DSSCs have a maximum energy conversion effi-
ciency of ~10% [3]. The most successful sensitizer for DSSCs is
a ruthenium complex that is anchored to a nanocrystalline TiO,
surface via carboxylic acid groups. The ruthenium complex dyes
are also associated with disadvantages, however, including high
cost, low long-term availability, and lack of environmental safety.
Several organic dyes, such as perylene, cyanine, xanthene, mero-
cyanine, coumarin, hemicyanine, indoline, and triphenylamine
have been studied as metal-free organic sensitizers for DSSCs
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[4]. The conjugated polymers, poly(p-phenylene vinylene)s and
poly(thiophene)s have also been reported as sensitizers in DSSCs
[5].

Poly(terthiophenes) are especially attractive as sensitizers in
DSSCs because the heteroaromatic and extended m-conjugated
backbone structure provide high environmental stability, elec-
trical conductivity, and other attractive physical properties.
The photoelectrochemical properties of poly(thiophene) [6-9],
poly(bithiophene) [10], and poly(terthiophene) [11,12] have been
explored as sensitizers in nanocrystalline TiO, photovoltaic cells.
Of these, photovoltaic cells based on poly(terthiophene) have
improved conjugation lengths and perform better than cells that
are based on poly(thiophene) (or poly(bithiophene)) [13]. To date,
the best energy conversion efficiency of these polymer dye cells
is approximately 1.5% using poly(3-thiophene acetic acid) [6]. The
energy conversion efficiency of thiophene-based conjugate poly-
mer sensitizers is lower than those of ruthenium complex dyes.
However, there have been a number of recent studies focused
on improving the performance of thiophene derivatives. Most
thiophene-based conjugated polymers do not have carboxylic acid
groups; this result in disadvantages in dye adsorption and charge
transfer process between the sensitizer and TiO,. To promote
efficiency using the conducting polymer (poly(terthiophene)),
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functionalization of the polymer backbone seems promising, and
new properties are being discovered. The role of the carboxylic acid
groups on the polymer backbone has attracted attention for the
developing an efficient ligand for adsorption onto TiO, [14-16].
A terthiophene monomeric unit that is functionalized at the 3'-
position can be polymerized; the polymerization reaction is driven
by the relief of steric hindrance. This may result from the bulky
functional group in close proximity to the polymerization reaction
site. Hence, the study of polymer backbones bearing three different
types of functional groups, —COOH, —NH,, and —CN, is a valuable
method for comparing the effects of functional groups on the effi-
ciencies of the polymer sensitizers.

In the present study, the effects of various functional groups
bound to the poly(terthiophene) backbone on the efficiency and the
resulting photovoltaic performance of solar cells were investigated
with a nanocrystalline TiO, anode. The polymer dye/TiCl4/TiO, sur-
faces were characterized by scanning electron microscope (SEM),
atomic force microscope (AFM), transmittance electron microscope
(TEM), and X-ray photon spectroscopy (XPS). The electropolymer-
ization conditions (scan rate, potential cycling times, and monomer
concentration) were optimized to obtain high-energy conversion
efficiencies. The highest occupied molecular orbital (HOMO), the
lowest unoccupied molecular orbital (LUMO), and the band gap
energy of poly-TTCA were determined using cyclic voltammetry
and UV-visible spectroscopy. Electrochemical impedance spec-
troscopy (EIS) was also used to investigate the charge-transfer
processes of various polymer dye solar cells. Finally, the optimum
conditions were investigated to prepare the best-performing pho-
tovoltaic cell based on the polymer sensitizer.

2. Experimental procedures
2.1. Synthesis of monomers

The terthiophene monomer, 3’-cyano-5,2":5,2”-terthiophene
(CTT), 5,2":5,2"-terthiophene-3’-carboxylic acid (TTCA), and 3',4'-
diamino-2,2":5',2"-terthiophene (DATT) were synthesized accord-
ing to previously reported procedures, as shown in Fig. 1 [17,18].
TTCA was synthesized from 3’-bromo-5,2":5’,2”-terthiophene (BTT)
by a two-step process. BTT was refluxed with cuprous cyanide
(CuCN) in dimethylformamide to produce CTT in 89% yield. Mp:
83.0-84.0°C. IR (KBr) 2217cm~'; TH NMR (300 MHz, CDCl3) §:
7.06-7.62 (m, 7H), 13C NMR (75 MHz, CDCl3) §: 106.0, 115.8, 125.6,
125.7,126.5,127.7, 128.0, 128.6, 128.8, 133.4, 135.0, 136.7, 145.3;
MS mz~! (rel intensity) 273 (M*, 100%). The resulting CTT was
hydrolyzed in aqueous KOH to produce the desired TTCA in 92%
yield. Mp: 192.7-194.1°C. IR (KBr) 1677, 2500-3100 (br) cm~'; 'H
NMR (300 MHz, CDCl3) §: 7.04-7.59 (m, 7H), 7.59 (brs, 1H), 3C NMR
(75MHz, CDCl3) §: 125.0, 125.9, 126.9, 127.8, 128.4, 128.6, 130.2,
133.6, 135.9, 136.1, 143.8, 166.7; MS mz~! (rel intensity) 292 (M*,
100%).

DATT was synthesized from 2,5-dibromo-3,4-dinitrothiophene
by a two-step process. The Stille coupling reaction [19] of 2,5-
dibromo-3,4-dinitrothiophene with tributyl(2-thienyl)stannane in
the presence of catalytic Pd(PPh3),Cl, produced the dinitro com-
pound in 60% yield. The reduction of the nitro compound with
SnCl, in EtOH-HCI produced a diamine compound (DATT) in 60%
yield. Mp: 96-97 °C.IR (KBr) 3220 (—NH,)cm~!; TH NMR (300 MHz,
CDCl3) 8: 3.72 (m, 4H), 7.05-7.09 (m, 4H), 7.25 (dd, J=1.5, 4.9 Hz,
2H), 13C NMR (75 MHz, CDCl3) §: 110.0, 123.9, 124.0, 127.7, 133.6,
135.9; MS mz~! (rel intensity) 273 (M*, 100%).

2.2. Apparatus and materials

The cyclic voltammograms were recorded using a potentio-
stat/galvanostat, Kosentech Model PT-1 and EG & G PAR Model
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Fig.1. Cyclic voltammograms for the electropolymerization of 1.0 mM terthiophene
(TTCA, CTT, and DATT) in a 0.1 M TBAP dichloromethane solution from 0.0 to 1.6V
at scan rate of 100 mVs~'. Inset: Structure of terthiophene monomers considered
in this study.

PAR 273A. The impedance spectra were measured with the EG&G
Princeton Applied Research PARSTAT 2263 at an open-circuit volt-
age from 100 kHz to 100 mHz and, at a sampling rate of five points
per decade (AC amplitude: 10mV). The UV-visible spectra were
obtained using a UV-3101PC, Shimadzu. The SEM images were
obtained with a Cambridge Stereoscan 240 at KBSI (Busan, South
Korea). Atomic force microscope (AFM) images were obtained with
a Digital Instrument Nanoscope™ 3D ADC5, Multimode (Veeco
Instruments Inc., CA) operating in the tapping mode. A JEOL JEM-
2010 electron microscope (Jeol High-Tech. Co.) with an acceleration
voltage of 200 kV was used to obtain the TEM images. X-ray photo-
electron spectroscopy (XPS) was performed using a VG Scientific
ESCALAB 250 XPS spectrometer with a monochromated Al K
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source with charge compensation at KBSI (Busan, South Korea).
The photovoltaic measurements were performed using an air mass
(AM) 1.5 solar simulator that was equipped with a 150 W xenon
lamp (Model 92251A, Newport). The power of the simulated light
was calibrated to 100 mW cm~2 using a reference Si photodiode,
which was measured at the solar-energy institute (NREL (USA)).
The short-circuit photocurrent of the reference Si solar cell was
calibrated to the average data from NREL under the one-sun con-
dition. The I-V curves were obtained by measuring the generated
photocurrent using a Keithley Model 2400 digital source meter. The
voltage step and delay time of the photocurrent were 10 mV and
40 ms, respectively.

Tetrabutylammonium perchlorate (TBAP, electrochemical
grade) was received from Fluka (USA) and purified according to
the general method; it was dried under vacuum at 1.33 x 10~3 Pa
over 24 h. Dichloromethane (99.8%, anhydrous, sealed under N,
gas) was received from Sigma Co. (USA). The fluorine-doped SnO,
(FTO, 2.2mm 15Qsq~1), TiO, (Ti-Nanoxide HT), the electrolyte
(Iodolyte PN-50), the Pt paste (platisol), and the hot-melt film (SX
1170-60) were purchased from Solaronix (Switzerland).

2.3. Fabrication of polymer dye solar cells

The working electrode was a fluorine-doped SnO, (FTO) glass
plate with a size of 30 cm x 30 cm. The FTO glass plate was cut into
2 cm x 3 cm pieces. The FTO glass was cleaned in a detergent solu-
tion using an ultrasonic bath for 15 min and then rinsed with water
and ethanol to prepare the working electrode, which was coated
with the conjugated polymer for the TiO,-based solar cell. A trans-
parent nanocrystalline layer was formed on the FTO glass plate
using a doctor blade-printing TiO, paste and then dried for 1h at
25°C. Then, the layer was heated under airflow at 450 °C for 30 min.
Subsequently, the TiO, electrodes were immersed in a 50 mM
TiCl4 aqueous solution, dried at 70°C for 30 min, and sintered at
450°C for 30 min. The thickness of the TiO, film coated on the
FTO glass was 3.5 pm. Conducting polymer layers were formed on
the TiO, electrode by electropolymerization of the monomers in a
0.1 MTBAP/CH,Cl, solution using the potential cycling method. The
TiO, [FTO electrode was used as the working electrode; Ag/AgCl (in
saturated KCl) was used as the reference electrode, and a platinum
plate was used as the counter electrode. The electropolymerization
of the monomer on the TiO, electrode was conducted separately
in a 0.1 M TBAP/CH,Cl, solution containing monomer from a volt-
age of 0.0-1.6V. Then, the electrodes were washed with CH,Cl, to
remove the excess monomer. The area of the active polymer layer
was 0.24cm?. A hole was drilled on the FTO glass to prepare the
counter electrode. The Pt-counter electrode was deposited on FTO
glass by coating the surface with a drop of Pt solution. The surface
was then treated at 450 °C for 15 min. The polymer-covered TiO,
and Pt-counter electrodes were assembled into a sealed sandwich-
type cell through heating at 100°C using a hot-melt film with a
thickness of 60 um in the space between the electrodes. A drop of
the redox electrolyte containing I~ /I3~ in a propionitrile was placed
in the hole on the back of the counter electrode. Finally, the hole was
sealed using the hot-melt film and the cover glass (1 mm thickness).

3. Results and discussion

3.1. Electropolymerization and characterization of
poly(terthiophene)

As shown in Fig. 1, polymer films are formed through elec-
tropolymerization of each monomer (TTCA, CTT, and DATT) in a
0.1 M TBAP/CH,Cl, solution using a potential cycling method from
0.0 to 1.6V vs. Ag/AgCl at a scan rate of 100mVs~!. During the

polymerization, the oxidation peak of the TTCA monomer appears
at 1.3V at the first anodic scan, and the reverse scan to the negative
potential shows a small cathodic peak at 0.9 V which corresponded
to the reduction of the polymer film immediately formed on the
electrode. For CTT, the oxidation peak is observed at 1.5V, and
the reverse scan shows two cathodic peaks at 1.1 and 0.97 V. For
DATT, two oxidation peaks are observed at 0.75 and 1.35V in the
first anodic scan; the first peak corresponds to the oxidation of the
amine group to an imine, and the second peak corresponds to the
oxidation of the monomer to the polymer.

Fig.2a shows a cross-section SEM image of the TiO, film in which
the thickness of the TiO, layer is 3.5 pm. The surface morphology of
the TiO, films after TiCl4 treatment (TiCl4/TiO, ) shows that the pore
size of the TiO, film decreases, and the diameter of the particles
increases (Fig. 2b). The particle size of the TiO; is determined to be
28.3 + 5.8 nm. Improvements in the short-circuit photocurrent (Js¢)
and the open-circuit voltage (Vo) are observed after the TiCly treat-
ment [3,20,21]. The surface morphologies of poly-DATT (Fig. 2c),
poly-CTT (Fig. 2d), and poly-TTCA (Fig. 2e) on the TiCl4/TiO, films
are obtained from the AFM images. The particle size of poly-DATT,
poly-CTT, and poly-TTCA coated on the TiCl4/TiO, films are deter-
mined to be 34.04+10.2nm, 28.54+13.1nm, and 56.5+10.0 nm,
respectively. These results indicate that the TiCly/TiO, electrode
is covered with poly-TTCA more easily, and that the particle
size of poly-TTCA/TiCl4/TiO; (56.5+10.0nm) is larger than that
of poly-DATT/TiCl4/TiO; (34.0 4+ 10.2 nm) and poly-CTT/TiCl4/TiO,
(28.5+13.1 nm). Fig. 2f shows a cross-sectional image of the poly-
TTCA layer formed around the TiO, particle using TEM where the
thickness of the poly-TTCA layer was 12.5 nm.

Fig. 3 shows the XPS spectra in the region of C1s (Fig. 3a), Ti2p3
(Fig. 3b), and S2p (Fig. 3¢) obtained for TiO,/poly-CTT, TiO,/poly-
DATT, and TiO,/poly-TTCA surfaces. The C1s spectra of poly-CTT
and poly-DATT exhibit two peaks at 283.9 (C-C, C-H, and C-S
bonds) and 285.2eV (C-N bond or -CN group), whereas the Cls
spectrum of poly-TTCA shows three peaks at 284.3 eV (C-C, C-H,
and C-S bonds), 286.0eV (C-0 bond), and 288 eV (COOH group).
The peaks of the poly-CTT and poly-DATT spectra appears at
283.9eV due to C-C, C-H, and C-S bonds, and are shifted slightly to
a higher energy of 284.3 eV for the poly-TTCA coated TiO, surface
(TiOy/poly-TTCA). In addition, a new peak appears at 286.0eV for
the TiO, /poly-TTCA sample, which is due to C-O-Ti bond formation
between poly-TTCA and TiO, [14-16]. The Ti2p3 spectrum exhibits
a peak at 458.1 eV, due to the Ti-O bond. After polymer coating,
the peak at 458.1 eV shifts slightly to a higher energy of 458.3 eV
for TiO,/poly-TTCA material due to the interaction between poly-
TTCA and TiO,. The S2p spectrum exhibits a peak at 163.5 eV due to
the C-S bond of the polymer backbone. When coated with polymer
dyes on the TiO, layer, the intensity of the S2p peak of poly-TTCA is
stronger than that observed in poly-CTT and poly-DATT. This indi-
cates that the amount of the poly-TTCA adsorbed onto the TiO,
layer is much larger than that of poly-CTT or poly-DATT through
the C-O-Ti bond formation of poly-TTCA and TiO,.

3.2. Performance optimization of the polymer dye solar cells

The electropolymerization parameters for the formation of the
polymer dye layers were optimized in terms of the number of
potential cycles, the scan rate, and the monomer concentration
to obtain a high energy conversion efficiency (ECE). Preliminary
experiments showed that the best cell performance was achieved
for poly-TTCA; therefore, the performance of the polymer dye cells
was precisely optimized for poly-TTCA. Fig. 4a shows the ECE of
the polymer (poly-TTCA/TiO, ) with respect to the potential cycles
from 1 to 5 at a scan rate of 100mVs~! between 0.0 and 1.6V in
a 0.1 M TBAP/CH,Cl, solution containing 1.0 mM monomer. The
ECE rapidly decreases as the number of potential cycles increases.
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Fig. 2. SEM image showing a cross-section of (a) TiO, and a top view of (b) TiCl4/TiO,. AFM images of (c) poly-DATT/TiCl4/TiO>, (d) poly-CTT/TiCl4/TiO>, (e) poly-
TTCA/TiCl4/TiO. (f) TEM image of the formation of a poly-TTCA layer around a TiO, particle.

The maximum ECE (0.95%) is observed for one potential cycle.
Thus, one cycle is chosen as the optimum number of potential
cycles. Fig. 4b shows the ECE of the poly-TTCA/TiO, electrode as
a function of scan rate from 50 to 200mVs~! in the monomer
solution. The maximum ECE (0.95%) is observed at a scan rate of
100mVs~1; thus, this value is chosen as the optimum scan rate.
The ECE as a function of the monomer concentration for polymer-
ization was optimized over the concentration range of 1.0-20.0 mM
in the monomer solution after a potential cycle from 0.0 to 1.6V
at a scan rate of 100mVs~!. The ECE gradually increases with
increasing concentration from 1.0 to 5.0 mM. The ECE decreases,
however, as the concentration increasing above 5.0 mM (Fig. 4c).
The maximum ECE (2.32%) is observed at a monomer concentra-
tion of 5.0 mM. Therefore, the optimized electropolymerization
concentration of the monomer is 5.0mM in a 0.1 M TBAP/CH;Cl,
solution.

3.3. Bandgap energy of the polymer dyes

Fig. 5a shows the absorption spectra of the TTCA monomer,
TTCA/TiO,, and poly-TTCA/TiO, in a CH,Cl, solution. The TTCA
monomer exhibits a maximum absorption band, Amax, at 342.9 nm,
whereas the absorption bands of TTCA and poly-TTCA on the
nanocrystlline TiO, film are observed at 368.5 nm and 447.6 nm,
respectively [5]. A red-shift (25nm for monomer and 100 nm
for polymer) is observed for the absorption band of TTCA and
poly-TTCA on the nanocrytalline TiO, film, implying that the poly-
merization and adsorption of the poly-TTCA occurred through the
interaction with TiO,. This interaction expedites the photoinduced
charge transfer from poly-TTCA to TiO,. The incident photon-
to-current efficiency (IPCE) of the poly-TTCA solar cell is shown
in Fig. 5b. The maximum IPCE value is 54.6% at 450 nm for the
poly-TTCA component. The photocurrent is generated by photoin-
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Fig. 3. ESCA spectra of (a) C1s, (b) Ti2p3, and (c) S2p peak for TiO,/CTT, TiO,/DATT, and TiO, /TTCA.

duced electron transfer at the interface between the poly-TTCA and
the nanocrystalline TiO,.

The energy levels of poly-TTCA, poly-CTT, and poly-DATT are
estimated from the cyclic voltmmograms and UV-visible absorp-
tion data. The oxidation potentials of TTCA, CTT, and DATT are
used to determine the HOMO energy levels of the poly-TTCA, poly-
CTT, and poly-DATT which are —5.59eV, —5.75eV, and —5.55eV,
respectively. From the absorption spectra, the bandgap ener-

gies of poly-TTCA, poly-CTT, and poly-DATT are 2.10eV, 1.93 eV,
and 2.09eV, respectively. Therefore, the LUMO energy levels of
—3.49eV, —-3.82¢eV, and —-3.46eV (for poly-TTCA, poly-CTT, and
poly-DATT, respectively) are estimated from the bandgap ener-
gies. The bandgaps of the polymers are similar in the range of
1.93-2.10eV. Of these, the ECE of poly-TTCA on the nanocrystalline-
TiO, solar cell is the highest at 2.32%. In the case of the poly-TTCA,
the role of carboxylic groups on the monomer backbone has
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Fig. 4. The energy conversion efficiency of electropolymerization of TTCA on TiO- electrode at (a) the number of cycles, (b) various scan rates, and (c) various concentrations

of TTCA monomer solution.
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Fig. 5. (a) Absorption spectra of TTCA monomer solution (dot line), TTCA/TiO,
(dashed line), and poly-TTCA/TiO, (solid line). (b) IPCE spectra of the poly-TTCA
solar cell.

attracted attention as an efficient ligand for adsorption onto TiO5,
which would improve the transfer of the electrons from poly-TTCA
to T102

3.4. Comparison of J-V characteristics of polymer dye solar cells
The photocurrent density-voltage (J-V) curves of the poly-
TTCA-, poly-DATT-, and poly-CTT-sensitized solar cells are shown

in Fig. 6. Table 1 shows the cell performance in terms of the short-
circuit current (Jsc ), the open-circuit voltage (Vo ), the fill factor (FF),
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Fig. 6. The J-V characteristics of the poly-TTCA (solid line), poly-DATT (dotted line),
and poly-CTT (dash line) as a sensitizer on a nanocrystalline TiO, solar cell under
AM 1.5 condition.
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Table 1
Photoelectrochemical parameters obtained with a solar cell sensitized by conjugate

polymers.

Device Jse (MAcm—2) Voc (V) FF n (%)
Poly-TTCA 6.78 0.54 63.6 232
Poly-DATT 0.51 0.41 65.6 0.14
Poly-CTT 0.62 0.41 64.5 0.16

and the energy conversion efficiency (7). The carboxylic acid group
bearing the polymer, poly(terthiophene) (poly-TTCA), exhibits a
higher energy conversion efficiency of 2.32% with a short-circuit
current of 6.78mAcm~2 and an open-circuit voltage of 0.54V.
The sensitizers without carboxylic acid groups, such as poly-DATT
and poly-CTT, however, exhibit much smaller energy conversion
efficiencies (0.14 and 0.16%, respectively) with low short-circuit
currents of 0.51 and 0.62 mAcm~2, respectively. For poly-TTCA,
the carboxylic acid group is anchored strongly on the surface of
the nanocrystalline TiO,, which improves the electron transfer
efficiency from poly-TTCA to TiO,. The efficiency of 2.32% for poly-
TTCA is greater than that previously reported using different kinds
of polymers [5,6].

3.5. Impedance spectroscopy of the polymer dye solar cells

Electrochemical impedance spectroscopy (EIS) is used to inves-
tigate the charge-transfer processes in various polymer dye solar
cells at open-circuit voltage (—0.65V vs. Ag/AgCl) in dark condi-
tions. Fig. 7 shows the Nyquist plots obtained from poly-DATT,
poly-CTT, and poly-TTCA dye solar cells. In the equivalent circuit,
Rs represents the solution resistance, Ry1, Ry2, and Rp3 repre-
sent the polarization resistances, and Q is the constant-phase
element (CPE; its parameters are Yy, n). Values for the parameters
of Rs, Rp1, Rp2, Rp3 and Q are obtained by fitting the experi-
mental data to the equivalent circuit using Zview2 impedance
software (Table 2). Two semicircles are observed for the poly-
mer dye solar cells. This indicates that the polymer dye solar
cells are composed of at least two different layers. Each semi-
circle can be assigned based on an equivalent circuit for the
DSSCs. The smaller semicircle is observed corresponds to the
charge-transfer processes occurring at the Pt/electrolyte (Rp1). The
larger semicircles are composed of two layers, which correspond
to the charge-transfer process at the TiO,/polymers/electrolyte
interface (Ry2) and in the electrolyte (Ry3) [22-24]. From the
fitted values in Table 2, the poly-DATT and poly-CTT dye solar
cells exhibits impedance values (Rp2) of 64.8 and 72.3 2, respec-
tively, while the poly-TTCA shows the lowest impedance value of

100 —s—poly-CTT
—e— poly-DATT
80 —a—poly-TTCA
CPE1 CPE2 CPE3
R, 1 it i
C 60
E Rp1 R,2 Rp3
N 404

Fig. 7. Nyquist plots for poly-DATT, poly-CTT, and poly-TTCA dye solar cell at open-
circuit voltage (—0.65 V). Inset: Equivalent circuit for polymer dye solar cells.



8880 J.-H. Yoon et al. / Journal of Power Sources 196 (2011) 8874-8880

Table 2
The fitting values of the equivalent circuit element solar cell sensitized by polymer dye (poly-CTT, poly-DATT, and poly-TTCA).
Rs, Q Rp1,Q Q Rp2, Q Q Ry3,Q Qs
Yo, mhg m Yo, mhg ny Yo, mhg n3
Poly-TTCA 10.6 43 1.5x 1073 1.1 15.5 1.7x1073 0.8 4.6 2.9%x107° 0.9
Poly-DATT 7.7 7.0 1.6 x 107> 1.0 64.8 3.1x107° 0.8 7.9 1.5%x 107> 1.0
Poly-CTT 9.4 6.0 8.3 x10°* 0.9 72.3 12x107° 0.9 10.0 9.5%x 1076 1.0
15.5 Q2. This result indicates that poly-TTCA supports a relatively References

fast electron transfer in the TiO,/polymer (poly-TTCA)/electrolyte
interface, which should lead to greater energy conversion effi-
ciency.

4. Conclusion

Poly(terthiophene) derivative-sensitized solar cells are success-
fully fabricated. The band gap energies of poly-TTCA, poly-CTT, and
poly-DATT are similar in the range of 1.93-2.10eV. Although the
band gap energies are similar, however the carboxylic group con-
taining poly(terthiophene) (poly-TTCA) exhibits a higher energy
conversion efficiency than that of poly-CTT and poly-DATT. In
the case of poly-TTCA, the anchoring group, —COOH can enhance
the adsorption of the dye onto the TiO, layer effectively and
strongly through the formation of C-O-Ti bonds, which improve
the transfer of the electrons from poly-TTCA to TiO,. Further-
more, poly-TTCA exhibits relatively fast electron transfer at the
TiO, /poly-TTCA/electrolyte interface, which should lead to greater
energy conversion efficiency. The poly(terthiophene) derivative
bearing carboxylic acid groups is the most efficient photosensi-
tizer, and is a possible alternative materials to the Ru complexes.
The maximum energy conversion efficiency of the poly-TTCA solar
cell is 2.32% under an AM 1.5 solar simulated light irradiation of
100 mW cm—2.
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