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Globally, the growth rate of the human population is increas-
ing; therefore, there is a huge demand of energy to fulfill
their requirements like vehicles, TVs, computers, ACs, and
so forth. This causes global warming. Therefore, CO2-free
energy is an emergent issue. In this context, solar energy is
an alternate of fossil fuels. Dye-sensitized solar cells (DSSCs),
organic thin-film solar cells, quantum dot solar cells, schot-
tky solar cells, inorganic-organic heterojunction solar cells,
and many others have been developed as an efficient, low-
cost technology during the last years.

In dye-sensitized solar cells, the sensitizer is one of the key
components for high power conversion efficiency. Among
various organic/inorganic dyes, the most successful charge
transfer sensitizers should be credited to black dye, N3 dye,
and N719 dye. Dye-sensitized solar cells based on ruthenium
complexes have broad absorption spectra extending into the
near-IR region and produce solar-to-electrical energy con-
version efficiencies of up to 11% under AM 1.5 irradiation. In
order to improve the performance of solar cells, the sensitizer
should absorb photons in the near-IR region as well as over
the entire visible region of the solar spectrum, and long-
term stability is another serious issue. To further improve
the efficiency of dye-sensitized solar cells device, our main
focus lies in the development of new sensitizers with a good
spectral match with the solar emission.

This special issue contained high-quality research work
addressing the latest innovations in nanomaterials research
focused on solar cells, and synthetic nanomaterials consider-
ing the importance of light-harvesting materials in the design
of novel generation of solar cells and smart nanomaterials.

We hope that this collection of papers will be a source
of ideas and motivation for scientists across different fields
in academia and industry to continue further research on
organic solar cells.
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A new high molar extinction coefficient ruthenium(II) bipyridyl complex, “Ru(2,2-bipyridine-4,4′-dicarboxylic acid)(4,4′-bis((3-
hexylthiophen-2-yl)ethynyl)-2,2′-bipyridine)(NCS)2 (N(C4H9)4), MC101” was synthesized and fully characterized by 1H-NMR,
ESI-MASS, FT-IR, UV-Vis., and fluorescence spectroscopes. The dye showed relatively high molar extinction coefficient of 25.0 ×
103 M−1 cm−1 at λ maximum of 544 nm, while the reference C101 has shown 15.8 × 103 M−1cm−1 at λ maximum 528 nm. The
monochromatic incident photon-to-collected electron conversion efficiency of 44.1% was obtained for MC101 over the entire
visible range, while the C101 sensitized solar cell fabricated and evaluated under identical conditions exhibited 40.1%. The DSSCs
fabricated with 0.54 cm2 active area TiO2 electrodes and high efficient electrolyte (E01), from the sensitizers MC101 and C101
exhibited energy conversion efficiencies of 3.25% (short-circuit current density (JSC) = 7.32 mA/cm2, VOC = 610 mV, ff = 0.725)
and 2.94% (JSC = 6.60 mA/cm2; VOC = 630 mV; ff = 0.709), respectively, under air mass of 1.5 sunlight.

1. Introduction

Photovoltaic (PV) cells generating clean electricity are now
getting ready for significant market expansion in this new
millennium, as the solar energy is the major renewable ener-
gy source and the major alternative to the fast depleting
and polluting fossil fuels [1]. In the past decades, low-cost
excitonic solar cells attracted worldwide attention among
academic and industrial players as potential candidates for
the future PV market [2]. Among this class of organic pho-
tovoltaics, the mesoscopic dye-sensitized solar cell [3–5]
(DSSC) has achieved a respectable high-efficiency [6, 7] and
a remarkable stability under the prolonged thermal and
light-soaking dual stress [8–12]. The record efficiency of
∼11% [6, 7] in DSSCs measured under the air mass 1.5
global (AM 1.5 G) illumination is achieved with the well-
known N719 sensitizer employing a volatile acetonitrile-
based electrolyte. However, stability under prolonged heating

at 80◦C has proved too hard to reach with the high-efficiency
N719-based cells. In 2003, a thermally stable, ∼7% efficiency
DSSC [9] was disclosed, employing the amphiphilic Z907
sensitizer [8] and a 3-methoxypropionitrile-(MPN-) based
electrolyte avoiding lithium salts as additives. However, the
molar extinction coefficient of this sensitizer is somewhat
lower than that of the standard N719 dye. Meanwhile, a com-
promise between efficiency and high temperature stability
has been noted for the Z907 sensitizer [13]. For commercial
applications of DSSCs, it is necessary to employ nonvolatile
or even solvent-free electrolytes. However, with a low-
fluidity electrolyte, the charge collection yield becomes low
due to the shortened electron diffusion length. Enhancing
the optical absorptivity of a stained mesoporous film can
counter this effect. Thus, Wang et al. initiated the concept
of developing high molar extinction coefficient, amphiphilic
ruthenium sensitizer, [14] followed by other groups, [15–20]
with a motivation to enhance device efficiency of DSSCs. In
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Figure 1: Structure of new ruthenium(II) complex, MC101 and reference C101 sensitizers.

this context, sensitizers such as K19 [10, 11] and its ana-
logue K77 [12] have been successfully developed to fabricate
thermally stable DSSCs showing ∼8 and ∼8.5% initial effi-
ciencies, respectively.

The sensitizer C101 with a molar extinction coefficient
of 15.7× 103 M−1 cm−1 demonstrated benchmarks under the
illumination of AM 1.5 G full sunlight, such as a 11.0%
efficiency along with an acetonitrile-based electrolyte, a long-
term stable >9% device using a low volatility electrolyte, and
a long-term stable 7.4% device employing an ionic liquid
electrolyte [20]. Chen et al. [19] communicated a similar
sensitizer like C101 with a molar extinction coefficient of
15.7 × 103 M−1 cm−1, showing an efficiency of 7.39% with
a highly volatile acetonitrile-based electrolyte.

As a part of our ongoing programme on the development
of various metal free organic, phthalocyanine, and rutheni-
um sensitizers for applications in DSSCs [21–26], we recently
reported a new record high efficiency DSSC using novel
coadsorbents [27]. In this paper, we present a new promising
sensitizer, coded MC101 (Figure 1) wherein the ancillary lig-
and, 4,4′-bis(5-hexylthiophen-2-yl)-2,2′-bipyridine (L2), of
C101 is replaced with 4,4′-bis((3-hexylthiophen-2-yl)ethy-
nyl)-2,2′-bipyridine (L1). The alkynyl thiophene group in-
corporates increased conjugation in the ancillary ligand, as
the triple bond conjugated to double bonds (in the thio-
phene moiety) in order to achieve a higher molar extinction
coefficient. The electron transfer is expected to be faster in
this ligand due to the linear nature of alkynyl group and
hence more stable than the isomerization (cis-trans) prone
double bonds. We describe the synthesis and complete char-
acterization of MC101 sensitizer and the photovoltaic per-
formance of DSSC of MC101 in combination with high ef-
ficiency (E01) electrolyte. The photovoltaic characteristics
were compared with that of C101.

2. Results

2.1. Synthesis and Characterization. All solvents and re-
agents, unless otherwise stated, were of Laboratory Reagent
Grade and used as received. Brucker 300 Avance 1H-NMR
spectrometer run at 500 MHz was employed to record the

1H NMR spectrum. Shimadzu LCMS-2010EV model with
ESI probe was employed for MASS analysis. Shimadzu UV-
Vis spectrometer (model 1700) and Fluorolog 3, J.Y.Horiba
Fluorescence spectrometer were employed to record the elec-
tronic absorption and emission spectra. The 4,4′-dibromo-
2,2′-bipyrdine, procured from Heterocycles and Catalysts,
Gundeldingerstrasse 174, CH-4053 Basel, Switzerland, was
used as received. The 3-bromo-thiophene, procured from
Sigma-Aldrich.

The series of steps involved in the synthesis of MC101
are shown in Scheme 1. Initially the sonogashira reac-
tion of 4,4′-dibromo-2,2′-bipyrdine with TIPS acetylene in
presence of Pd(II) catalyst resulted in formation of 4,4′-
bis((triisopropylsilyl)ethynyl)-2,2′-bipyridine (1), which was
further protonated with TBAF to afford 4,4′-bis((triisopro-
pylsilyl)ethynyl)-2,2′-bipyridine (2). The Grignard reagent
3-thienyl magnesium bromide prepared from 3-bromo thio-
phene on treatment with Mg followed by reaction with 4-
bromo-hexane resulted in formation of 3-hexyl-thiophene
(3), which on further treatment with elemental iodine pro-
vided 2-iodo-3-hexyl-thiophene (4). The sonogashira reac-
tion of the alkyne 2 with the iodo compound 4 under
Pd(II) conditions result in formation of 4,4′-bis [(3-hexyl
thiophene)ethynyl]-2,2′-bipyridine (L1). The reaction of L1
with dichloro (p-cymene) ruthenium(II) dimer in presence
of refluxing DMF afforded chloro (p-cymene) ruthenium bi-
pyridyl complex intermediate, which on further reaction
with 2,2′-bipyridine-4,4′-dicarboxylic acid in presence of ex-
cess NH4NCS resulted in formation of MC101 complex. The
crude compound was purified on Sephadex LH-20 column
chromatography.

2.1.1. Synthesis of 4,4′-bis(triisopropylsilylacetylene)2,2′-
bipyridin(1). A solution of 4,4′-dibromo-2,2′-bipyridine
(1.000 g, 3.184 mmol), bis(triphenylphosphine)palladium(II)
chloride (0.090 g, 0.127 mmol), copper(I) iodide (0.037 g,
0.197 mmol), and triisopropylsilyl acetylene (3.10 mL,
13.93 mmol) in triethylamine (10 mL) was heated in a
sealed tube at 100◦C for 20 hours. The mixture was washed
with water, brine solution, and the organic compound
was extracted in dichloromethane. The organic layer
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was then dried over sodium sulfate, and the solvent was
evaporated under vacuum. The crude product was then
purified by column chromatography (silica gel) using hex-
ane/ethyl acetate (96/4 v/v) as eluent to afford 1 (1.310 g,
80%). 1H NMR (CDCl3, 25◦C, 500 MHz) δ: 1.15 (s, 42H),
7.31 (d, 2H), 8.43 (s, 2H), and 8.6 (d, 2H). Chemical formula
C32H48N2Si2: ESI-MS: Calcd for (M+H)+: 517, found: 517
(100%).

2.1.2. Synthesis of 4,4′-bis(acetylene)-2,2′-bipyridine (2).
4,4′-bis(triisopropylsilylacetylene)-2,2′-bipyridine (0.894 g,
2.52 mmol) was taken in dry THF (15 mL) and added a solu-
tion of tetrabutylammonium fluoride (2.6 mL, 5.04 mmol)
under nitrogen atmosphere. The reaction mixture was stirred
for 12 hours at room temperature, extracted with ethyl
acetate and washed with brine solution. The organic layer
was dried over sodium sulfate before drying over vacuum.
The crude compound was then purified over column chro-
matography (silica gel) using hexane/ethyl acetate (95/5 v/v)
as eluent (0.229 g, 65%). 1H NMR (CDCl3, 25◦C, 300 MHz)
δ: 3.32 (s, 2H), 7.38 (dd, 2H), 8.48 (s, 2H), 8.66 (d, 2H).
Chemical formula C14H8N2: ESI-MS: Calcd for (M+H)+:
205, found: 205 (100%).

2.1.3. Synthesis of 3-hexylthiophene (3). Mg (0.208 g,
8.58 mmol) was suspended in dry diethyl ether (15 mL) at
0◦C under nitrogen atmosphere. To this suspension, a sol-
ution of 1-bromohexane (1.03 mL, 7.35 mmol) in diethyl
ether (5 mL) was added drop wise and the mixture stirred
at room temperature for 2 hours then Grignard reagent

thus obtained was added in portions to a solution of 3-
bromothiophene (1.000 g, 6.13 mmol) and [NiCl2(dppp)2]
(0.07 mg, 0.12 mmol) in diethyl ether and the mixture
stirred for another 3 hours at room temperature. The re-
action mixture was then quenched with water, the organic
layer separated, and the aqueous layer extracted with diethyl
ether. The combined organic layers were dried over sodium
sulfate and the solvent removed under reduced pressure. The
crude compound was purified by column chromatography
(silica gel) eluting with hexane to give yellow oil (0.926 g,
90%). 1H NMR (CDCl3, 25◦C, 300 MHz) δ: 0.89 (t, 3H),
1.31 (m, 6H), 1.62 (q, 6H), 2.62 (t, 2H), 6.92 (d, 1H), 6.95
(d, 1H), and 7.24 (dd, 1H). Chemical formula C10H16S:
ESI-MS: Calcd for (M+H)+: 169, found: 169 (100%).

2.1.4. Synthesis of 3-Hexyl-2-iodothiophene (4). To a solu-
tion of 3-hexylthiophene (1.000 g, 5.95 mmol) in toluene
was added HgO (1.290 g, 5.95 mmol) and iodine (1.511 g,
5.95 mmol) in portions over 30 minutes at 0◦C. The reaction
mixture was stirred at room temperature for 1 hour. The
purple color changes to orange color, then the orange precip-
itate was filtered off and washed two times with diethyl ether.
The organic layers were combined and washed with aqueous
sodium thiosulfate to remove excess iodine. The organic layer
was separated and dried over sodium sulfate, and the solvent
was removed under reduced pressure. The crude compound
was purified on column chromatography (silica gel) using
hexane as eluent to get the desired compound as colourless
liquid (1.390 g, 80%). 1H NMR (CDCl3, 25◦C, 300 MHz) δ:
0.89 (t, 3H), 1.31 (m, 6H), 1.56 (q, 2H), 2.55 (t, 2H), 6.75
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Figure 2: Equi-molar absorption spectra of MC101 (—) relative to reference C101 (- - -) (a) in ethanol and (b) over TiO2 films.

(d, 1H), and 7.38 (d, 1H). Chemical formula C10H15IS: ESI-
MS: Calcd for (M+H)+: 295, found: 295 (40%).

2.1.5. Synthesis of 4,4′-Bis[(3-hexyl thiophene)ethynyl]-2,2′-
bipyridine (5). A sealed tube is charged with 4,4′-bis (acet-
ylene)-2,2′-bipyridine (0.200 g, 0.98 mmol), 3-hexyl-2-iodo-
thiophene (0.632 mg, 2.15 mmol), bis(triphenylphosphine)
palladium(II) chloride (0.014 g, 0.03 mmol), and copper(I)
iodide (0.008 mg, 0.04 mmol) with degassed solvents tri-
ethylamine (10 mL) and THF (10 mL). The yellow solution
was heated at 70◦C for 24 hours, and then the solvent was
evaporated on vacuum. The residue was treated with water
and extracted with dichloromethane. The organic extracts
were washed with water then brine and dried over sodium
sulfate. The solvent was removed by rotary evaporation
and the residue was purified by column chromatography
on neutral alumina, eluting with dichloromethane/hexane
(15/85 v/v) as eluent to get light yellow solid (0.420 g, 80%).
1H NMR (CDCl3, 25◦C, 300 MHz) δ: 0.88 (t, 6H), 1.35
(m, 12H), 1.67 (q, 4H), 2.79 (t, 4H), 6.92 (d, 2H), 7.28
(d, 2H), 7.38 (dd, 2H), 8.48 (s, 2H), and 8.66 (d, 2H).
Chemical formula C34H36N2S2: ESI-MS: Calcd for (M+H)+:
537, found: 537 (100%).

2.1.6. Synthesis of Ruthenium (II) Complex MC101. 4,4′-
bis [(3-hexylthiophene)ethynyl]-2,2′-bipyridine (0.085 g,
0.163 mmol) and dichloro(p-cymene)ruthenium(II) dimer
(0.050 g, 0.082 mmol) in dry DMF were heated at 60◦C for
a period of 4 hours under argon in the dark. Subsequently,
4,4′′-dicarboxylic acid-2,2′-bipyridine (0.040 g, 0.163 mmol)
was added and the reaction mixture was heated to 140◦C
for another 4 hours. To the resulting dark green solution
was added NH4NCS (0.193 g, 2.53 mmol) in water (2 mL),
and the reaction mixture was further heated for 3 hours at
150◦C. DMF was removed on rotoevaporatour under
high vacuum, and water (250 mL) was added to get the
precipitate. The solid was filtered off, washed with wa-
ter and diethyl ether, and dried under vacuum. The crude
compound was dissolved in methanol and dichloromethane

and further purified on the sephadex LH-20 with meth-
anol/dichloromethane (60/40 v/v) as eluent about three
times to get pure MC101 as dark brown solid (0.090 g, 60%).
1H NMR (CDCl3, 25◦C, 300 MHz) δ: 0.42 (t, 6H), 0.92 (m,
12H), 1.26 (q, 4H), 2.5 (t, 4H), 6.54 (d, 1H), 6.57 (d, 1H),
6.61 (d, 1H), 6.93 (d, 1H), 6.99 (d, 1H), 7.07 (d, 1H), 7.17
(d, 1H), 7.2 (d, 1H), 7.31 (d, 1H), 7.62 (d, 1H), 7.82 (s, 1H),
7.93 (s, 1H), 8.35 (s, 1H), 8.49 (s, 1H), 8.92 (d, 1H), 9.15 (d,
1H). Chemical formula C60H52N6O4RuS4: ESI-MS: Calcd
for (M+H)+: 999, found: 999 (75%).

2.2. Absorption, Emission, and Electrochemical Properties.
The electronic absorption spectrum of MC101 was recorded
in ethanol and was compared with that of reference C101
(Figure 2(a)). The new sensitizer showed one intense absorp-
tion band at 544 nm, which is assigned to the metal to-
ligand charge transition, and a relatively high intensity
shoulder-type absorption band was observed at 410 nm.
MC101 sensitizer showed molar extinction coefficient of
25,000 M−1 cm−1 at λ maximum of 544 nm, while the
reference C101 has shown 15,800 M−1 cm−1 at λ maximum
of 528 nm under comparable conditions. As compared to
C101, the new sensitizer showed increased molar extinction
coefficient with bathochromic shift in the absorption spec-
trum by 16 nm. The introduction of –C≡C– bonds through
4,4′-bis [(3-hexyl thiophene)ethynyl]-2,2′-bipyridine (L1) in
MC101 complex exhibits high light harvesting ability as
compared to 4,4′-bis(5-hexylthiophen-2-yl)-2,2′-bipyridine
(L2) in C101 sensitizer by enhancing their molar extinction
coefficient and by shifting the absorption spectrum towards
IR region, which could be the contribution of extended –
C≡C– of L1 relative to L2 [21–26]. Incorporation of alkyl
thiophenes conjugated with bipyridine through –C≡C– into
the ruthenium(II) pyridyl complex act as electron donor and
consequently on excitation of the sensitizer, a faster charge
transfer from HOMO to LUMO could be expected.

Besides the molar extinction coefficient and the absorp-
tion range, the size and geometrical structure of the sensitizer
also influence the photovoltaic performance of DSSC. In
order to see the quantity of the new sensitizer absorbed
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on TiO2 films relative to C101 sensitizer, the absorption
measurements over TiO2 films were carried out by staining
7 μm thick TiO2 electrodes in 0.3 mM dye solutions prepared
in ethanol (Figure 2(b)). Prior to cooling the TiO2 electrodes,
the dye solutions are sonicated for 10–15 minutes, and then
TiO2 electrodes, at around 100◦C, are immersed into the
dye solutions and allowed to soak for 16 hours under the
dark. After that the electrodes were washed with ethanol to
remove unadsorbed dye molecules and dried under nitrogen
purging. As compared to C101, the new sensitizer is expected
to show little lower film absorption over TiO2 films due
to its relatively larger size of the dye molecule, and the
absorption measurements over TiO2 films showed relatively
increased film absorption for MC101 as compared to C101.
To compare the anchoring pattern and surface morphology
of the new sensitizer, the absorbance maxima of low energy
absorption band of MC101 sensitizer are normalized by
the corresponding absorbance maxima of C101, while their
molar extinction coefficients are normalized by the molar
extinction coefficient of C101. The film absorbance ratio
of MC101 sensitizer calculated is lower than that of C101
indicating its lower packing density of the dye molecules on
TiO2 surface relative to C101. As expected, the lowest packing
density of these sensitizers could be probably due to relatively
little larger molecular diameter.

The cyclic voltammetry measurements of the new sen-
sitizer was conducted to ensure that the LUMO of the new
complex is suitable for injecting electrons into the con-
duction band of TiO2 and also whether their HOMOs
match the energy level of the I2/I−3 redox couple. The
cyclic voltammogram of the dye was measured using tetra-
butyl ammonium perchlorate (0.1 M in acetonitrile) as an
electrolyte and ferrocene as an internal standard at 0.42 V
versus SCE. Figure 3 shows the voltammogram of MC101
dye in acetonitrile. Reversible redox was observed for the
sensitizer, similar to other ruthenium(II) pyridyl complexes
[28]. The measured oxidation and reduction potentials are
0.820 and −0.80 V, respectively. The more positive potential
of the sensitizer, relative to I−/I−3 redox couple (0.24 V versus
SCE) in the electrolyte, provides a large thermodynamic
driving force for the regeneration of the dye by iodide. Based
on the absorption and emission spectra of the complex, the
excitation transition energy (E0−0) is estimated to be 1.957
(obtained by converting the wavelengths of 634 nm, at which
their individual absorption and emission spectra intersect,
into electron volts). The standard potential (φ0(S+/S∗)) cal-
culated from the relation of [φ0(S+/S) = φ0(S+/S∗ )−E0−0]
is −1.130 V versus SCE. So, φ0(S+/S∗) value is more negative
(or higher in energy) than the conduction band edge of
TiO2 (−0.8 V versus SCE) providing ample thermodynamic
driving force to inject electrons from the dye to TiO2.

2.3. Computational Studies. The electronic ground-states
of fully protonated MC101 was optimized in gaseous
phase by using the Density Functional Theory (DFT) with
MPW1PW91 method and lanl2dz basis set for ruthenium
and 6–31G(d) for H, C, N, O, S atoms as implemented
in Gaussian 09W and Gaussian View 5 interface software

Potential (V)

−1.856−1.456−1.056−0.656−0.256

Figure 3: Differential pulse voltammograms of MC101 dye.
Supporting electrolyte is 0.1 M tetrabutylammonium perchlorate in
acetonitrile.

[29, 30]. Under identical conditions, the reference C101 was
also optimized to compare electronic distribution in unoc-
cupied and occupied frontier molecular orbitals. In order
to see the influence of the ancillary bipyridine ligands 4,4′-
bis((3-hexylthiophen-2-yl)ethynyl)-2,2′-bipyridine (L1) rel-
ative to 4,4′-bis(5-hexylthiophen-2-yl)-2,2′-bipyridine (L2)
on optoelectronic properties of the corresponding ruthe-
nium(II) complexes, the geometrical optimization of the
electronic ground-states of L1 and L2 was also studied.
Isodensity surface values are fixed at 0.04 for ruthenium(II)
complexes, while for the ancillary ligands, the isodensity
surface values are fixed at 0.02. The occupied (HOMO to
HOMO-4) and unoccupied (LUMO to LUMO+4) frontier
orbitals of L1 are shown in Figure 4. The HOMO and
HOMO-1 orbitals of L1 are degenerate and have π-orbitals
over bipyridine moiety and thiophen-2-yl, while in HOMO-
2 orbital, the π-orbitals are almost localized on bipyridine.
The HOMO-3 and HOMO-4 orbitals are again degenerate
and the π-orbitals are localized over thiophene moieties. In
case of LUMO and LUMO+1 orbitals of L1, the π∗-orbitals
are delocalized over π-system with maximum components
on the bipyridine, which depresses their energy levels relative
to those of L2. In case of LUMO+3 and LUMO+4, π∗-
orbitals are localized on bipyridine and thiophen-2-yl.

The electronic distributions in unoccupied and occupied
frontier molecular orbitals of MC101 are shown in Figure 5,
while the corresponding orbitals of C101 calculated under
similar conditions are shown in Figure 6. As expected,
the first highest occupied molecular orbital (HOMO) of
MC101 exhibits ruthenium t2g character with size mixing
from thiocyanate ligand, while π-clouds for other HOMO-
1 and HOMO-2 orbitals are considered with size mixing
from one of thiocyanate ligands. In case of C101, the
first three occupied (HOMO to HOMO-2) orbitals follow
t2g character with size mixing from thiocyanate ligand.
The π-clouds for HOMO-3 orbital for both the dyes are
nonbonding combination localized on the NCS ligand.
HOMO-4 and HOMO-5 orbitals of MC101 resemble those
of corresponding orbitals of C101, in which π-clouds have
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Figure 4: Frontier molecular orbitals of 4,4′-bis [(3-hexylthiophene)ethynyl]-2,2′-bipyridine: (a) LUMO+4, (b) LUMO+3, (c) LUMO+2,
(d) LUMO+1, (e) LUMO, (f) HOMO, (g) HOMO-1, (h) HOMO-2, (i) HOMO-3, and (j) HOMO-4.

considerable mixing of Ru-NCS with π-bonding orbitals
of 4,4′-bis [(3-hexyl thiophene)ethynyl]-2,2′-bipyridine (L1)
in MC101 complex and 4,4′-bis(5-hexylthiophen-2-yl)-2,2′-
bipyridine in C101 complex. In HOMO and HOMO-1
orbitals of the new ancillary bipyridine ligand, L1, the π-
orbitals are more delocalized over the π-system and bipyri-
dine, and this favorably lifted their energy levels. As it is seen
in the electronic absorption spectrum of MC101, the absorp-
tion bands in UV-region corresponds to the π-π∗ transitions
of bipyridyl ligands, in which the L1 metalation with ru-
thenium(II) increased the spectral response of the complex
along with bathochromic shift. The introduction of acetylene
as extended π-conjugation resulted in a slight increase in
the molar extinction coefficient of MLCT absorption band,
which could be probably due to lifting their occupied mol-
ecular orbitals energy levels as compared to those of C101.
Similar to LUMO of C101, the electron distribution in
LUMO of MC101 moves toward the anchoring groups;
while assuming similar molecular orbital geometry when
adsorbed on TiO2 surface, the close position of the LUMO
to the anchoring moieties is expected to enhance the overlap
with the 3d orbitals of TiO2 leading to favored electron
injection. In case of higher unoccupied molecular orbitals
of the ancillary bipyridyl ligand, L1, the π∗-orbitals move
from π-system to bipyridine moieties, and these transfers

in MC101 significantly depress the LUMO+3 and LUMO+4
orbitals and a moderate extending in case of LUMO+1
orbital relative to those of C101. The calculated dipole
moment for MC101 is 28.7. Debye is larger as compared to
that of C101 (18.2 Debye). The increased dipole moment
in gaseous phase signifies the formation of nearly stable
geometry and facilitates better charge transfer for MC101 as
compared to C101.

2.4. Thermal Stability. Although a very good conversion
efficiency was obtained, the introduction of –C≡C– acety-
lene groups through 4,4′-bis(5-hexylthiophen-2-yl)-2,2′-
bipyridine in MC101 complex may severely influence the
thermal stability relative to C101 sensitizer. Hence the TGA
analysis of L1, L2, and the corresponding ruthenium(II)
complexes was performed using a TGA/SDTA 851e thermal
system (Mettler Toledo, Switzerland) at heating rate of
10◦C/min in the temperature range of 25–600◦C under N2

atmosphere (flow rate of 30 mL/min). Film samples rang-
ing from 8 to 10 mg were placed in the sample pan and
heated, while weight losses are recorded against temperature
difference. The thermograms of MC101 and C101 dyes are
shown in (Figure 7), in which the derivative of % conversion
plotted against temperature. The thermograms show gradual
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Figure 5: Frontier molecular orbitals of MC101: (a) LUMO+4, (b) LUMO+3, (c) LUMO+2, (d) LUMO+1, (e) LUMO, (f) HOMO, (g)
HOMO-1, (h) HOMO-2, (i) HOMO-3, and (j) HOMO-4.

decomposition of MC101 complex as compared to C101,
while the ligands are thermally stable.

2.5. Photovoltaic Properties. To evaluate the influence of
4,4′-bis(5-hexylthiophen-2-yl)-2,2′-bipyridine on the pho-
tovoltaic performance of DSSC, a high-quality double-
layer titania films (9 + 4.8μm) were employed to fabricate
0.54 cm2 active area DSSC test cells in combination with
a high performance electrolyte, (E01) containing 0.05 M
I2, 0.1 M LiI, 0.6 M 1,2-dimethyl-3-n-propylimidazolium
iodide, and 0.5 M 4-tert-butylpyridine in acetonitrile solvent.
The fabrication and evaluation of DSSC test cells were in
accordance with the procedures reported [22]. Photon-to-
current conversion efficiency spectrum was recorded as a
function of excitation wavelength using a 300 W xenon
lamp (ILC Technology, USA), which was focused through a
Gemini-180 double monochromator (Jobin Yvon Ltd.). The
incident photon-to-current conversion efficiency (IPCEs)
of the DSSC constructed based on this dye is shown

in Fig- ure 8(a). The monochromatic incident photon-
to-collected electron conversion efficiency of 44.1% was
obtained for over the entire visible range, which is less
than unity suggesting a low charge collection yields. Under
comparable conditions, C101 exhibited IPCE value of 40.1%.
The photo current-voltage measurements were executed
under Air Mass (AM) of 1.5 sunlight, and the the typical
current density versus voltage curve is shown in Figure
8(b). The energy conversion efficiency of 3.25% (short-
circuit current density (JSC) = 7.32 mA/cm2, VOC = 610 mV,
ff = 0.725) was obtained for MC101 sensitizer, while under
comparable conditions, C101 exhibited conversion efficiency
of 2.94%(JSC) = 6.60 mA/cm2, VOC = 630 mV, and ff = 0.709)
under Air Mass of 1.5 sunlight.

3. Conclusions

The new MC101 sensitizer with a new ancillary bipyri-
dine ligand has several advantages. (1) Thiophene is a
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Figure 6: Frontier molecular orbitals of C101: (a) LUMO+4; (b) LUMO+3; (c) LUMO+2; (d) LUMO+1; (e) LUMO; (f) HOMO; (g)
HOMO-1; (h) HOMO-2; (i) HOMO-3; (j) HOMO-4.
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Figure 7: TG-Thermograms of (a) L1 (—) and L2 (- - -), (b) corresponding MC101 (—) and C101(- - -) complexes.
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Figure 8: (a) Photocurrent action spectra of DSSC constructed based on MC101 sensitizer fabricated with E01 electrolyte; (b) corresponding
J- V characteristics, measured under an irradiance of 100 mWcm−2 AM1.5G sun light.

more electron-rich moiety; incorporation of thiophene onto
bipyridine ligands can raise the energy levels of the metal
center and the LUMO of the ligands. (2) Facile function-
alization of thiophene groups also offers relatively efficient
synthetic solutions to solubility, polarity, and band-gap tun-
ing. (3) The alkynyl thiophene can be considered as bis-
acetylene moiety, where one acetylene is bridged with sulfur
atom effectively providing aromatic stability while other
free acetylene helps in the extension of conjugation for
red shifting the absorption as well as increasing the molar
extinction coefficient. Thus MC101 showed higher molar
extinction coefficient combined with red shift in absorption
and comparable performance with C101 sensitized solar
cells, fabricated and evaluated under similar conditions. The
TG analysis showed relatively decreased thermal stability for
MC101 as compared to C101.
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Many methods to improve the solar cell’s efficiency beyond current generation of bulk and thin film of photovoltaic (PV) devices
have been reported during the last five decades. Concepts such as multiple exciton generations (MEG), carrier multiplication
(CM), hot carrier extraction, and intermediate band solar cells have fundamental flaws, and there is no experimental evidence
of fabricating practical higher efficiency solar cells based on the proposed concepts. To take advantages of quantum features of
nanostructures for higher performance PV devices, self-assembly-based bottom-up processing techniques are not suitable for
manufacturing due to inherent problems of variability, defects, reliability, and yield. For processing nanostructures, new techniques
need to be invented with the features of critical dimensional control, structural homogeneity, and lower cost of ownership as
compared to the processing tools used in current generations of bulk and thin-film solar cells.

1. Introduction

Starting with providing power to first communication satel-
lite, Telstar, in 1962, photovoltaic (PV) systems have evolved
to a market size of about 16 GW in 2010. Current commercial
PV market is based on bulk solar cells (Si and III-V com-
pound semiconductors) and thin-film solar cells based on
a-Si, CdTe, and CuInGaSe2, while the devices are based on
p-n homo- and heterojunctions and tandem junction solar
cells. In case of III-V compound semiconductor-based con-
centration solar cells, one sun efficiency of 35.8% has been
achieved [1]. Being an active area of research, new materials
and structures are constantly being investigated in the
hope of getting efficiencies higher than the typical bulk sil-
icon solar cell efficiency of about 20%. Solar cells, which
can be possibly made from engineered materials and nano-
structures, are often called “third-generation PV cells” [2],
with the materials themselves being referred to as “next
generation materials,” “smart materials,” or “intelligent ma-
terials.” In reality, despite the semantics and the buzz, there
has been no improvement in the efficiency of a solar cell
using the so called “smart materials.” Of course, with better
engineering, conventional bulk and thin-film solar cells have

become more reliable, their cost has decreased over the years,
and their efficiencies have also increased by a small percent-
age. However, this increase in efficiency cannot be attributed
to any nanostructured smart material. This raises the inter-
esting first question—during the last 10 years, why has there
been no significant increase in the “third-generation” solar
cell efficiency even with the introduction of “smart materi-
als”? The second most important question one would like
to know is if there are any fundamental barriers that cannot
be surmounted by any technological advancement. The ob-
jective of this paper is to examine the “third-generation” solar
cells from the manufacturing point of view and answer the
two questions raised previously.

2. Manufacturing Requirements of
Photovoltaic Modules

Irrespective of the type of materials used in the manufac-
turing of PV modules, the following key criteria are used in
selecting an appropriate technology: (i) no material supply
constraint, (ii) low cost of ownership, (iii) low production
cost, (iv) prospects of further cost reduction, and (v) green
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manufacturing with no environmental safety and health
issues. Even for silicon (dominant photovoltaic material), the
question of supply chain is very important. Silver is used in
the manufacturing of bulk silicon solar cells and is being
replaced with copper [3]. As shown in Figure 1 [3], silver’s
prices have increased significantly in the last 5 years. Due to
the use of silver by the film, battery, and the electronic indus-
try, the supply chain of silver also affects the PV industry
[3]. Such trends will happen often in the future, and the
manufacturing technology should be able to withstand the
swings of the market trends. In previous publications, we
have discussed the detailed economic requirements of man-
ufacturing photovoltaic materials and PV systems and the
interested reader is referred to [4–6].

3. Next Generation Materials

Next generation materials for solar cells include any material
or material structure that is currently not being mass pro-
duced to manufacture solar cells. This term also refers to
organic materials and dyes that are used to fabricate organic
solar cells and dye sensitized solar cells. In addition, this term
also includes nanostructure materials processed using un-
proven solar cell manufacturing technologies such as self-
assembly. These topics are explained in this section.

3.1. Organic- and Dye-Sensitized Solar Cells. These cells are
often processed in a liquid form, with the hope of making
them cheaper than current commercial solar cells. Reason-
able efficiencies have been achieved using organic materials
such as PCBM (phenyl-C61-butyric acid methyl ester). Ac-
cording to [7], the best values of efficiency of organic
solar cell and organic submodule are 8.3% (device area =
1.031 cm2) and 3.5% (aperture area = 308.4 cm2), respec-
tively. This lower efficiency is a direct result of the lower
electron mobility, poor contact to electrodes, and defects in
the material. Apart from these problems, organic solar cells
have reliability issues and are degraded when exposed to
sunlight and air [8, 9].

According to [7], in case of dye-sensitized solar cells, the
device and submodule efficiencies are 10.9% (device area =
1.008 cm2) and 9.9% (aperture area = 17.11 cm2), respec-
tively [7]. Dye sensitized cells share many advantages and
disadvantages of the organic solar cells. Some of the simi-
larities are hope of low cost for processing, low efficiency,
high concentration of defects, and reliability problems. In
both types of solar cells, low carrier mobility because of
structural inhomogeneities and the lack of an ordered struc-
ture is the fundamental problem. Without any fundamental
breakthrough of inventing new organic and dye-sensitized
photovoltaic materials, these solar cells will not play a signif-
icant role in large-scale utilization of PV for power genera-
tion. However, these solar cells have the advantage of being
flexible and light and can provide power for a niche market
consisting of short-lifetime products such as clothing, bags,
and temporary shelters.

3.2. Nanostructured Materials. Using nanomaterials, many
concepts have been proposed to increase solar cell efficiency.

Examples include multiple electron generation (MEG), car-
rier multiplication (CM), hot carrier extraction, and inter-
mediate band solar cell. These concepts rely on the perfor-
mance of nanomaterials for obtaining high efficiency. Quan-
tum dots, a particular nanostructure, have been proposed
to increase the solar cell efficiency. To understand nano-
structure-based solar cells, fundamentals of nanostructures
are presented in the next section.

4. Fundamentals of Nanostructures

Properties of materials are different when the material’s di-
mensions are only a few nanometers. Such properties can be
used to bring enhancements to the solar energy conversion
efficiency, if such materials can be successfully manufactured.
Currently, commercial solar cells are made from bulk or thin-
film materials, or a combination of materials, without taking
into consideration properties such as quantum confinement
that are associated with a dimension of less than about
10 nm. In the past few decades, there have been proposals
of harnessing quantum-confinement-related properties of
materials to yield devices such as high-efficiency solar cells
and faster transistors. Many of the proposed concepts capital-
ize on using the properties which arise from the quantization
of energy, momentum, and density of states in materials
at very small dimensions. For instance, a spherical particle
with diameter of about 5 nm will exhibit remarkably different
properties than a spherical particle of the same material with
a diameter of 1 mm. As early as 1976, Buffat and Borel [10]
showed that the melting point of gold particles decreases by
about 100 degrees Kelvin as its diameter is made less than
100 nm. Such properties can be generalized, and it is ob-
served that all material properties will undergo changes as
the material dimension becomes less than a few nanometers
[11]. This concept is illustrated in Figure 2.

The next generation materials that exhibit immensely
different properties when compared to regular PV materials
can be broadly classified into four categories: 1 D, 2 D, 3 D,
and 0 D. The first classification, 1 D, refers to structures that
have only one dimension significantly larger than the other
two dimensions. Examples of such a structure include chains
or bundles of molecules or polymers. 2 D nanostructures
have two dimensions that are significantly larger than the
third nanodimension; examples of such a structure are films
of nanomaterials that are only a few nanometers in thickness,
but may have much larger widths and lengths. 3 D nanos-
tructures include honeycomb-like structures or a matrix of
particles formed by the aggregation of nanoparticles. In such
a structure, none of the dimension may be in the nano range.
Finally, in a 0 D structure, all the dimensions are only nano-
meters wide, and, consequently, it has none of its dimensions
that are larger than a few nanometers [12]. In all these classes,
quantum confinement brings about a change in the material
properties. The quantization happens in different dimen-
sions in all the classes of materials. To illustrate this point, in
the 0 D structure, all dimensions are only a few nanometers
wide and the density of states in that structure is quantized
in all three dimensions, while, in the 2 D structure, only 1
dimension is on the nanoscale range, and thus, the density
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of states is quantized only in one dimension. Figure 3 [13]
shows the energy states due to quantization in these struc-
tures.

As stated earlier the interesting and sometimes useful
properties of nanostructured devices arise due to the quan-
tum confinement effect. This has been understood for many
years; however, obtaining experimental results to compare
with the theoretical model is difficult because of defects
and the presence of large surface states, which are present
because the ratio of states on the surface of the nanomaterial
is higher compared to that present in the interior of the
nanomaterial. One should have a good control and under-
standing of the defects and surface states to be able to make
use of nanostructured materials. This is the reason why
researchers have been able to find interesting properties in an
isolated nanostructure, but not always in a device made from
the nanostructure. There has been numerous attempts to use
nanomaterials (fabricated by nonlithography techniques) in
a variety of applications such as transistors, metallic inter-
connects, dielectrics, and diodes. Even though many princi-
ples remain the same across a wide range of applications, this

paper will focus specifically on the application of nanoma-
terials to create the active material of a solar cell, the term
“active” is used specifically to differentiate the actual solar
cell material that converts light energy into electrical energy
from other parts of a solar cell such as electrodes, antireflec-
tion coatings, and interconnects.

In 1961, Shockley and Queisser calculated the theoretical
limit of solar energy to electrical energy conversion for a
single junction silicon solar cell as 33% [14]. Until now, this
limit has not been exceeded experimentally, the highest effi-
ciency reported in silicon solar cells being only 25% [7].
There have been numerous articles of the possibility of ob-
taining efficiency much higher than 33% in single junction
solar cells by using techniques such as MEG, intermediate
band solar cell (IBSC), and hot carrier solar cell [15–19]. The
earliest of these concepts, the IBSC, was proposed in 1960
by Wolf [20], while the concept of extracting electron hole
pairs of energy higher than the band gap of the material was
proposed in 1982 [21]. To fabricate such high-efficiency solar
cells, researchers often propose using nanosystems such as
nanodots, nanowires, nanocrystals (NC), and carbon nan-
otubes [19, 21–24]. Since the 1960s, numerous experiments
were conducted to fabricate such high-efficiency cells and
none of them was successful. This failure to obtain a higher
efficiency even with many years of research points us towards
the fundamental flaw of such proposed concepts.

The fundamental flaw in the MEG concept is that the
indirect measurement of photoluminescence and related ex-
perimental work relates only to local generation of photocar-
riers and has no relevance to the transport of generated pho-
tocarriers over the barrier of the junction. Research towards
obtaining a high-efficiency solar cell does not end with the
observation of the generation of electron hole pairs (EHPs);
these created EHPs must also be able to move to the elec-
trodes without interacting significantly with the surround-
ings. The transport involves carrier-phonon and carrier-lat-
tice interactions, which are minimum in pure structures such
as an ultrapure crystalline silicon solar cell. Only an elec-
trical measurement involving measurement of short-circuit
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Figure 3: Quantization of properties with scaling of dimensions [13].

current and open-circuit voltage reveals how efficiently a cell
can convert the photoenergy to electrical energy. Unless this
test is performed, one cannot speculate about the efficiency.
From a manufacturing point of view, this test must be per-
formed on sufficient number of large area samples to account
for process variability and defects.

5. Quantum Dots

Quantum dots are “0” D particles, in which the band struc-
ture is dependent on the particle size because of quantization
effects. In theory, the band gap can be controlled by varying
the particle size and one can engineer an optimal band gap
for high-efficiency solar energy collection. In addition, other
methods such as multiple exciton generation (MEG) and hot
carrier capture processes have been postulated to increase
the solar energy conversion efficiency. Quantum dot proof of
concepts for use as solar cells is generally based on transient
absorption spectroscopy experiments, in which the number
of carriers generated are counted using light sources and
detectors. Figure 4 [25] shows a typical decay curve, which
shows that carriers were generated at zero picoseconds (ps)
and that the carrier population decayed over a time of
400 ps. This does show that carriers were generated, but these

high-energy carriers were not transported spatially across a
barrier. The transport process across the barrier must take
place before these high-energy carriers can be used for gen-
erating electricity. To date there is no experimental data in
quantum dots that shows the high-energy carrier transport
across the barrier takes place in a quantum dot.

In an experiment conducted in 2009, researchers fabri-
cated a quantum dot photodetector, which is very similar to
the fabrication of a solar cell. As shown in Figure 5, external
quantum efficiency (EQE) was measured and the number
varied between 15 and 52% as the incident wavelength was
varied between 400 and 1800 nm [26]. This is the realistic
quantum efficiency with which the incident photon is able to
generate measurable carriers in a colloid of quantum dots.
Some of the photogenerated carriers have recombined in
quantum dots, and the number of collected carriers per inci-
dent photon is less than 100% for all wavelengths.

6. Processing of Nanostructures

To manufacture a nanostructured device in a commercial-
ly viable fashion, two technologies are currently under con-
sideration. The first one is the standard top-down approach,
and the other is bottom-up approach. The most important
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requirement of the processing technology is the variability
the process creates in the critical dimension of the nanostruc-
ture. Uniformity of the critical dimension inside the device
should be maximum for a process to be considered suitable.
Figure 6 shows two Gaussian distributions and their full
width at half mean (FWHM). Distribution A is the desired
case with a small value for FWHM however, because of proc-
ess variations, the resulting distribution of the manufactured
critical dimensions looks like Distribution B. This variation
is difficult to optimize, and this arises because of the manu-
facturing process. From this perspective, the above-men-
tioned manufacturing techniques are examined in this
section.

6.1. Top-Down Approach. Lithography has been the standard
technique for transferring patterns during IC manufacturing
since its beginning. The minimum feature size, quantified as
half pitch, has been steadily decreasing since the 1980s. In-
vention of better light sources and improved methods of

Distribution B

Dimension

FWHM B

FWHM A

Distribution A

C
ou

n
t

Figure 6: Gaussian distributions of the critical dimension.

exposure have driven this change. As of now, the half-pitch
distance is 22 nm and the light source used has a wavelength
of 193 nm, which is about nine times the half pitch distance
[27]. Further decrease in the light source wavelength to
13.5 nm using an extreme ultra violet (EUV) source, has the
possibility to decrease the half pitch to the range of a few
nanometers. Such a trend is shown in Figure 6 [28]. With
lithography, patterns of half-pitch distance less than 10 nm
have been created over a decade ago [29]. Two methods are
commonly used to do the top-down lithography—one is se-
lective epitaxy, which is growing material on the required
areas; the other one is selective etching, which is growing
material over a large area and etching out the unnecessary
portions to create required structures. Both these methods
have been used successfully to create nanostructures.

Apart from surface patterning abilities, manufacturing
will require profiling abilities along the vertical axis. The deep
reactive ion etching (DRIE) process is currently able to make
vertical profiles with aspect ratios greater than 50. Thus, the
traditional, semiconductor industry, based manufacturing
technology can make nanodimensional structures for re-
search purposes. However, issues relating to nonhomogene-
ity and process control will determine if these devices can
be successfully manufactured on a large scale without defect-
related problems. Recently, a defect on one of Intel’s chip was
discovered and analysts predict that this defect is going to
cost Intel about $1 billion [30]. Defects such as these will
determine how successful a nanostructure-based product
will be. In addition, the high cost of lithography equipment
used in IC industry will require major cost reduction, if ever
this approach is used by the photovoltaic industry.

6.2. Bottom-Up Approach. The bottom-up approach involves
devices using an atom-by-atom approach and is called self-
assembly. In our opinion, the meanings of “self-assembly”
have been taken wrongly. True self-assembly process involves
programmed cell death or apoptosis [31]. The so called “self-
assembly” is actually selective chemistry. The atoms or mole-
cules are forced by chemical, mechanical, or electrical means
to assemble in a particular fashion. Researchers have often
compared this method to the method employed in the de-
velopment of an animal or a plant. To demonstrate the fun-
damental problems associated with “self-assembly,” we con-
sider the growth of carbon nanotubes (CNTs). Scanning
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tunneling microscope (STM) is used to select multiwall CNT
of desired length and diameter [32]. Even with the use of
STM, only multiwall CNTs of radius 21 ± 3 nm can be ob-
tained [32]. These results are not comparable to the lithogra-
phy results in terms of variability. In a previous publication
[33], we have investigated the basic nature of biodriven sys-
tems and shown that due to their fundamental nature of low
growth rates as well as their high-defect densities, it is highly
unlikely that such systems can be used in semiconductor
manufacturing.

In other fields, such as quantum dot lasers, researchers
have shown that lithography-based fabrication process gives
much better process control and results in structures with
better homogeneity than a process using self-assembly [34].
In a controlled experiment involving etching of silicon to
form 3D wire structure to find better photovoltaic properties,
researchers found that the maximum efficiency obtained was
only 7% [35]. These are very recent experiments that prove
that high efficiency is simply not possible using bottom-up
techniques.

7. Examination of Published Results

In Table 1, we have included efficiencies that were reported in
literature on solar cells that employ the proposed concepts.
In some experiments, complicated fabrication methods were
used and data from transient spectroscopy or electrolumi-
nescence experiments are reported, but neither the I–V data
nor the overall efficiency is mentioned. This trend leads the
reader away from the reality by talking only about the carrier
generation mechanisms. Unless these generated carriers can
be separated and collected, there is no solar cell action. As
we predicted in 2009 [5], a recently published paper [36]
also indicated that a carrier multiplication (CM) process (a
process thought to enhance solar cell efficiency) does not take
place and the results suggest no improvement in the CM
process in nanomaterials in comparison to bulk materials
[36].

Thus, as can be observed from Table 1, none of the pro-
posed concepts results in an efficiency increase in the proc-
ess of converting photo energy to electrical energy when
compared to the bulk material solar cell. There is no high
efficiency observed in any solar cell as predicted by various
theoretical and experimental works.

8. On the Issue of Process Variations and
Defects in Next-Generation Solar Cells

PV industry has many similarities with the integrated circuit
(IC) and light emitting diode (LED) industries. However,
there is one important factor that is different. In an IC, one
can increase redundancy to account for devices lost because
of defects. This is routinely done in the memory industry and
results in increased yield and lower fabrication cost. How-
ever, this generates an overhead of allocating chip space for
memory cells that do not add to the total memory locations
and extra logic to detect and replace the faulty devices [37].
In case of solar cells, until now, every cell that is built is

Table 1: Summary of experimental results.

Cell type Efficiency Ref.

GaAsNi IBSC 0.18% [22]

GaAs QD IBSC No data [23]

Si cell with quantum dots 5.7–10.6% [24]

Excitonic PbSe NC 3.4% [38]

Colloidal PbS QD 6.0% [39]

PbS NC 4% [40]

SL GaAs hot carrier 10.9%–11.2% [41]

MQW GaAs hot carrier 7.1% [41]

IBSC QD GaAs 9.3% [42]

Organic solar cell 8.30% [7]

Dye-sensitized solar cell 10.90% [7]

QD: quantum dots; SL: super lattice; NC: nanocrystal.

connected and contributes to the final output power. A defect
in any of the cell will result in the deterioration of power out-
put from every cell connected to the cell with defects. The
same principle applies to cells that have a lower output volt-
age or a lower output current due to parametric variations.
When connected in series, the cell with the lowest output
current will become a bottleneck for the whole module, and,
when connected in parallel, the cell with the lowest output
voltage will control the module voltage. Thus, defects are very
unforgiving in solar cells, and solar cell designs using nano-
materials cannot function unless the defect issue is first
solved. A similar approach of including redundant cells in a
module can be used; however, the overheads will be some-
what expensive because of the lost real estate.

To illustrate the above mentioned point, a hypothetical
case is presented. In Figure 8, individual cells (m× n matrix)
are connected in series and parallel to fabricate the resultant
solar module. V and J are the voltage and current at the
maximum power point. Cells in each row are connected in
series, and each row is finally connected in parallel with each
other. Thus, each row produces a voltage, V1, which is the
sum of individual voltages, that is, V11 + V12 + · · · + V1n,
and a current, which is the minimum current in that row,
say J (min). When such rows are connected in parallel, the
resulting voltage will be the lowest of the total voltages in
each row, V (min), and the minimum currents of each row
will add up to give the final current, J (total). The maximum
obtainable current and voltage is thus reduced due to series
and parallel connections.

In case of single crystal Si solar cells, open circuit voltage,
short circuit current density, and efficiency show Gaussian
distribution [43]. Along the line of observed distribution
in Si solar cells, very simple calculations were performed.
The mean value of the current at the peak power point was
assumed to be 25 mA and that of the voltage was assumed to
be 0.5 V. Calculations were done with the 3 sigma variation
in voltage and current to be 10%, 20%, 40%, and 80%. 100
such cells were assumed to be connected as 4 blocks in par-
allel, with each block consisting of 25 cells in series. This
arrangement generates about 90 mA and 12 V, which results
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a solar cell.

in a 1.1 W output power. Random normal data between the 3
sigma points on each side of the mean were generated using
the function “normrnd()” on GNU octave for both voltage
and current [44]. From the analysis of this data, we come to
the conclusion that as the variability in process parameters
increases, a significant portion of the power generated is lost
in the process of joining cells in series and parallel. On the
other hand, individually adding up the power generated in
each cell without considering the effect of connections results
in only minor loss of power even when variability is high.
Practically, to meet certain voltage and current requirements,
some sort of connection between cells is required, and this
will always result in significant power loss if variability is
high. In Figure 7, the results of the above analysis are plotted.
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Figure 9: Percentage of power loss as a function of parametric
variation.

As can be observed, there is about 55% decrease in output
power as the process variability is increased from 10% to
80%.

These calculations were performed without considering
the effect of reliability and testing issues. When these issues
are included, the percentage power lost will be even higher.
Other factors such as losses arising due to the interconnects
are also ignored to get the final result. In reality, one can
expect to see more power losses than shown in Figure 9.

To generalize, also as mentioned in a previous section, the
reduction of FWHM is crucial for obtaining the minimum
possible variation of critical dimension of the nanostructure-
based photovoltaic device. The relationship between FWHM
and solar cell efficiency is graphically shown in Figure 10; a
very good control on the process will result in devices with
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consistent properties and will result in a higher overall cell
efficiency.

9. Discussions

In the light of the evidences mentioned above, the bottom-
up approach will not result in useful nanostructures because
of lack of control on variability and homogeneity. Quantum
physics indeed predicts that the band gap of a material will
change as a result of quantization. And, if properly con-
trolled, a structure can be built with materials with varying
band gaps. Such a structure can in theory boost the efficiency
of a solar cell because the cell will be capable of collecting
photons across the complete solar spectrum. This knowledge
is not new and has been around for many years. The problem
in making such a structure is that a process to create such a
structure with the required precision does not exist

If a nanostructured device needs to be manufactured, one
is forced to resort to lithography techniques. Extreme ultra-
violet- (EUV-) based lithography has the potential of reach-
ing sub-10 nm resolution. E-beam and ion-beam lithography
are proven technologies to create devices in the range of a few
nanometers [45]. Tightest process control can be achieved
using e-beam lithography, and researchers are making nano-
structures with reasonable control regularly. However, this is
an expensive and time-consuming process and is not suitable
for the production of solar cells on a large scale.

In addition, the simple statistical-process-control- (SPC-)
based approach in processing tool should be replaced with
the advance-process-control- (APC-) based approach. APC
is fundamentally different from SPC, because APC relies on a
dynamic-model-based approach to reduce process variability
by conducting in situ measurements during the run time.
Real-time analysis of such measured data can detect varia-
tions in processing conditions that can result in excess vari-
ability. This data is used to automatically perform corrective
actions to keep the process continuously optimized for the
desired results. It should be noted that APC is the current
technique used to manufacture many parts of the latest
generation of ICs by the semiconductor industry [46]. Unless
there is a very tight process control, there is no hope of

getting a good efficiency in new generation solar cells. A tar-
get for the desired process variability is 10% at three standard
deviations, which is also the standard followed by the IC
industry.

The in situ measurements for the APC should be highly
precise, because the performance of the manufactured device
depends on how accurately the process can be controlled; the
input to this control is simply the in situ measurements. New
measurement techniques that use quantum effects have been
discussed [47]. These measurements schemes are still in their
infancy, and further research needs to be conducted in this
area to create the extremely precise measurement technique.
However, this method of using APC along with ultra low-
cost nanodimension lithography is the better option than the
bottom-up-based approach. Equipment that will meet the
requirements of photovoltaic industry for manufacturing na-
nostructure-based solar cells does not exist and needs to be
invented.

From a market standpoint, one of the barriers for extra-
ordinary growth of the PV industry, similar to that of the
mobile phone industry, is that investors are constantly being
bombarded with vague claims from researchers that their
work will lead to high-efficiency PV cells. This makes the in-
vestors cautious in investing in a current manufacturing
technology that may be obsolete soon [48]. As an example,
the publication of a paper on multiple exciton generation
(MEG) in colloidal silicon nanocrystals [49] motivated the
author of [50] to claim that silicon nanocrystals-based solar
cells can generate two electrons from one photon and that
single-junction PV cell efficiency can be as high as 40%. The
fact is that the authors of [49] never fabricated a PV device
and MEG phenomena reported in nanocrystals or quantum
dots have no direct relevance to the operation of the PV cell
[5].

10. Conclusions

In this paper, we have presented the potential of manufactur-
ing photovoltaic devices beyond current generation of bulk
and thin-film semiconductors. Based on the theoretical and
experimental results presented, it is obvious that the current
processing techniques are unable to capitalize on the advan-
tageous features of nanostructures. New processing methods
need to be invented that can provide better dimensional con-
trol than existing self-assembly technique. At the same time,
the cost of ownership for the new equipment must be lower
than that of the tools used presently in the manufacturing
of solar cells. Concepts proposed to be used in photovoltaic
devices such as multiple exciton generations, carrier multi-
plication, hot carrier extraction, and intermediate band solar
cells have fundamental flaws. Inaccurate assumptions used
in the operations of above-mentioned solar cells do not give
due importance to transport of photogenerated minority
carriers, which is an extremely important process in the
operation of a solar cell. In addition, there is no experimental
evidence that such “third-generation” devices can perform
better than devices based on the current generation of photo-
voltaic devices. As of now, continuous improvements in bulk
and thin-film solar cell manufacturing processes are driving
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costs down and increasing reliability, making solar cells a via-
ble option for power generation.
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TiO2, ZnO nanoparticulate(-np), and ZnO-nanorod(-nr) electrodes have been modified with FeS2 (pyrite) nanoparticles.
Quantum size effect is manifested by a blue shift in both absorption and photocurrent action spectra. PIA (photoinduced
absorption spectroscopy), a multipurpose tool in the study of dye-sensitized solar cells, is used to study quantum-dot modified
metal oxide (MO) nanostructured electrodes. The PIA spectra showed an evidence for long-lived photoinduced charge separation.
Time-resolved PIA showed that recombination between electrons and holes occurs on a millisecond timescale. Incident-photon-
to-current efficiencies at 400 nm are ranged between 13% and 25%. The better solar cell performance of FeS2 on ZnO-nr over
ZnO-np can be ascribed to the faster, unidirectional e-transport channels through the ZnO-nr as well as the longer electron
lifetimes. The lower performances of electrodes can be explained by the presence of FeS2 phases other than the photoactive pyrite
phase, as evidenced from XRD study.

1. Introduction

A great effort is being exerted to obtain efficient and inexpen-
sive organic and inorganic solar cells. The approach of using
semiconductor colloids for the design of optically transpar-
ent thin semiconductor films is considered as a unique and
an alternative for the amorphous silicon solar cells. Under
this approach, films made from colloidal metal oxide semi-
conductors which have large band gap have attained much
attention. This is primarily because they are quite stable. In
addition, they predominantly absorb in the UV region. The
usefulness of these systems for solar cell applications was
made possible by a basic principle, namely, sensitization of
their semiconductor surfaces into visible region either by or-
ganic dyes (dye sensitization) [1–4] or by inorganic short
band gap semiconductors also called quantum dots (QDs;
semiconductor sensitization) [5–8]. Power conversion effi-
ciencies in the range of 8–12% in diffuse daylight have been

obtained in the ruthenium-based dye-sensitized highly po-
rous TiO2 film [1]. On the other hand, wide band gap semi-
conductors have been sensitized by quantum dots, for ex-
ample, CdSe/TiO2 [4] and CdS/TiO2-SnO2[8] as alternative
to dye sensitization. Vogel and coworkers [6] have investi-
gated the sensitization of nanoporous TiO2, ZnO, and so
forth by Q-sized CdS with the photocurrent quantum yields
of up to 80% and open circuit voltages up to 1 V. In contrast
with the dye sensitized solar cells, fundamental understand-
ing of factors controlling the interfacial electron transfer re-
actions for the QD-sensitized solar cells is limited.

Dye sensitized solar cells (DSCs) based on one-dimen-
sional (1D) ZnO nanostructures, which exhibit significantly
higher electron mobility than that of both TiO2 and ZnO-np
films [9], have recently been attracting increasing attention
[9, 10].

In the present work, instead of organic dye as in DSCs,
we used FeS2 quantum dot semiconductors to sensitize MO
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semiconductor thin films (MO = TiO2, ZnO-np, and ZnO-
nr).

The FeS2 in pyrite phase is another favorable candidate
of photosensitization materials because of its environmental
compatibility, and high stability toward photocorrosion as
well as its very good absorption in the visible region of the
solar spectrum. The pyrite polymorph of iron disulfide is of
particular interest, and shows promise for solar energy con-
version devices in both photoelectrochemical and photovol-
taic solar cells [11, 12] and solid-state solar cells [13] due to
its favorable solid state properties [14]. Ennaoui et al. have
reported interesting photoresponse of FeS2 modified poly-
crystalline TiO2 electrode [14] using CVD method. Shen
et al. [15] have recently reported a method of modification
of TiO2 large band gap (Degussa P25) by quantum-sized FeS2

particles by a similar procedure described originally by Chat-
zitheodorou et al. [16]. They reported only an incident-pho-
ton-to current efficiency of 25% at 400 nm excitation and an
SEM picture of FeS2 adsorbed TiO2 film.

In this work, we report FeS2 QD sensitized TiO2, ZnO-np,
and ZnO-nr photoelectrodes prepared by a method describ-
ed previously by Shen et al. [15]. We described photoelec-
tron-chemical properties and photoinduced absorption
spectroscopy for mechanistic study.

2. Experimental

2.1. Preparation of Nanostructured Metal Oxide Film

2.1.1. TiO2 Nanoparticle Films. FTO plates are first put into
a 0.02 M TiCl4 aqueous solution and kept at 70◦C for 30 min.
to obtain a thin dense layer of TiO2. A paste containing 20 nm
sized TiO2 nanoparticles was subsequently spread on the
substrate using a doctor blade method. Working electrodes
were then sintered at 450◦C for 30 min in a hot air stream.

2.1.2. ZnO Nanoparticle Films. The concentration of ZnO
colloids was 0.05 M and was prepared by the method des-
cribed by Spanhel and Anderson [9] with a little change. Ad-
dition of LiOH to the organometallic zinc complex solution
was less by 25% than the required for stoichiometric addi-
tion. Colloidal ZnO solution thus obtained does not need
any further concentration since small amount of solvent was
used. The diameter of these colloidal particles was in the
range of 2–5 nm. A small aliquot (0.1–0.8 mL) of ZnO sol was
applied to the FTO substrate (0.8 × 4 cm2). The films (0.5–
3 μm) are dried in air and then heated at 400◦C for 1 h. The
sintered ZnO films adhered strongly to the FTO surface and
were stable in neutral and alkaline solutions.

2.1.3. ZnO-Nanorod Films. Firstly, 300 nm ZnO seed layer
was prepared on the FTO-coated glass. Two drops of 5 mM
solution of zinc acetate dihydrate in absolute ethanol, rinsed
in ethanol and blown dry with nitrogen gas. This is repeated
4 times before sintering at 350◦C in air for 30 min. This pro-
cess is repeated twice. Secondly, the thus ZnO-seeded sub-
strate was immersed into an aqueous solution of 25 mM zinc
nitrate hexahydrate, 25 mM hexamethylenetetramine and
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Figure 1: XRD spectra of FeS2 adsorbed metal oxide films. (a) ZnO-
nr particulate film and (b) TiO2-nanoparticle film. A: anatase; P:
pyrite, and M: marcasite.

5 mM polytheleneimine at 90◦C for a chemical bath deposi-
tion during total 12 hours. The solution was replaced by a
fresh one every 4 hours. The obtained ZnO nanorods were
rinsed with deionized water and dried in air at room tem-
perature.

2.2. Surface Modification of Metal Oxide Films by FeS2 Quan-
tum Dots. FeS2 quantum dots were deposited onto nano-
structured metal oxide films using a method to that described
by Shen et al. [15], with a little modification. The metal oxide
electrode was first dipped in a solution of 0.02 M sulfur in
xylene, rinsed with xylene, and heated to 125◦C for 5 min,
followed by immersion in a solution of 0.01 M iron penta-
carbonyl in xylene at a temperature of 139◦C, followed by
another xylene rinse and heating step (125◦C). The whole
experiment was carried out in a dry box under a nitrogen
atmosphere. This procedure was repeated several times until
the electrodes had become significantly darker in appear-
ance.

2.3. Characterization Methods. UV-Vis spectra were record-
ed using an Ocean Optics HR2000 diode array spectrometer.
Photoelectrochemical measurements were carried out using
a potentiostat (Princeton Applied Research Model 273) with
a 1 cm path-length quartz cuvette as the electrochemical cell.
The FeS2-modified metal oxide electrode served as a working
electrode, a Ag/AgCl (3 M KCl) as reference electrode, and a
Pt wire as counter electrode. The electrolyte composition was
Na2S 0.1 M and Na2SO4 0.01 M. The setups for recording
incident photon to current efficiency (IPCE) spectra and I-
V curves have been described elsewhere [17].

For PIA spectroscopy [18], excitation of the sample was
provided by a blue LED (Luxeon Star 1 W, Royal Blue,
470 nm), which was square-wave modulated (on/off) by



Advances in OptoElectronics 3

Mag = 10.36 kX
EHT = 5.00 kV
WD = 4 mm

2 μm

Photo no. = 1089 Time: 15:32

3 μm

Date: 14 Sep 2008Signal A = InLens

(a)

Mag = 83.44 kX
300 nm EHT = 15.00 kV

WD = 3 mm Photo no. = 1425 Time: 22:53

3 μm

Signal A = InLens Date: 21 Sep 2008

(b)

Figure 2: Scanning electron microscope images of FeS2-modified and unmodified metal oxide electrodes. (a) Cross-section of a ZnO nano-
rod film. Inset: top view of an FeS2-modified ZnO nanorod film. (b) Top view of TiO2 nanoparticulate film. Inset: top view of TiO2 after
FeS2 deposition.

electronical means using an HP 33120A waveform generator
and a home-built LED driver system. For the time-resolved
studies the output of the current amplifier was connected to
a data acquisition board (National Instruments, PCI-6052E).
All PIA measurements were done at room temperature.

3. Results and Discussion

3.1. Characterization of FeS2-Modified Metal Oxide Electrodes.
During deposition of FeS2 onto the metal oxide electrodes,
the appearance of the metal oxide electrodes changed from
white or transparent to a brown/grey color, which clearly
indicates FeS2 adsorption as confirmed by the XRD study.
Figure 1 shows XRD spectra of FeS2-modified metal oxides.
Besides the sharp peaks assigned to SnO2 (cassiterite) from

the FTO substrate and clear peaks from the metal oxide
(ZnO wurtzite, TiO2 anatase), a number of much smaller and
rather poorly resolved peaks also appeared. Possible origin of
these peaks are FeS2 that exists in a cubic phase (pyrite: P)
and an orthorhombic phase (marcasite: M). Furthermore
hexagonal FeS (troilite) FeO, and so forth may also exist.

The modified metal oxide electrodes were further ana-
lyzed using scanning electron microscopy. Figure 2(a) shows
a cross section of a ZnO nanorod electrode before modifica-
tion. The nanorods do not have a parallel orientation as a re-
sult of a nonoriented seed layer. The ZnO nanorods that were
grown during 12 hours were about 8 μm in length and
300 nm in diameter. The inset clearly shows the deposition of
a material in between the ZnO nanorods after the modifica-
tion procedure. The deposited material, presumable FeS2,
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Figure 3: Absorption spectra of FeS2 modified (a) ZnO-np, (b)
ZnO-nr, and (c) TiO2-np particulate films. Inset: band gap deter-
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fied metal oxide electrodes: (a) ZnO-np, (b) TiO2-np, and (c) ZnO-
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forms rather large aggregated structures. Figure 2(b) shows
the top-view of mesoporous TiO2 films. The inset corre-
sponds to modified TiO2 films which show formation of
large FeS2 aggregates (sizes between 50–70 nm) on top of
TiO2 nanoparticulate film with less uniformly distributed
and dispersed.

UV-Vis absorption spectra (Figure 3) show that the de-
posited material absorbs light with wavelength lower than
600–700 nm. The low energy tail may come predominately
from large particles. However, the high energy absorption
shoulders are probably originated from ultrasmall particles.
Because FeS2 has a small band gap around 1 eV [14], we
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Figure 5: Photoinduced absorption spectra of FeS2 modified metal
oxide electrodes in air: TiO2-np (filled triangle) ZnO-nr, (filled
square), and ZnO-np (filled losange).
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Figure 6: PIA decay transient absorption of Q-dots FeS2 modifi-
ed ZnO-nanorod electrode after excitation with blue light of
11 mW/cm2 recorded at 520 nm using a sampling rate of 103 s−1 and
averaged 100 times.

would expect a large wavelength absorption onset near IR.
Absorption spectra (Figure 3) show, however, particularly,
short wavelength absorption onsets. This might be explained
either in term of a quantum size effect of very small FeS2

particles which causes a band gap energy rising or simply
because of nonstoichiometric pyrite present in the film. For
this, the band gap of the material was analyzed by plotting
(inset of Figure 3) the square root of the absorbance versus
photon energy [19]. A linear relation was found for the
square root of the absorbance, suggesting that the lowest
band gap transition is indirect. The band gap, obtained by
extrapolation, may vary between 1.6 and 2.0 eV depending
on different metal oxide substrate. The reported value for the
band gap of FeS2 is 0.95 eV [14]. This suggests that there is a
strong quantum-size effect due to FeS2 particles.
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Similarly, IPCE spectra (Figure 4) show essentially the
same trend as the absorption spectra. The photoresponse of
different metal oxide electrodes have been extended to the
visible range after FeS2 modification. Although the FeS2/MO
electrodes show strong visible absorption in wavelengths
longer than 580 nm, no photoresponse was detected at these
wavelengths. This suggests that only small quantum-sized
FeS2 particles play a dominant role in the spectral sensitiza-
tion on TiO2 particles while larger particles have less or no
contribution. In order to validate the indirect band gap of
FeS2 on different MO electrode, the material has been analy-
zed by plotting the square root of the IPCE versus photon
energy (inset of Figure 4). Again, approximately linear rela-
tion was found for the square root of the IPCE, suggesting
that the lowest band gap transition is indirect. The band gap,
obtained by extrapolation, varied approximately between 1.5
and 1.9 eV.

Photoinduced absorption (PIA) spectroscopy, where exci-
tation is provided by an on/off modulated LED or laser giv-
ing intensities comparable to one sun is listed here under
photoelectrochemical techniques, because it too allows for
investigation of dye-sensitized (DSC) or quantum dots-sen-
sitized (SSC) cells under actual operating conditions, and it
can easily be combined with simultaneous electrochemical
measurements [10, 20]. Small changes in optical transmis-
sion are detected using a detector system with a lock in am-
plifier tuned at the frequency of the modulation. It is very
useful in qualitative studies, for instance, to check whether a
dye or a quantum dot is injecting electrons into TiO2 after
photoexcitation and whether a dye is regenerated when in
contact with a redox electrolyte [21]. The kinetics of slower

processes in the DSC or SSC (t > 10−5 s) can be followed us-
ing PIA. Because the PIA signal is proportional to the lifetime
of the observed species, it can be sensitive to a small fraction
of dye molecules that is not in contact with the redox couple
or hole conductor and therefore has a long lifetime of the oxi-
dized state [20].

PIA spectra in Figure 5 shows typical FeS2 modified dif-
ferent MO electrodes in the absence of the redox electrolyte
(in air). The PIA spectra clearly reflect the differential spec-
trum of FeS2 upon formation of injected electrons into MO
electrode (shown by absorption at large wavelengths), with
a bleach of the main absorption of FeS2 around 470 nm and
absorption peak at 580 nm (TiO2-np) and 670 nm (ZnO-nr).
It has to be noted that no PIA spectrum for pyrite based
ZnO-np photoelectrode has been recorded for comparison.
This may be due to deep trapped electron sites and large
number of boundaries in between ZnO nanoparticles which
lead to a very low density of electrons that might leave and
decay. For this case, only laser spectroscopy at high pulse
intensity could detect that small intensity decay.

The PIA spectra indicate long-live charge separated state
occurring in the Q-dot sensitized metal oxides: highest with
FeS2 modified ZnO-nr.

3.2. PIA Kinetics. Study of the kinetics in semiconductor sen-
sitizing solar cells is not only feasible by laser flash photolysis,
a costly technique, but also possible using time-resolved PIA
measurements. Figure 6 shows an example of such PIA trans-
ient; here decay recorded at 520 nm for FeS2 modified ZnO-
nr slow on/off excitation; (pseudo-) first-order rate constant
for bleach (growth at 520 nm) was estimated at about
0.15 ms, and is due to hole-electron recombination which
also does not follow simple first-order kinetic as for TiO2-np
modified with FeS2, but is characterized by a range of recom-
bination times. This relatively fast decay also proves at least a
well pore filling of ZnO-nr film by ultra fine particles of py-
rite.

Similarly, Figure 7 shows PIA transient growth recorded
at 800 nm for FeS2 modified TiO2-np. It is clear that the
recombination yield between generated electrons and holes
does not follow simple first- or even second-order kinetics,
but is characterized by a range of recombination times.
This has been explained by trapping of electrons within the
TiO2 nanocrystals [20, 22]. Transport of electrons through
TiO2 nanocrystals could also be one relation. For solar cell
performance the (pseudo-) first-order rate constant under
steady-state conditions is a relevant parameter as it can give
direct information on possible recombination losses due to
the reaction of electrons with holes. Analysis of the decay in
Figure 6 during the first 1 ms (using a sampling rate of
1 MHz) gives a recombination lifetime of 6 ms. This relatively
fast decay proves at least a well pore filling of TiO2 film by
ultra fine particles of pyrite.

4. Conclusion

The pyrite of iron disulfide (FeS2) shows promise for solar
energy conversion devices in photoelectrochemical solar
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cells. FeS2 can be used to sensitize different types of metal
oxides. Indirect band gap has been determined for FeS2

modified MO electrodes. Low performance of the electrodes
is mainly due to the presence of multiphase FeS2. Looking for
a pure and stoichiometric pyrite will be very promising for
solar cells based on quantum dots semiconductors.
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Two 8 µm thick TiO2 photoelectrodes have been sensitized separately by N719 dye molecules and CdS quantum dots for a
comparison study. Photoinduced absorption (PIA) spectroscopy was employed to investigate the mechanistic properties of
electrons under illumination conditions comparable to sunlight. The PIA spectrum of both electrodes (in the presence of
electrolyte) is due to electrons in TiO2 and iodine radicals I −.2 in the electrolyte. In the absence of redox electrolyte, both electrodes
show long-lived photoinduced charge-separation with lifetime in a millisecond range (8.5 ms for Q-dot-sensitized TiO2 and
11.5 ms for dye-sensitized TiO2).

1. Introduction

Nanostructured solar cells sensitized by organic dyes
(DSSCs) [1–6] or by inorganic short bandgap semiconduc-
tors (also called quantum dots, QDs) [7–10] have attracted
a great deal of interest. They are capable to obtain efficient
conversion of solar energy to electricity at a low cost com-
parative to conventional semiconductor photovoltaic devices
[11, 12]. The approach of using semiconductor colloids
for the design of optically transparent thin semiconductor
films is considered as a unique and an alternative for the
amorphous silicon solar cells. Using this approach, dye-
sensitized solar cells based on bi- and polypyridyl ruthenium
complexes have achieved solar-to-electrical energy conver-
sion efficiencies of 10-11% under AM 1.5 irradiation [1–3].
On the other hand, wide bandgap semiconductors have also
been sensitized by short bandgap quantum dots (CdSe/TiO2

[6], CdS/TiO2-SnO2 [10]) as alternative to dye sensitization.
Vogel and coworkers [8] have investigated the sensitization
of nanoporous TiO2, ZnO, and so forth by Q-sized CdS.
Photocurrent quantum yields up to 80% and open-circuit

voltages up to 1 V range were obtained. In contrast with
the dye-sensitized solar cells, fundamental understanding of
factors controlling the interfacial electron transfer reactions
in QD sensitized solar cells is limited.

In this paper, we report photoinduced absorption spec-
troscopy of an organic (N719 dye)-sensitized and inorganic
(Q-dot CdS) semiconductor-sensitized TiO2 (8 µm) pho-
toelectrodes under illumination conditions comparable to
sunlight in order to compare the mechanistic properties of
electrons.

2. Experimental

2.1. Preparation of Nanostructured TiO2 Films. We take care
more about similarity in TiO2 thicknesses in order to insure
the same length of e-transfer from different sensitizer to
external circuit. Before coating conducting glass ITO with
TiO2 nanoparticles, first we coated a blocking layer by
immersing ITO plates into 0.02 M TiCl4 solution at 70◦C for
30 min. TiO2 layer was made with EPFL paste by the Doctor
Blade technique. Working electrodes were then sintered at
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450◦C for 30 min using heat gun and cooled down to room
temperature.

2.2. Surface Modification of TiO2 by Quantum Dots CdS.
TiO2 metal oxide nanostructured electrodes were suc-
cessively dipped into an aqueous solution of saturated
Cd(ClO4)2 and 0.1 M Na2S for 1 and 2 min, respectively.
After each CdS layer deposition, the electrodes were heated
at 125◦C for 5 min.

2.3. Surface Modification of TiO2 by N719 Dye. The relatively
hot (∼80◦C) TiO2 nanostructured electrodes were immersed
in a 0.5 mM ethanolic solution of N719 dye ((TBA)2-cis-
Ru(Hdcbpy)2-(NCS)2, Solaronix, Switzerland) and left for
about 2 hours only. (There was no need for overnight
adsorption, just a reasonable adsorption to be able to
investigate a good mechanistic study.)

2.4. Characterization Methods. UV-Vis spectra were re-
corded using a Hewlett-Packard 8453 diode array spec-
trometer. For PIA spectroscopy (Figure 1), excitation of the
sample was provided by light from a blue LED (Luxeon Star
1 W, Royal Blue, 470 nm), which was square-wave modu-
lated (on/off) by electronical means using an HP 33120 A
waveform generator and a home-built LED driver system.
The beam, with an intensity in the range of 0.5–30 mW/cm2,
excited a sample area of about 1 cm2. White probe light
was provided by a 20 W tungsten-halogen lamp. A cutoff
filter (Schott RG715) was used to minimize excitation of the
sample by the probe light where indicated. The transmitted
probe light was focused onto a monochromator (Acton
Research Corporation SP-150) and detected using a UV-
enhanced Si photodiode, connected to a lock-in amplifier
via a current amplifier (Stanford Research Systems models
830 and 570, resp.). For the time-resolved studies the
output of the current amplifier was connected to a data
acquisition board (National Instruments PCI-6052E). All
PIA measurements were done at room temperature.

3. Results and Discussion

3.1. UV-Vis Absorption Spectra. Figure 2 shows UV-Vis
absorption spectra of bare TiO2 film, CdS-sensitized, and
N719-sensitized TiO2 films. It is clear that CdS and N719 dye
both have extended further the absorption into the visible up
to 600 and 750 nm, respectively.

3.2. PIA Spectroscopy of CdS/TiO2 System. Figure 3 shows
typical PIA spectra of the CdS-nanostructured TiO2 system.
In the absence of the redox electrolyte, the PIA spectrum
clearly reflects the differential spectrum of CdS upon forma-
tion of the oxidized CdS (or hole formation), with a bleach
of the main absorption band at 470 nm. The PIA spectrum
after the onset of 550 nm should reveal the spectrum of
injected electrons into TiO2 conduction band with a peak
around 650 nm compared to CdS alone on ITO. In the later,
large recombination occurs when it failed to be transported
far away form the existing created holes. When the redox
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Figure 1: Schematic drawing of the photoinduced absorption spec-
troscopy setup.
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Figure 2: Absorption spectra of (a) TiO2 particulate film, (b) CdS-
adsorbed TiO2 film, and (c) N719 dye-adsorbed TiO2 film.

electrolyte is added, the PIA spectrum changes significantly.
The oxidized CdS is rapidly reduced by the electrolyte,
and thus little bleaching is observed under 530 nm. The
brad absorption at wavelengths larger than 600 nm can be
attributed to injected electrons in TiO2.

In Figure 4, PIA spectra of CdS-adsorbed TiO2 electrodes
in the presence of electrolyte and under open circuit are
shown. When the redox electrolyte, composed of 0.7 M
LiI and 0.05 M I2 in 3MPN, is added, the PIA spectrum
changes significantly. The absorption increases up to 600 nm
and remains almost flat up to 800 nm. We attribute the
PIA signals to electrons in nanostructured TiO2 and iodine
radicals (I−2) [13]. Triiodide does not absorb at wavelengths
larger than 600 nm, while I−2 exhibits a broad absorption
peak at 750 nm with an extinction coefficient of 2200 M−1

[14].
Study of the kinetics in semiconductor sensitizing solar

cells is not only feasible by laser flash photolysis but also
possible using time-resolved PIA measurements. Figure 5
shows such a typical PIA transient decay recorded at 700 nm.
Pseudo-first-order rate constant for e-injection from CdS
conduction band to TiO2 conduction band was about 8.5 ms
approximately which does not follow simple first-order
kinetic but is characterized by a range of injection times. This
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Figure 3: Photoinduced absorption (PIA) spectra of quantum
dots CdS-modified TiO2-NP electrode (circle) in air and CdS on
conducting glass ITO (square). The spectra were recorded using
blue light (460 nm) excitation (42 mW·cm−2) with a modulation
frequency of 9 Hz.
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Figure 4: PIA spectra of CdS adsorbed at a nanostructured
TiO2 film. Filled squares: in air; filled circles: in the presence of
electrolyte. The spectra were recorded using blue light (460 nm)
excitation (42 mW cm−2) with a modulation frequency of 9 Hz.

relatively fast decay proves at least a well pore filling of TiO2

film by ultrafine CdS particles.

3.3. PIA Spectroscopy of N719/TiO2 System. Figure 6 shows
typical PIA spectra of the dye-sensitized TiO2 system. In
the absence of the redox electrolyte (Figure 6(a)), the PIA
spectrum clearly reflects the differential spectrum of N719
upon formation of the oxidized dye, with a bleach of the
ground state MLCT (metal-to-ligand charge transfer) main
absorption band at 540 nm and an absorption peak at
780 nm (Figure 6(a)) which corresponds to MLCT transi-
tions. Electrons in the TiO2 will also be present in the
PIA. When the redox electrolyte composed of 0.7 M LiI and
0.05 M I2 in 3MPN is added (Figure 6(b)), the PIA spectrum
changes significantly. The oxidized dye is rapidly reduced by
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Figure 5: PIA decay transient absorption of Q-dots CdS-modified
TiO2 electrode after excitation with blue light (11 mW/cm2)
recorded at 600 nm using a sampling rate of 103 s−1 and averaged
100 times.
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Figure 6: PIA spectra of N719 adsorbed at a nanostructured TiO2

film. (a) In air; (b) in the presence of electrolyte, 0.7 M LiI and
0.05 M I2 in 3MPN. The spectra were recorded using blue light
(460 nm) excitation (42 mW cm−2) with a modulation frequency of
9 Hz. With redox electrolyte (0.7 M LiI and 0.05 M I2 in 3MPN);
f = 193 Hz.

the iodide in the electrolyte, presumably according to the
following reactions [15–17].

D+ + 2I− −→ D + I2
−.

2I2
−. −→ I− + I−3

(1)

The resulting PIA spectrum should reveal the spectrum
of electrons in TiO2 electrons in TiO2 as well as triiodide
in the electrolyte. The gradually increasing absorption with
wavelengths larger than 600 nm can be attributed to electrons
in TiO2 and iodine radicals (I2

−.) [13]. Electrons in nanos-
tructured TiO2 exhibit a very broad absorption and have
an extinction coefficient of about 1000 M−1 cm−1 at 800 nm
[18]. Triiodide does not absorb at wavelengths larger than
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Figure 7: PIA decay transient absorption of N719 dye-modified
TiO2 electrode in the absence of electrolyte after excitation with
blue light (11 mW/cm2) recorded at 750 nm, using a sampling rate
of 103 s−1 and averaged 100 times.

600 nm, while I2
−. exhibits a broad absorption peak around

750 nm with an extinction coefficient of 2200 M−1 cm−1.
Recently, it was shown in pulsed nanosecond laser studies
that I2

−. is an important long-lived intermediate in the dye-
sensitized solar cell [17, 19]. The PIA spectrum of Figure 6(b)
has contributions of both electrons and I2

−. radicals.
Figure 7 shows typical PIA transient decay recorded

at 750 nm. Pseudo-first-order rate constant for e-injection
from dye excited state to TiO2 conduction band was about
12 ms. This does not follow simple first-order kinetic, but
is characterized by a range of injection times. This has
been explained by trapping of electrons within the TiO2

nanocrystals [16]. Similar pseudo-first-order rate constant
of 11 ms has been measured using PIA transient decay for
N719/TiO2 for electron recombination [20]. This relatively
fast decay proves at least a well pore filling of TiO2 film
by N719 dye molecules. The CdS/TiO2 system shows its
first-order rate constant for e-injection of 8.5 ms which is
relatively faster than that of the N719/TiO2 system (12 ms).
This relatively faster kinetic process seen in CdS/TiO2 system
may reflect its faster process of high kinetic processes
in the range of picoseconds already observed with this
system [21]. For solar cell performance the pseudo-first-
order rate constant under steady-state conditions is a relevant
parameter, as it can give direct information on possible
recombination losses due to the reaction of electrons with
oxidized dye molecules.

4. Conclusion

Photoinduced absorption spectroscopy where the excitation
is provided by an on/off monochromatic light source can give
direct information on electron-injection and hole-electron
recombination rates using spectra of transient species, and

their kinetics can be explored using time-resolved tech-
niques. PIA can monitor slow processes and is cheaper
compared to laser flash photolysis. The relatively faster
kinetic process observed in CdS/TiO2 system compared
to N719/TiO2 system could reflect its faster process of
high kinetic processes in the range of picoseconds already
observed.
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Development of new counter electrode materials is vital for commercialization of efficient dye-sensitized solar cells (DSCs) process.
Research on DSCs has been focused mainly on using platinum as counter electrode, which makes them expensive. In this paper, we
report DSCs fabricated with high surface area mesoporous carbon thin film with uniform spherical particles as counter electrode.
An overall light-to-electricity efficiency as high as 7.6% has been achieved under illumination of air mass (AM) 1.5 sunlight
(100 mW/cm2). In comparison with activated carbon, high surface area mesoporous carbon shows superior performance. Our
results show that mesoporous carbon with high specific surface area and uniform pore size distribution proved to be better efficient
electrode material for DSCs.

1. Introduction

Environmental concerns and global energy demand have
triggered the interest in development of renewable energy
especially solar energy. Conventional silicon-based solar
cells are large-scale, single-junction devices, and very high
percentage of photovoltaic production comes from these
solar cells [1, 2]. However, cost of these solar cells made
them not economical compared with other power-generating
methods. In recent years, DSCs have attracted a great deal of
attention due to its simple fabrication and low production
cost. DSCs are composed of porous nanostructured oxide
film with adsorbed dye molecules as a dye-sensitized anode,
an electrolyte containing iodide/triiodide redox couple, and
a platinized fluorine-doped tin oxide (FTO) glass as the
counter electrode [3–5]. For further reduction of production
cost of DSCs, development of new electrode material to
replace platinum counter electrode is highly desirable.
Mesoporous carbon with very high surface area and uniform
pore size distribution has emerged to be the best candidate in

this respect. In addition, porous carbons have attracted much
attention due to their potential applications in catalysis,
adsorption, storage of natural gas, separation process, and
electric double-layer capacitors [6–10]. Several different
methods have been developed to synthesize mesoporous
carbons. Among them, template synthesis method [11,
12] has been extensively used since the obtained material
possesses uniform and interconnected pores. This synthetic
technique involves impregnation of silica templates with an
appropriate carbon source, carbonization of carbon precur-
sor, and subsequent removal of silica. After the discovery
of ordered mesoporous carbon materials by Ryoo et al.
using mesoporous silica as a template and sucrose as a
carbon source there is a growing interest in the synthesis of
mesoporous carbons [11].

Recently, Srinivasu et al. have demonstrated two-
dimensional hexagonal large mesoporous carbon as metal-
free counter electrode for solar cells [13]. Mesoporous car-
bon materials with uniform sphere particles have been used
for various catalytic applications. However, the influence
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of porous carbon spheres on DSCs performance has not
been investigated thoroughly yet. And mesoporous carbon
material with uniform sphere particles has also not been used
in the open literature as a counter electrode in achieving high
efficiency in DSCs. In this paper, we report the fabrication
of high surface area mesoporous carbon film with uniform
sphere particles as a counter electrode for DSCs.

2. Experimental

2.1. Preparation of Mesoporous Carbon Electrode. The high
surface area mesoporous carbon was prepared using meso-
porous silica, MCM48 as a hard template, and sucrose
as a carbon source. In a typical synthesis of mesoporous
carbon, 1 g of template was added to a solution obtained by
dissolving 1.25 g of sucrose and 2.5 g of water and keeping the
mixture in an oven for 6 h at 100◦C. Subsequently, the oven
temperature was raised to 160◦C for another 6 h. In order to
obtain fully polymerized and carbonized sucrose inside the
pores of silica template, 0.8 g of sucrose, 0.09 g of H2SO4,
and 2.5 g of water were again added to the pretreated sample
and the mixture was again subjected to thermal treatment
as described above. The template-polymer composites were
then pyrolyzed in a nitrogen flow at 900◦C and kept under
these conditions for 6 h to carbonize the polymer. The
mesoporous carbon was recovered after dissolution of the
silica framework. The final mesoporous carbon material
with uniform sphere (MCS) was used to prepare a film on
FTO glass using doctor-blade technique [14, 15], which was
ultrasonically cleaned in ethanol prior to use.

Powder X-ray diffraction patterns were obtained through
a Rigaku diffractometer using CuKα (λ = 0.154 nm) radi-
ation. N2 adsorption-desorption isotherms are measured
at 77 K on a Micromeritics Tristar II 3020 adsorption
analyzer. Before the adsorption measurements, all samples
are outgassed at 250◦C in the port of the adsorption analyzer.
The position of the maximum on pore size distribution
is referred to as the pore diameter, which was calculated
from adsorption branches by Barret-Joyner-Halenda (BJH)
method. The HRTEM images are obtained with JEOL JEM-
2100F. Hitachi S-4800 HR-FESEM is used to observe the
morphology of the material.

2.2. Fabrication of Dye-Sensitized Solar Cell. A nanocrys-
talline TiO2 photoelectrode of 20 μm thickness (area:
0.25 cm2) was prepared by screen printing on conducting
glass as previously described [16]. The films were further
treated with 0.05 M TiCl4 and 0.1 M HCl aqueous solutions
before examination [17]. Coating of the TiO2 film was
carried out by immersing for 45 h in a sensitizer solution
(N719) of 3 × 10−4 M acetonitrile/tert-butyl alcohol (1/1,
v/v) solution. Deoxychloric acid (20 mM) was added to the
dye solution as a coadsorbent to prevent aggregation of
dye molecules [18, 19]. Photovoltaic measurements were
performed in a two-electrode sandwich cell configuration.
The dye-deposited TiO2 film and a mesoporous carbon
on conductive glass were used as the working electrode
and the counter electrode, respectively. The two electrodes
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Figure 1: Powder XRD patterns of (a) MCM48 and (b) MCS mate-
rial.

Table 1: Textural parameters of MCS material.

Sample ABET/m2·g−1 Vp (cm3/g)
dp, BJH (nm)

adsorption

MCM48 1182 1.28 2.5

MCS 1594 1.20 2.3

were separated by a surlyn spacer (40 μm) and sealed by
heating the polymer frame. The electrolyte was composed of
0.6 M dimethylpropyl-imidazolium iodide (DMPII), 0.05 M
I2, TBP 0.5 M, and 0.1 M LiI in acetonitrile.

3. Results and Discussion

Powder XRD patterns of mesoporous carbon spheres (MCSs)
prepared using sucrose as a carbon source is shown in
Figure 1. The sample exhibits three reflections on the region
2θ = 1.5 – 3.5◦ which are indexed to (110), (211), and (220)
reflections of the cubic space group I4132. It is interesting to
note that periodic structure of MCS material is different from
the template MCM48, which is because the carbon networks
formed from bicontinuous two mesochannels systems of
MCM48 structure are not interconnected. The two channel
systems of MCM48 can undergo mutual displacement of
their positions upon removal of silica template. The removal
of silica wall causes the appearance of new (110) reflection
in XRD, which indicates that the Ia3d structure of MCM48
transformed systematically to cubic I4132 [11]. Further,
textural characterization information is obtained using
nitrogen adsorption and desorption isotherm. The textural
properties of MCS and pure siliceous MCM48 samples are
shown in Table 1. The adsorption and desorption isotherm
of MCS sample are well-pronounced capillary condensation
step similar to that of mesoporous silica MCM48 indicating
high degree of uniform mesoporous material (Figure 2). The
specific surface area is calculated from standard Brunauer-
Emmett-Teller (BET) method. The isotherm also reveals that
the MCS has high BET specific surface area of 1594 m2/g,
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Figure 2: Nitrogen adsorption-desorption isotherms of MCS mate-
rial (�-adsorption, Δ-desorption).

which is higher than that of MCM48 template and total
pore volume of MCS material is 1.2 cm3/g. The pore size of
materials is calculated from Barrett-Joyner-Halenda (BJH)
method. Typically MCS material has pore size distribution
at 2.3 nm from adsorption branch of nitrogen isotherm.
In general, replication process gives carbon with pore
size equal to wall thickness of template; however MCS
pore size is almost double the wall thickness of template
MCM48, which is due to structural transformation of MCS
material attributed to strain in the carbon framework upon
removal of the template. High-resolution scanning electron
microscopy (HR-SEM) image of mesoporous carbon MCS
sample is shown in Figure 3(a). The MCS material retains
the morphology of template MCM48 with regular spherical
morphology of partice size in the range of 0.06 to 0.2 μm.
The high-resolution transmission electron microscopy (HR-
TEM) image for the MCS material is shown in Figure 3(b).
The TEM image shows that regular array of holes separated
by walls. The MCS material gave regular pore structure like
MCM-48 without carbon deposition on the external surface.

The photocurrent density and voltage spectra of cells
were measured using N719 dye under illumination of air
mass (AM) 1.5 sunlight. Figure 4 shows the photocur-
rent density-photovoltage performance for DSCs based on
MCS counter electrode. The short-circuit current (Jsc),
the open-circuit voltage (Voc), and the fill factor (FF)
are 15.26 mA/cm2, 0.74 V, and 0.68%, respectively. The
overall conversion efficiency (η) of 7.64% obtained for MCS
electrode is superior to 1.44% efficiency of activated charcoal.

4. Conclusions

In summary, we have successfully fabricated mesoporous
carbon thin film with uniform sphere particles as a counter
electrode for dye-sensitized solar cells. The mesoporous
carbon spheres exhibited specific surface area of 1594 m2/g
and ordered pore structure with pore size of 2.3 nm. We have
demonstrated that high specific surface area and ordered
pore structure of mesoporous carbon spheres favor in the
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Figure 3: (a) HRSEM and (b) HRTEM images of MCS material.
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Figure 4: Photocurrent-voltage characteristics of dye-sensitized
solar cells of MCS and activated charcoal materials.

superior performance for dye-sensitized solar cells than that
of activated charcoal. The new electrode material in turn
leads to many future studies on their advanced applications.

Acknowledgments

The author P. Srinivasu thanks the International Center
for Young Scientists (ICYS) and International Center for



4 Advances in OptoElectronics

Materials Nanoarchitectonics (MANA) at National Institute
for Materials Science, Tsukuba, Japan for financial support.

References

[1] M. K. Nazeeruddin, A. Kay, I. Rodicio et al., “Conversion
of light to electricity by cis-X2bis(2, 2′-bipyridyl-4, 4′-di-
carboxylate)ruthenium(II) charge-transfer sensitizers (X=Cl−,
Br−, I−, CN−, and SCN−) on nanocrystalline TiO2 electrodes,”
Journal of the American Chemical Society, vol. 115, no. 14, pp.
6382–6390, 1993.

[2] Y. Chiba, A. Islam, Y. Watanabe, R. Komiya, N. Koide, and L.
Han, “Dye-sensitized solar cells with conversion efficiency of
11.1%,” Japanese Journal of Applied Physics, vol. 45, no. 24–28,
pp. L638–L640, 2006.

[3] A. Hagfeld and M. Grätzel, “Light-induced redox reactions in
nanocrystalline systems,” Chemical Reviews, vol. 95, no. 1, pp.
49–68, 1995.

[4] M. Law, L. E. Greene, J. C. Johnson, R. Saykally, and P. Yang,
“Nanowire dye-sensitized solar cells,” Nature Materials, vol. 4,
no. 6, pp. 455–459, 2005.

[5] E. M. Kaidashev, M. Lorenz, H. Von Wenckstern et al., “High
electron mobility of epitaxial ZnO thin films on c-plane
sapphire grown by multistep pulsed-laser deposition,” Applied
Physics Letters, vol. 82, no. 22, pp. 3901–3903, 2003.

[6] S. H. Joo, S. J. Choi, I. Oh et al., “Ordered nanoporous
arrays of carbon supporting high dispersions of platinum
nanoparticles,” Nature, vol. 412, no. 6843, pp. 169–172, 2001.
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High surface area nanocrystalline zinc oxide material is fabricated using mesoporous nanostructured carbon as a sacrificial
template through combustion process. The resulting material is characterized by XRD, N2 adsorption, HR-SEM, and HR-
TEM. The nitrogen adsorption measurement indicates that the materials possess BET specific surface area ca. 30 m2/g. Electron
microscopy images prove that the zinc oxide spheres possess particle size in the range of 0.12 μm–0.17 μm. The nanocrystalline
zinc oxide spheres show 1.0% of energy conversion efficiency for dye-sensitized solar cells.

1. Introduction

Dye-sensitized solar cells (DSCs) have attracted great atten-
tion, due its advantages such as low cost, easy fabrication, and
high energy conversion efficiency over traditional Si-solar
cells [1, 2]. DSCs are composed of porous nanostructured
oxide film with adsorbed dye molecules as a dye-sensitized
anode, an electrolyte containing iodide/triiodide redox cou-
ple, and a platinized fluorine-doped tin oxide (FTO) glass
as the counter electrode [3–5]. In DSCs high-internal-
surface-area and wide-band-gap semiconductor material
with adsorbed dye as a photoanode plays an important role.
The choice of semiconductor depends on its conduction
band, density state that allows efficient electronic coupling
with the dye energy level to facilitate charge separation and
minimize recombination. Additionally, the semiconductor
material must have high internal surface area to maximize
light absorption by the dye monolayer with good electrical
conductivity to the substrate. In general, anatase titania
nanocrystals are used as recipient of injected electrons from
optically excited dye and provide the conductive pathway

to the circuit. To complete the cycle the redox species in
electrolyte solution transport the hole from oxidized dye
to counter electrode [6]. However, titania has low electron
mobility and transport properties, which trigger electron
recombination rate. Recently, zinc oxide materials have
been paid great interest as an alternative for titania in
DSCs as its energy band gap is similar to that of titania
with higher electron mobility [7, 8]. Moreover, zinc oxide
possesses tunable structural properties more than any other
semiconductor materials. Recently, several researchers have
been using mesoporous silica as a template to prepare
different transition metal oxides [9–14]. But removal of silica
from the composite is a relatively difficult task which requires
either strong acid or strong base conditions.

Recent research work of Srinivasu et al. has demonstrated
first example of highly efficient metal-free counter electrode
for DSCs using large mesoporous carbon [15]. Here, we have
demonstrated a novel method to prepare nanocrystalline
zinc oxide using large porous carbon synthesized from
ordered mesoporous silica (KIT-6), which has not been
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studied yet as a hard template for the preparation of
zinc oxide spheres in the open literature. In the present
study, nanocrystalline zinc oxide spheres are fabricated using
mesoporous carbon as a hard template through combustion
technique. Thus obtained material is carefully characterized
using various sophisticated techniques. Also, DSC perfor-
mance of nanocrystalline zinc oxide spheres isinvestigated.

2. Experimental

2.1. Preparation of Mesoporous Carbon and Zinc Oxide
Spheres. Ordered mesoporous carbon material referred to
as LPC (large-porous carbon) is synthesized by pyrolysis
of sucrose inside the large-pore mesoporous silica (KIT-6)
synthesized at 100◦C. In a typical synthesis of mesoporous
carbon, 1 g of KIT-6 is added to a solution obtained by
dissolving 0.75 g of sucrose and 5.0 g of water and keeping the
mixture in an oven for 6 h at 100◦C. Subsequently, the oven
temperature was raised to 160◦C for another 6 h. In order to
obtain fully polymerized and carbonized sucrose inside the
pores of silica template, 0.5 g of sucrose, 0.06 g of H2SO4,
and 5.0 g of water are again added to the pretreated sample
and the mixture is again subjected to the thermal treatment
described above. Carbonization is performed at 900◦C for 5 h
under N2 atmosphere. The resulting carbon/silica composite
is treated with HF acid (5 wt%) at room temperature for the
selective removal of silica. Zinc oxide spheres are prepared
by adding 20 mL of zinc nitrate (1.5 mol L−1) solution and
stirring at room temperature for 6 h. The impregnated
carbon material is dried at room temperature and heated
under air at 550◦C for 4 h. The final ZnO nanosphere
material is used to prepare a film on FTO glass using doctor
blade technique [16, 17], which is ultrasonically cleaned in
ethanol prior to use.

Powder X-ray diffraction patterns were obtained through
a Rigaku diffractometer using CuKα (λ = 0.154 nm) radi-
ation. N2 adsorption-desorption isotherms are measured at
77 K on a Quantachrome Autosorb 1 volumetric adsorption
analyzer. Before the adsorption measurements, all samples
are outgassed at 250◦C in the port of the adsorption analyzer.
The position of the maximum on pore size distribution
is referred to as the pore diameter, which was calculated
from adsorption branches by Barret-Joyner-Halenda (BJH)
method. The HRTEM images are obtained with JEOL JEM-
2100F. Hitachi S-4800 HR-FESEM is used to observe the
morphology of the material.

2.2. Fabrication of Dye-Sensitized Solar Cell

2.2.1. Preparation of ZnO Electrode. The dye solutions (0.3
mM solution of N719 dye) were prepared in 1 : 1 acetonitrile
and tert-butyl alcohol solvents. Deoxycholic acid as a coad-
sorbent was added to the dye solution at a concentration of
20 mM. The electrodes were immersed in the dye solutions
and then kept at 25◦C for 24 h to adsorb the dye onto the
ZnO.

2.2.2. Preparation of Dye-Sensitized Solar Cell. Photovoltaic
measurements were performed in a two-electrode sandwich

cell configuration. The dye-deposited ZnO film and a
platinum-coated conducting glass were used as the working
electrode and the counter electrode, respectively. The two
electrodes were separated by a surlyn spacer (40 μm thick)
and sealed up by heating the polymer frame. The electrolyte
was composed of 0.6 M dimethylpropyl-imidazolium iodide
(DMPII), 0.05 M I2, TBP 0.5 M, and 0.1 M LiI in acetonitrile
(AN).

3. Results and Discussion

The powder X-ray diffraction (XRD) pattern for zinc oxide
spheres is shown in Figure 1(a) with Bragg diffraction wide-
angle reflections between 2θ = 10–70◦, which are indexed
as (100), (002), (101), (102), (110), (103), and (112) planes
corresponding to the wurtzite-analogous structure of ZnO. It
indicates that the material is pure zinc oxide as there are no
other peaks found in the XRD pattern. The low-angle peak
periodicity of the mesopore carbon is not observed in ZnO
spheres, which is due to collapse of mesoporosity during
the high-temperature treatment in presence of air. This also
can be explained that the incomplete filling of mesoporous
carbon by zinc precursor leading to the collapse of the porous
structure during heat treatment. It is interesting to note that
pure anatase titania has been prepared using mesoporous
carbon template without any rutile and brookite phases by
removing carbon template by simple combustion process.
Figure 1(b) shows nitrogen adsorption-desorption isotherm
measured at 77 K for ZnO spheres. The obtained BET specific
surface area for ZnO sphere is 32 m2/g.

The morphology of zinc oxide spheres is observed using
HR-SEM (Figure 1(c)), which confirms that the morphology
of mesoporous carbon was retained even after removal of
carbon template. The prepared ZnO nanospheres possess
particle size in the range of 0.12–0.17 μm. ZnO spheres are
further confirmed by high-resolution transmission electron
microscopy (Figure 1(d)). The selected area electron diffrac-
tion (SAED) pattern of ZnO spheres in Figure 1(e) shows dif-
fuse rings which indicate the polycrystalline. The interplanar
spacing (d) values obtained from XRD are summarized in the
table, which are comparable with computed SAED pattern.
It can be seen from Figure 1(e) that indexed SAED pattern is
equivalent to the pattern of wurtzite ZnO. It is interesting
to note that SAED pattern from HR-TEM matches well
with data obtained from powder XRD. It is concluded that
synthesized zinc oxide spheres from novel carbon templating
technique are highly crystalline with wurtzite phase. IPCE
spectra of ZnO spheres are shown in Figure 2(a).

Monochromatic incident photon-to-current conversion
efficiency (IPCE) for the solar cell, plotted as a function of
excitation wavelength, was recorded on a CEP-2000 system
(Bunko-Keiki Co. Ltd.). IPCE at each incident wavelength
was calculated from the equation given below, where Isc is
the photocurrent density at short circuit in mA cm−2 under
monochromatic irradiation, q is the elementary charge, λ is
the wavelength of incident radiation in nm, and P0 is the
incident radiative flux in Wm−2

IPCE(λ) = 1240

(
ISC

qλP0

)
. (1)
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Figure 1: (a) X-ray diffraction pattern, (b) nitrogen adsorption isotherm of LPC material, (c) SEM image, (d) TEM image, and (e) selected
area electron diffraction, (f) interplannar spacing values obtained from XRD of ZnO spheres.

The photocurrent density-voltage curves and incident
photon-to-current efficiency (IPCE) spectra of the cells
based on N719 dye under the illumination of air mass (AM)
1.5 sunlight (100 mW/cm2, WXS-155S-10: Wacom Denso
Co. Japan).

Usually the IPCE spectra at wavelength 500–600 nm are
attributed to higher dye loading capacity of the material.
Further the broad spectra between 600 and 750 nm a

higher-wavelength region indicates that the N719 dye has low
level of absorption for incident light and IPCE values higher
than 600 nm can be ascribed to the enhanced light-scattering
capacity of the material [18]. ZnO nanospheres show broad
IPCE spectra between 500 and 600 nm indicating higher
N719 dye absorption capacity. The materials also show little
extended spectra in 600–700 nm region responsible for low
level of dye absorption. The N719 dye on ZnO nanospheres
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Figure 2: (a) Incident photon-to-current conversion efficiency (IPCE) spectra, (b) photocurrent-voltage (I-V) characteristics of dye-
sensitized solar cells of ZnO nanospheres.

has maximum absorption of 35% at 530 nm. In conclusion,
the IPCE spectra proves that higher-absorption property for
dye molecule with little weak interaction between photons
and the dye molecules on the ZnO crystallites.

Figure 2(b) shows the photocurrent density-photo-
voltage performance for DSCs based on ZnO nanospheres.
The obtained short-circuit current (Jsc), the open-circuit
voltage (Voc), and the fill factor and (FF) for ZnO nano-
spheres are 3.7 mA/cm2, 0.43 V, and 0.62%, respectively. The
overall conversion efficiency (η) of 1.0% is obtained for ZnO
nanospheres.

4. Conclusions

We have demonstrated dye-sensitized solar cells using ZnO
nanospheres photoelectrode prepared using nanoporous
carbon as template. The high-temperature heating process of
mesoporous carbon and zinc precursor composite resulted
in pure wurtzite-analogous structure of ZnO. The prepared
ZnO nanospheres possess high surface area with particle size
in the range of 0.12–0.17 μm. The dye-sensitized solar cells
using ZnO spheres show 0.62% of fill factor and 1.0% of
energy conversion efficiency.
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High surface area titania with crystalline anatase walls has been synthesized using ordered large mesoporous carbon as a template.
The pore structure of mesoporous carbon is infiltrated with titanium tetraisopropoxide solution at room temperature and the
mixture is subjected to heat treatment at 550oC in presence of air to complete removal of the template. The prepared crystalline
anatase frameworks are characterized by XRD, N2 adsorption and HR-TEM. The nitrogen adsorption-desorption analysis of the
prepared anatase titania particles exhibits BET specific surface area of 28 m2/g. The dye-sensitized solar cells performance of this
anatase titania material has been tested and energy conversion efficiency of 3.0% is achieved under AM 1.5 sunlight. This work
reports a new approach for fabrication of nanocrystalline anatase titania by simple hard templating technique for the first time
and their applications for dye-sensitized solar cell.

1. Introduction

The use of solar cells for energy production by converting
sunlight directly into electricity is an avenue to address global
energy demand and clean alternative power generation
devices. Most commonly used solar cell technologies include
crystalline silicon, thin film concentrators, and thermopho-
tovoltaic solar cells. Silicon-based solar cells are large-
scale, single-junction devices, and a very high percentage
of photovoltaic production comes from these solar cells
[1, 2]. The thin-film solar cells are aimed to decrease the
amount of expensive material used in production process
without sacrificing efficiency. The materials used in thin-
film solar cells are amorphous silicon, CuIn(Ga)Se2 (CIGS)
and CdTe/CdS, which are deposited on thin low-cost glass
or copper foil substrate [3, 4]. An alternative approach
using multijunction solar cells of dye-sensitized solar cells
(DSCs) and organic solar cells (OSCs) are also developed
to reduce the cost furthermore [5, 6]. In recent years, DSCs

have attracted a great deal of attention due to their simple
fabrication and low production cost. DSCs are composed
of porous nanostructured oxide film with adsorbed dye
molecules as a dye-sensitized anode, an electrolyte contain-
ing iodide/triiodide redox couple, and a platinized fluorine-
doped tin oxide (FTO) glass as counter electrode [7–9].
In DSCs high internal surface area and wide band gap
semiconductor material with adsorbed dye as a photoanode
plays an important role. The choice of semiconductor
depends on its conduction band, density state that allows
efficient electronic coupling with the dye energy level to
facilitate charge separation and minimize recombination.
Additionally, the semiconductor material must have high
internal surface area to maximize light absorption by the
dye monolayer with good electrical conductivity to the
substrate. Among many other metal oxide semiconductors,
nanocrystalline titania is of great scientific and technological
interest due to its excellent performance in solar cells [10,
11], photocatalysis [12], photochromism [13], sensors [14],
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and so forth. Further, anatase titania nanocrystals are used as
best recipient of injected electrons from optically excited dye
and provides the conductive pathway to the circuit. However,
the preparation of crystalline titania by hard templating
technique involves silica, which requires strong acid or base
for complete removal of template [15, 16].

Recently, P. Srinivasu et al.’s research on dye-sensitized
solar cells has clearly demonstrated that large mesoporous
carbon thin film can act as metal-free counter electrode
with very high energy conversion efficiency [17]. The work
in Srinivasu et al. concentrated on the use of large porous
two-dimensional hexagonal carbon, where properties of the
carbon material depends on its ordered two-dimensional
pore structure and surface area.

The recent research on templated synthesis of meso-
porous carbon using three-dimensional mesoporous silica
(KIT-6) has attracted a lot of attension for applications
in catalysis and adsorption studies [18]. However, three-
dimensional mesoporous carbon prepared from KIT-6, has
not been used as a hard template for the fabrication
of anatase titania in the open literature. Here we report
nanocrystalline anatase titania synthesized using three-
dimensional mesoporous carbon as a hard template through
combustion technique and characterize the prepared mate-
rial by powder X-ray diffraction, nitrogen adsorption, and
electron microscopy techniques. Dye-sensitized solar cell
device is constructed with nanocrystalline anatase titania
thin film and studied the performance of the material.

2. Experimental

2.1. Preparation of Mesoporous Carbon and Anatase Crys-
talline Titania. Ordered mesoporous carbon material ref-
ered to as CTS-6 (carbon from three-dimensional silica-6)
is synthesized by pyrolysis of sucrose inside the large-pore
mesoporous silica (KIT-6) synthesized at 100◦C. In a typical
synthesis of mesoporous carbon, 1 g of KIT-6 is added to a
solution obtained by dissolving 0.75 g of sucrose and 5.0 g
of water, and keeping the mixture in an oven for 6 h at
100◦C. Subsequently, the oven temperature was raised to
160◦C for another 6 h. In order to obtain fully polymerized
and carbonized sucrose inside the pores of silica template,
0.5 g of sucrose, 0.06 g of H2SO4, and 5.0 g of water are
again added to the pretreated sample and the mixture is
again subjected to the thermal treatment described above.
Carbonization is performed at 900◦C for 5 h under N2-
atmosphere. The resulting carbon/silica composite is treated
with HF acid (5 wt%) at room temperature to selectively
removal of silica. Anatase crystalline titania is prepared by
adding 20 mL of titanium tetraisopropoxide (1.5 mol L−1)
solution and stirring at room temperature for 6 h. The
impregnated carbon material is dried at room temperature
and heated under air at 550◦C for 4 h. The final anatase
titania material is used to prepare a film on FTO glass using
doctor-blade technique [16] and [17], which is ultrasonically
cleaned in ethanol prior to use.

Powder X-ray diffraction patterns were obtained through
a Rigaku diffractometer using CuKα (λ = 0.154 nm) radi-
ation. N2 adsorption-desorption isotherms are measured at

77 K on a Quantachrome Autosorb 1 volumetric adsorption
analyzer. Before the adsorption measurements, all samples
are out gassed at 250◦C in the port of the adsorption analyzer.
The position of the maximum on pore size distribution
is referred to as the pore diameter, which was calculated
from adsorption branches by Barret-Joyner-Halenda (BJH)
method. The HRTEM images are obtained with JEOL JEM-
2100 F. Hitachi S-4800 HR-FESEM is used to observe the
morphology of the material.

2.2. Fabrication of Dye-Sensitized Solar Cell

2.2.1. Preparation of Titania Electrode. The dye solutions
(0.3 mM solution of N719 dye) were prepared in 1 : 1
acetonitrile and tert-butyl alcohol solvents. Deoxycholic
acid as a coadsorbent was added to the dye solution at a
concentration of 20 mM. The electrodes were immersed in
the dye solutions and then kept at 25◦C for 24 h to adsorb
the dye onto the TiO2.

2.2.2. Preparation of Dye-Sensitized Solar Cell. Photovoltaic
measurements were performed in a two-electrode sandwich
cell configuration. The dye-deposited TiO2 film and a
platinum-coated conducting glass were used as the working
electrode and the counter electrode, respectively. The two
electrodes were separated by a surlyn spacer (40 μm thick)
and sealed up by heating the polymer frame. The electrolyte
was composed of 0.6 M dimethylpropyl-imidazolium iodide
(DMPII), 0.05 M I2, TBP 0.5 M, and 0.1 M LiI in acetonitrile
(AN).

3. Results and Discussion

Powder X-ray diffraction pattern is measured for titanium-
tetraisopropoxide impregnated mesoporous carbon sample
after removal of carbon template through combustion
process in presence of air. Figure 1(a) shows powder XRD
patterns of resulting material in the range of 2θ = 10–80◦. The
well-defined sharp Bragg peaks indicate highly crystalline
nature of the material. The Bragg diffraction peaks indexed
as (101), (112), (200), (105), (211), (204), (116), (220), and
(215) are correspond to anatase phase TiO2 with tetragonal
arrangement. However, mesoporous ordered structure could
not be retained after complete removal of the template due to
incomplete filling of pore structure with titanium precursors.
The nitrogen adsorption-desorption isotherm for crystalline
anatase titanium oxide is shown in Figure 1(b). The BET
specific surface area obtained for prepared anatase TiO2 is
28 m2/g, which is remarkable.

Figure 2(a) shows high resolution TEM images of the
nanocrystalline titania particles with particle size in the
range of 5-6 nm. It is very interesting to note the particle
size is smaller than commercially available TiO2 (P-25
Degussa, average particle size 25–30 nm). The circled areas
in Figure 2(b), which are in regular pattern, show that all
particles are in anatase form. Corresponding SAED pattern
(Figure 2(c)) indicates polycrystalline nature of the material.
The interplanar spacing (d) obtained from computed SAED
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Figure 1: (a) Powder XRD pattern of anatase TiO2 and (b) nitrogen adsorption-desorption isotherm of anatase TiO2 (•-adsorption, ◦-
desorption).
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Figure 2: (a, b) High-resolution transmission electron microscopy images and (c) selected area electron diffraction (SAED) pattern of
nanocrystalline titania.

pattern is well matched with data obtained from XRD. The
results obtained from XRD and HRTEM clearly conclude
that the synthesized TiO2 particles are in anatase crystalline
form. This confirms that material of very small anatase TiO2

particles can be prepared using mesoporous carbon template
approach. Figure 3(a) shows current-voltage characteristics
obtained for the cell with anatase TiO2 thin film.

Monochromatic incident photon-to-current conversion
efficiency (IPCE) for the solar cell, plotted as a function of
excitation wavelength, was recorded on a CEP-2000 system
(Bunkoh-Keiki Co. Ltd.). IPCE at each incident wavelength
was calculated from equation given below, where Isc is the
photocurrent density at short circuit in mA cm−2 under
monochromatic irradiation, q is the elementary charge, λ is
the wavelength of incident radiation in nm, and P0 is the
incident radiative flux in Wm−2

IPCE(λ) = 1240

(
Isc

qλP0

)
. (1)

The photocurrent density-voltage curves and incident
photon-to-current efficiency (IPCE) spectra of the cells
based on N719 dye under the illumination of air mass (AM)
1.5 sunlight (100 mW/cm2, WXS-155S-10: Wacom Denso
Co., Japan).

The titania thin film is coated on FTO conductive glass
twice using anatase TiO2 gel. The prepared titania thin film
is dipped into N719 dye, and then photocurrent voltage
characteristics are measured by irradiating with simulated
AM1.5 100 mW/cm2 solar light. The short-circuit current
(Jsc), the open-circuit voltage (Voc), and the fill factor (FF)
values obtained for nanocrystalline TiO2 are 6.19, 0.819,
and 0.64%, respectively. It is interesting to observe that
high overall conversion efficiency (η) is 3.24% this is due
to anatase titania high crystallinity and high specific surface
area. The IPCE result of DSCs is shown in Figure 3(b). The
anatase nanocrystalline titania thin film showing broad IPCE
spectra between 500 and 600 nm indicates higher N719 dye
absorption capacity. It can also be seen that the maximum
IPCE value at 530 nm of the cell made from anatase titania
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Figure 3: (a) Photocurrent-voltage (I-V) characteristics and (b) incident photon-to-current conversion efficiency (IPCE) spectra of dye-
sensitized solar cells of anatase TiO2 particles.

thin films is approximately 46%, which is interesting. These
results clearly show dye-sensitized solar cells fabricated with
the prepared anatase titania thin film show good solar-to-
electricity conversion.

4. Conclusions

A nanocrystalline anatase titania with average particle size
of 5 nm was successfully synthesized by mesoporous carbon
hard template. The synthesized TiO2 particles were fully
anatase crystalline form, which was confirmed by vari-
ous characterization techniques. The BET-specific surface
obtained for this material was 28 m2/g. The novel approach
used for the synthesis of nanocrystalline anatase titania
using mesoporous carbon as a hard template by combustion
process may also be applied to synthesize other metal oxides,
such as Cu, Sn, Zr, and so forth. Light-to-electricity conver-
sion yield of 3.24% was achieved by applying the nanocrys-
talline anatase titania thin film of dye-sensitized solar cells.
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A synthetic method to produce mesoporous carbons with tunable textural properties and ordered pore structure has been
developed by changing sucrose to water ratio. The specific surface area of 1437 m2/g with pore volume of 1.4 cm3/g and porosity
of mesopores centered at around 4.4 nm are achieved by tuning the concentration of filling amount into mesoporous silica. The
mesoporous carbon exhibits hexagonal rod-like morphology (a diameter of∼1.2 μm), which confirms that the replication process
is highly successful. It is demonstrated that the prepared mesoporous carbon exhibits much higher current density and superior
performance as compared to conventional activated charcoal.

1. Introduction

Ordered mesoporous carbons have attracted considerable
attention in the past few years due to their applications in
adsorption of larger molecules, electrochemical double layer
capacitor, catalyst support, fuel cells, solar cells, and hy-
drogen storage systems [1–6]. These kinds of applications
require porous carbon with tailored porous structure [7,
8]. Recently, several different methods have been devel-
oped to synthesize mesoporous carbons. These include the
carbonization of polymer aerogels such as resorcinol-for-
maldehyde resins [9], the catalytic activation of carbon
precursors in the presence of metals and organometallic
compounds [10, 11], and carbonization of polymer blends
with thermally unstable components [12, 13]. However,
these methods result in having a mesoporous carbon with
broad pore size distribution. Among them, template syn-
thesis method [14–17] has been extensively used due to the
obtained material possessing uniform and interconnected
pores. The synthesis technique is known as “nanocasting.”
This synthetic technique involves impregnation of silica tem-
plate with an appropriate carbon source, carbonization of
carbon precursor, and subsequent removal of silica. The

resulting carbons are inverse replicas of ordered meso-
porous silicas. Since the first successful synthesis of ordered
mesoporous carbon (CMK-1) using MCM-48 [14], various
structures have been reported from different silica templates.
On the other hand, textural parameters such as surface area,
pore volume, and pore diameter are found to be significantly
influencing the electrocatalytic activity. In supported mate-
rials, mesoporous offers high metal dispersion and stability
of nanoparticles. Although tuning the textural properties of
mesoporous carbon is important for various catalytic and
electrocatalytic studies, the effect of sucrose concentration
on tuning the properties of mesoporous carbon material is
not addressed yet. In this study, textural properties of meso-
porous carbons are tuned by varying the concentration of
sucrose. In addition, the electrocatalytic activity of prepared
carbon material is investigated.

2. Experimental

Ordered mesoporous carbon materials referred to as CSB
(carbon from SBA-15) was synthesized by pyrolysis of
sucrose inside the mesoporous silica (SBA-15). In a typical
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Figure 1: Powder XRD patterns of CSB materials with different
sucrose to water ratios; (a) CSB-1, (b) CSB-2, and (c) CSB-3.

synthesis of mesoporous carbon, 1 g of SBA-15 was added to
a solution obtained by dissolving 0.7 g of sucrose and 5.0 g of
water and keeping the mixture in an oven for 6 h at 100◦C.
Subsequently, the oven temperature was raised to 160◦C for
another 6 h. In order to obtain fully polymerized and car-
bonized sucrose inside the pores of silica template, 0.47 g of
sucrose, 0.05 g of H2SO4, and 5.0 g of water were again added
to the pretreated sample and the mixture was again subjected
to thermal treatment described above. Carbonization was
performed at 900◦C for 5 h under N2 atmosphere. The re-
sulting carbon/silica composite was treated with HF acid
(10 wt.%) at room temperature to selective removal of silica.
The obtained mesoporous carbons are denoted as CSB-1,
CSB-2, and CSB-3, which are synthesized using sucrose to
water weight ratios of 0.06, 0.08, and 0.12 respectively.

Powder X-ray diffraction patters were obtained through
a Rigaku diffractometer using CuKα (λ = 0.15406 nm)
radiation, operated at 40 kV and 40 mA in a step scan mode
with narrow divergence slits. N2 adsorption-desorption
isotherms were measured at 77 K on a Micromeritics Tristar
II 3020 adsorption analyzer. Before the adsorption mea-
surements, all samples were outgassed at 250◦C in the port
of the adsorption analyzer. The Brunauer-Emmett-Teller
(BET) specific surface areas were obtained from adsorption
branches in the relative pressure range of 0.05–0.20. The total
pore volume was estimated from the amount of nitrogen gas
adsorbed at a relative pressure of 0.98. The position of the
maximum on pore size distribution is referred to as the pore
diameter, which was calculated from adsorption branches by
Barret-Joyner-Halenda (BJH) method. The HRTEM images
were obtained with JEOL JEM-2100F. The preparation of
samples for HRTEM analysis involved sonication in ethanol
for 5 min and deposition on a copper grid. The accelerating
voltage of the electron beam was 200 kV. Hitachi S-4800 HR-
FESEM was used to observe the morphology of the materials
prepared at different sucrose to water weight ratios.

Platinum particles supported on mesoporous carbons
with loading of 10 wt% are prepared using H2PtCl6·6H20
(Wako chemical, purity: 99.9%) as a platinum source. Mes-
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Figure 2: Nitrogen adsorption-desorption isotherms of CSB mate-
rials with different sucrose to water ratios; (Δ) CSB-1, (∇) CSB-2,
and (�) CSB-3.

oporous supports and Pt particles were dispersed into
ethanol. The mixture was dried at room temperature in N2

gas flow. The dried powder was reduced at 400◦C for 2 h in
a mixed gas H2 (10%) and He (90%) flow. The performance
of this electrode is compared with that of a 10 wt% Pt on
activated carbon electrode material. The anode properties
of Pt-mesoporous support were examined by ALS/DY2323
bipotentiostat electrochemical analyser. The measurements
were carried out in an aqueous solution of 0.5 M H2SO4.
Pt foil, and Ag/AgCl electrode were used as counter and
reference electrodes respectively.

3. Results and Discussion

The powder X-ray diffraction patterns of mesoporous carbon
materials prepared using sucrose as a carbon source at
different sucrose to water weight ratio of 0.06, 0.08, and 0.12
are shown in Figure 1. All the samples exhibit sharp distinct
reflections of 2θ below 3.0◦, which are characteristic for
highly ordered mesostructures belonging to 2D hexagonal
P6mm space group. The XRD patterns are exactly matched
with the patterns of SBA-15 silica template, which indicates
that the mesoporous carbons are inverse replicas of those
templates. It is interesting to note that the CSB-1 also
exhibits clear higher-order peaks that can be indexed as
(100), (110), and (200) diffractions. The structural order of
the CSB-3 material improves when sucrose to water ratio is
0.12. The unit cell parameters for the mesoporous carbon
evaluated from the XRD data are summarized in Table 1.
The hexagonal unit cell a0 parameter is calculated using
the formula a0 = 2d100/

√
3. It is observed that the unit

cell constant of these carbon materials increases from 9.7
to 9.9 nm with increasing the sucrose to water weight ratio
in the composition. Subsequently, the pore wall thickness of
mesoporous carbon materials also changes which is in the
range of 5.3 to 5.5 nm for all CSB materials.

The mesoporous nature of carbon materials prepared
at different sucrose to water ratio is confirmed by nitrogen
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Table 1: Textural parameters of CSB materials.

Sample a0/nm ABET/m2·g−1 Vp (cm3/g) dp, BJH (nm) adsorption Wall thickness (nm)

CSB-1 9.7 1118 1.30 4.2 5.5

CSB-2 9.7 1286 1.39 4.4 5.3

CSB-3 9.9 1437 1.35 4.4 5.5

5 µm

(a)

100 nm

(b)

Figure 3: (a) HR-SEM and (b) HR-TEM images of CSB-3.
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Figure 4: Cyclic voltammogram of 10 wt% Pt-loaded CSB-3
obtained in 0.5 M H2SO4 at 50 mVs−1.

sorption analysis. Figure 2 shows the nitrogen adsorption-
desorption isotherms of CSB-1, CSB-2, and CSB-3 along
with BJH pore size distribution (inset). All isotherms are
of type IV and exhibited a H2 type hysteresis loop. As
the relative pressure increases (P/P0 > 0.4), all isotherms
exhibit a sharp capillary condensation step of nitrogen within
uniform mesopores, where the P/P0 position of the inflection
point is correlated to the diameter of the mesopore. The pore
diameter and the specific surface area of the carbon materials
gradually increase with increasing sucrose to water weight
ratio. The specific surface area for CSB-1 increases from
1118 m2/g to 1437 m2/g for CSB-3, while the pore diameter
also increases from 4.2 nm to 4.4 nm for the same samples.
The specific surface area and pore diameter are higher for
CSB-3 than the other mesoporous carbons prepared using

this procedure, which facilitates superior performance in
electrochemical cells. It is assumed that the lower sucrose
to water ratio used for preparation of CSB-1 material may
induce the formation of some amount of disordered carbon
such as coke inside the mesochannels, which reduces total
surface area. Moreover, the specific pore volume is in the
range of 1.30 to 1.39 cm3/g for all the prepared carbon
materials. Figure 3(a) shows the HR-FESEM images of CSB-3
material confirming rod-like morphology, which is similar to
that of silica template. The HR-TEM image of CSB-3 material
is shown in Figure 3(b). CSB-3 exhibited highly ordered
mesoporous structure with linear array of pores originated
from mesoporous silica framework.

Cyclic voltammetry is employed to obtain electrochemi-
cal active area of Pt-CSB-3 material. Figure 4 shows the cyclic
voltammograms of 10 wt% Pt-loaded CSB-3 material. The
electrochemical active surface area (EAS) was calculated using
the following equation [18]:

EAS = QH

[Pt]× 0.21
, (1)

where [Pt] represents the Pt loading (mgcm−2) in the
electrode, QH represents the charge for hydrogen desorption
(mCcm−2) and 0.21 represent the charge for the adsorption
of H2 monolayer on atomically smooth Pt. It is interesting to
note that when using 10 wt% of Pt loaded on CSB-3 material,
the charge of H2 desorption is higher together with the elec-
trochemical active surface area of Pt being 29 m2/g compared
to that of 10 wt% Pt-loaded activated carbon (16 m2/g). It
is observed that the charge of H2 desorption is dependent
on active surface area of Pt loaded and textural parameters
of carbon materials. Furthermore, platinum-loaded CSB-3
material shows superior performance compared to activated
carbon material due to its large ordered pore channels which
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are continuous connected with the large quantity of small
pores in the carbon pore walls.

4. Conclusions

In summary, the technique used in this study is novel to syn-
thesize ordered mesoporous carbons with high surface areas
and large pore diameters by changing sucrose to water weight
ratio. It enables to tune the textural properties of mesoporous
carbons with uniform pore structure. The mesoporous
carbon exhibits surface area of 1437 m2/g with ordered
pore structure and pore size of 4.4 nm. The results from
electrochemical measurements reveal that the high surface
area and ordered structure of mesoporous carbon favored
superior performance compared with activated carbon.
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Thin films of ZnO semiconductor nanorods (ZnO-nr) of 6 µm length and thin ZnO nanoparticulate films (ZnO-np) have been
prepared and modified with Q-dots CdS for comparison study. PIA (photoinduced absorption spectroscopy), a multipurpose
tool in the study of dye-sensitized solar cells, is used to study a quantum-dot-modified metal-oxide nanostrucutred electrode. Q-
dot CdS-sensitized ZnO-nr (1D network) sensitized photoelectrode has demonstrated best performances in both photoelectrical
response (IPCE max = 92%) and broadening response into far visible comparing to ZnO-np-based CdS solar cell. Preadsorbing
ZnO-nr with ZnO-np does not bring further improvement. Time constant for electron injection into ZnO-nr conduction band
was relatively fast decay of 6.5 ms, similar to TiO2-coated CdS, and proves at least a well pore filling of ZnO-nr film by ultrafine
CdS particles. Unidirectional electron transfer mechanistic in ZnO-nr has played a major role in these performances.

1. Introduction

When used as electrodes in regenerative photoelectron-
chemical cells, wide bandgap nanostructured metal oxide
(MO) semiconductor materials can serve as carriers of solar
absorbers such as organometallic dyes [1–5] or inorganic
narrow bandgap semiconductors (quantum dots: Q-dots)
[6–9]. Power conversion efficiencies in the range of 8–12%
in diffuse daylight have been obtained in the sensitization
of highly porous TiO2 film with only a submonolayer
required ruthenium complex [1, 2]. On the other hand,
wide bandgap semiconductors have been sensitized by
short bandgap (Q-dots) semiconductor materials CdSe/TiO2

[6], CdS/TiO2-SnO2 [9] as alternative to dye sensitization.
Vogel and coworkers [7] have investigated the sensitization
of nanoporous TiO2, ZnO by Q-sized CdS. Photocurrent
quantum yields of up to nearly 80% and opencircuit voltages
up to 1 V range were obtained. Under visiblelight irradiation,
only the sensitizer is excited, and electrons transferred to
their conduction band are injected to the inactivated MO
semiconductor conduction band. If the valence band of the
sensitizer is more cathodic than the valence band of MO, hole

generated in the semiconductor remains there and cannot
migrate to MO. Thus, the two charges will be separated
effectively.

Dye-sensitized solar cells (DSCs) based on one-dimen-
sional (1D) ZnO nanostructures, which exhibit significantly
higher electron mobility than that of both TiO2 and ZnO-np
films [10], have recently been attracting increasing attention
[10, 11].

In contrast with the dye-sensitized solar cells, fundamen-
tal understanding for the factors controlling the interfacial
electron transfer reactions in Q-dots-modified metal-oxide-
based solar cells is limited. Photoinduced absorption spec-
troscopy is a suitable method to obtain spectral and kinetic
information of the Q-dot-sensitized MO electrodes.

In this paper, we report QD-CdS-sensitized ZnO-np,
ZnO-nr, and ZnO-nr preadsorbed with ZnO-np photoelec-
trodes. We described photoelectrochemical properties and
for the first time photoinduced absorption spectroscopy for
mechanistic study. We compare our results to those obtained
recently on CdS-adsorbed TiO2 using PIA measurements, in
a separate paper submitted for publication.
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Figure 1: Photoelectrochemical cell (Quartz) [13].

2. Experimental Section

2.1. Preparation of ZnO Nanorod (1D) Films. Firstly, 300 nm
ZnO seed layer was prepared on the optically conducting
glass, indium-doped SnO2 (ITO) substrate. Two drops of
5 mM solution of zinc acetate-dihydrate in ethanol absolute,
rinsed in ethanol, and blow dried with nitrogen gas. This
is repeated 4 times before sintering at 350◦C in air for
30 min and cooled down to room temperature. This process
is repeated twice [12].

Secondly, the deposited ZnO seed substrate was
immersed into an aqueous solution of 25 mM zinc nitrate
hexahydrate, 25 mM hexamethylenetetramine and 5 mM
polyethyleneimine at 90◦C for a hydrothermal reaction for a
total of 12 hours. The solution was replaced by a fresh one
every 4 hours. The obtained ZnO nanorods were rinsed with
deionized water and dried in air at room temperature.

2.2. Surface Modification of ZnO by Quantum Dots of
CdS. ZnO metal oxide nanostructured and ZnO nanorod
electrodes were successively dipped into an aqueous solution
of saturated Cd(ClO4)2 and 0.1 M Na2S for 1 and 2 min,
respectively. After each CdS layer deposition, the electrodes
were heated at 125◦C for 5 min.

2.3. Characterization Methods. UV-Vis spectra were record-
ed using a Hewlett-Packard 8453 diode array spectrometer.
The photoelectrochemical measurements were carried out in
a layer cell consisting of a 1 cm path-length quartz cuvette
[13]. Two electrodes were inserted consisting of a reference
(Ag/AgCl) and counter- (Pt wire) electrodes similar to that
shown in Figure 1. A Princeton Applied Research (PAR)
Model 173 and 175 universal potentiostats were used in
electrochemical measurements. The setups for recording
incident photon to current efficiency (IPCE) spectra and I-V
curves have been described elsewhere [12].

For PIA spectroscopy (see described setup in Figure 2),
excitation of the sample was provided by light from

Monochromator

L
Lamp

ens +

Optional filters

Sample

LED driver
+ lense

LED

Si detector

Signal analysis

Figure 2: Photoinduced absorption (PIA) setup.

a blue LED (Luxeon Star 1 W, Royal Blue, 470 nm), which
was square-wave modulated (on/off) by electronical means
using an HP 33120 A waveform generator and a home-
built LED driver system. The beam, with an intensity in the
range of 0.5–30 mW/cm2, excited a sample area of about
1 cm2. White probe light was provided by a 20 W tungsten-
halogen lamp. A cutoff filter (Schott RG715) was used to
minimize excitation of the sample by the probe light where
indicated. The transmitted probe light was focused onto a
monochromator (Acton Research Corporation SP-150) and
detected using a UV-enhanced Si photodiode, connected to a
lock-in amplifier via a current amplifier (Stanford Research
Systems models 830 and 570, resp.). For the time-resolved
studies the output of the current amplifier was connected to
a data acquisition board (National Instruments PCI-6052E).
All PIA measurements were done at room temperature.

3. Results and Discussion

3.1. Microstructure. SEM image in Figure 3 shows a 1-
dimensional network of ZnO nanorods about 6 µm length.
The diameter of these nanorods was estimated to be less than
300 nm. Also in Figure 4 are SEM pictures of ZnO-nr films
after modification with Q-dots CdS. Compared to ZnO-nr
SEM alone, we clearly can observe a good adsorption of CdS
particles around ZnO nanorods (see both Figures 4(a) and
4(b)).

3.2. UV-VIS Absorption Spectra. Absorption spectra have
been recorded for both ZnO-nr films before and after CdS
modification (Figure 5). Coating ZnO-nr film with CdS
particles extends further its adsorption into the visible up to
700 nm.

3.3. Incident Photon-to-Current Conversion Efficiency (IPCE)
Spectra. In Figure 6 is shown a comparison of photore-
sponses in the visible spectrum of the three-based ZnO
network—CdS photoelectrodes, namely. High IPCE mea-
surements have been found with all based ZnO network films
using 1D ZnO network. 1D network of ZnO broadens the
response to larger wavelengths compared to ZnO-np alone
or ZnO-nr preadsorbed with ZnO-np. The broadening of
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Figure 3: SEM cross-section picture of ZnO nanorod film.

2 µm

(a)

3 µm

(b)

Figure 4: (a) SEM top picture of ZnO nanorod film modified with
CdS. (b) SEM cross-section of ZnO nanorod film modified with
CdS.

the response with ZnO-nr-based films may originate from
the possible aggregation of some CdS particles between the
nanorods, thus red-shifting in the absorption. By CdS aggre-
gation we should observe lowering in IPCE response, but
the fact that 1D ZnO network will enhance unidirectional
e-transfer to the substrate will thus compensate the loss
due to aggregation and keep the visible broadening higher.
Regarding ZnO-nr preadsorbed with ZnO-np, this network
design has not brought an enhancement to the simple ZnO-
nr based cell, but on the contrary it lowers the response, and
also the broadening into visible spectrum.

3.4. PIA Spectroscopy. Figure 7 shows a PIA spectrum of
CdS-modified ZnO-nr and ZnO-np without electrolyte
for comparison. The PIA spectrum clearly reflects the
differential spectrum of CdS upon formation injection of
electrons into ZnO conduction band, with a bleach of the
main absorption around 470 nm. The remaining hole in
CdS absorbs light, and because valence band electrons are
missing, an apparent increase in bandgap is seen (bleach,
Moss-Burstein shift). Almost negligible PIA signal is detected
with ZnO-np preadsorbed with ZnO-np-based CdS solar
cell. Both ZnO-nr- and ZnO-np-based CdS films depict
different onset bleaching. Although they show similar PIA
intensity above 670 nm, this difference in onsets is probably
due to the broadening of visible absorption of CdS particles
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Figure 5: Absorption spectra of (a) ZnO-nr particulate film and
(b), (c), and (d) different CdS coatings modified ZnO-nr particulate
film.
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Figure 6: Incident photon-to-current conversion efficiencies
(IPCE) of ZnO-nr photoelectrode before modification with CdS
(dark blue square) and after modification with CdS (violet square);
ZnO-np/CdS (cross) and ZnO-nr/ZnO-np/CdS (yellow triangle).
Electrolyte was Na2S 0.1 M, Na2SO4 0.01 M.
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Figure 7: Photoinduced absorption (PIA) spectra of quantum CdS-
modified ZnO-np (triangle) and ZnO-nr (square) electrodes in air.
The spectra were recorded using blue light (460 nm) excitation
(42 mW cm−2) with a modulation frequency of 9 Hz.
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after aggregation between ZnO nanorods, thus red-shifting
the PIA onset in the visible spectrum.

3.5. PIA Kinetics. Study of the kinetics in semiconductor sen-
sitizing solar cells is not only feasible by laser flash photolysis
but also possible using time-resolved PIA measurements.

Figure 8 shows an example of such PIA transient, here
decay recorded at 750 nm for CdS-modified ZnO-nr. It
is clear that the recombination yield between generated
electrons and holes does not follow simple first- or even
second-order kinetics but is characterized by a range of
recombination times. Transport of electrons through ZnO-
nr nanocrystals could also be one relation. For solar cell
performance the pseudo-first-order rate constant under
steady-state conditions is a relevant parameter as it can
give direct information on possible recombination losses
due to the reaction of electrons with holes. Analysis of the
decay in Figure 8 during the first 1 ms (using a sampling
rate of 1 MHz) gives a recombination lifetime of 6.5 ms
approximately (similar to that found with CdS-coated TiO2-
np of 8.5 ms, in a separate article submitted for publication
in Hindawi journals, 2011), which does not follow simple
first-order kinetic but is characterized by a range of injection
times. This relatively fast decay proves at least a well pore
filling of ZnO-nr film by ultrafine CdS particles. Almost no
transient decay has been observed for ZnO-nr preadsorbed
with ZnO-np-based CdS films.

4. Conclusion

Photoinduced absorption spectroscopy where the excitation
is provided by an on/off monochromatic light source can
give direct information on electron-injection and hole-
electron recombination rates using spectra of transient

species, and their kinetics can be explored using time-
resolved techniques. PIA can monitor slow processes and is
much cheaper compared to laser flash photolysis. ZnO-nr-
(1D network) based CdS photoelectrode has demonstrated
best performances in both photoelectrical response and
broadening response into far visible comparing to ZnO-np-
based CdS solar cell. Preadsorbing ZnO-nr with ZnO-np
does not bring further performances, but on the contrary
it lowers photoresponse and broadening to almost the same
level as with ZnO-np-based cell. Unidirectional electron
transfer mechanistic observed in ZnO-nr has played a major
role in these performances.
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Ionic conductivity of a redox-couple solid polymer electrolyte system, (1 − x) blend: x[0.9KI : 0.1I2] with x = 0−0.15 in weight
fraction, is reported. A blend of poly(ethylene oxide) (abbreviated as PEO) and succinonitrile in equal weight fraction was used
as a polymeric matrix instead of the PEO and succinonitrile because of its low-cost, electrical conductivity superior to the PEO,
and thermal stability better than the succinonitrile. The electrolyte with x = 0.15 showed ionic conductivity of 7 × 10−4 S cm−1

and iodine ion diffusivity of nearly 4 × 10−7 cm2 s−1 at 25◦C. The conductivity and diffusivity values were nearly two orders of
magnitude higher than those of the PEO-KI-I2 due to the improved PEO crystallinity. It also exhibited dye-sensitized solar cell
efficiency of 2.2% at 100 mW cm−2, which is twice of the cell prepared using the PEO-KI-I2 only.

1. Introduction

Following the invention of low-cost dye-sensitized solar
cells (DSSCs), redox-couple solid polymer electrolytes have
attracted considerable attention in recent years [1, 2]. These
electrolytes eliminate the shortcomings of the liquid/gel elec-
trolytes, such as leakage/evaporation of organic solvent espe-
cially at elevated temperatures, electrode corrosion, a need of
hermetic sealing, and scale up of the manufacturing process.
The PEO-MI-I2 (M = Li, Na, or K) electrolyte-based DSSCs
exhibited energy conversion efficiency (η) of 0.01–2% under
the irradiation of 100 mW cm−2 [2–6]. It was attributed to
low ionic conductivity (σ25◦C ∼ 10−6–10−5 S cm−1) of elec-
trolytes and poor interfacial contacts between the electrolyte,
TiO2, and dye at nanopores. The blending of PEO with
a low molecular weight ether-based polymer improved the
ionic conductivity, interfacial contacts, and, thus, the cell
performance [3, 6, 7]. Dispersion of inorganic nanofiller
into the electrolyte enhanced conductivity via providing the
highly conductive space-charge regions and improved cell
efficiency via penetration into the TiO2 nanopores [6, 8].

Recently, DSSCs with succinonitrile-ionic liquid-based
electrolytes have showed relatively high efficiency, 5–6.7%

at 25◦C due to high ionic conductivity (10−4–10−3 S cm−1),
and iodine ion diffusivity (∼10−6 cm2 s−1) of electrolytes
along with better interfacial contacts [9, 10]. The succinon-
itrile (abbreviated as SN) acts as a solvent because of its
low melting temperature (Tm, ∼54◦C) and high dielectric
constant (∼55). It also provides vacancies for ion transport
in its plastic crystal phase between −35◦C and 54◦C. How-
ever, lowTm-value (∼40◦C) and high-temperature instability
of the electrolytes limited the use of the DSSCs for the indoor
application only.

In a recent investigation, we showed that a blend of PEO
and succinonitrile in equal weight fraction can also be uti-
lized as a polymeric matrix [11]. The blend exhibited σ25◦C

two orders of magnitude higher than that of the PEO
and thermal stability better than the succinonitrile. The
PEO offers dissociation/complexation of salt and segmental
motion of polymeric chains. The succinonitrile is relatively
cheap and provides vacancies for ion conduction. It also acts
as organic filler that provides highly conductive free volume
for ion transport [11–13]. In the present paper, PEO-SN
blend is used as a matrix to synthesize a new low-cost and
thermally stable fast ion conducting solid polymer electrolyte
system, (1− x)[PEO-SN] : x[0.9KI : 0.1I2], where 0 ≤ x ≤ 15
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in weight fraction. KI is used as an ionic salt because K+ ions
assist in separating the polymeric chains for fast ion con-
duction [4]. The electrolytes are characterized by studying
thermal, electrical, and photovoltaic properties.

2. Experimental

Highly pure Aldrich chemicals (≥99%) were used for prepar-
ing the solid polymer electrolyte system. Molecular weight of
the PEO was 106 g mol−1. The precursors were dissolved in
anhydrous acetonitrile (99.8%, Aldrich) and stirred at 60◦C
for 24 h resulting in homogeneous solution. The solution was
poured on a Teflon Petri dish followed by drying in nitrogen
gas atmosphere at room temperature for a week and further
drying under vacuum at 28◦C for a day. The PEO-SN blend
with thickness ∼100 μm was translucent and mechanically
good. The self-standing thick films of electrolytes were
achievable up to x = 0.15 only, though salt was dissolvable
up to x = 0.2.

For the thermal properties, a differential scanning calo-
rimeter (MDSC 2910, TA Instruments) and a thermograv-
imetric analyzer (Hi Res TGA 2950, TA Instruments) were
used with a heating rate of 10◦C min−1 in N2 gas atmosphere.
Ionic conductivity of the films was measured using the
impedance spectroscopy by a Solartron frequency response
analyzer (1252A) coupled with SI 1287 electrochemical inter-
face in a frequency range of 1 Hz–300 kHz. The electrolyte
was sandwiched between two stainless steel plates with the
help of a 300-μm thick Teflon spacer in a specially designed
sample holder. A CHI600C voltammeter (CH instruments)
together with an electrochemical cell (Figure 1) under a scan
rate of 50 mV s−1 was employed for the iodine ion diffusivity
measurement. DSSCs were prepared using conventional
procedure with Solaronix-based Ti-Nanoxide D37 paste
(TiO2 particle size ≈ 37 nm), and 0.5 mM N719 dye solution
[3]. An IVIVMSTAT electrochemical interface coupled with
Newport solar simulator was used for the photovoltaic study.

3. Results and Discussion

Figure 2 shows differential scanning calorimetry (DSC)
curves for the (1 − x)[PEO-SN] : x[0.9KI : 0.1I2], where x =
0−0.15 in weight fraction. It portrayed endothermic peaks
due to the melting temperature (Tm), crystal to plastic crystal
phase transition (Tpc), and glass transition temperature (Tg)
of the electrolytes, which are listed in Table 1 [9–13]. The
blend (x = 0) exhibited intense peaks at −35◦C (Tpc) and
∼30◦C (Tm) [11, 12]. The electrolyte with x = 0.05 showed
a less intense Tm-peak at 29◦C without the Tpc-peak. Further
increase in x reduced the Tm-value with largely weak peak
intensity. This is an indicative of a large decrease of the PEO
crystallinity. The relative crystallinity (χ) can be quantified
by the ratio of change in enthalpy (ΔHm) of sample to that
of the fully crystalline PEO (≈193 Jg−1 [12]). As shown in
Table 1, the values of ΔHm and χ of the polymer electrolytes
decreased with increasing x and reached to nearly zero for
x ≥ 0.1. This portrayed arrest of the amorphous phase for

CE

RE

Glass

Electrochemical cell

Figure 1: Electrochemical cell (top view) consisting of a glass cylin-
der with a 10-μm thick platinum wire as a working electrode (WE)
at its center and 0.5-mm thick platinum wires as counter electrode
(CE) and reference electrode (RE). The electrodes are on the same
plane.

the [PEO-SN]-KI-I2 electrolytes with x ≥ 0.1. The PEO-
KI-I2 possessed χ of 36.8% [11]. It is due to the fact that
interaction between the PEO chains, ionic salt, and plastic
crystal extended the amorphous regions across the PEO with
randomly oriented flexible polymeric chains [12, 13]. This
observation is corroborative with the X-ray diffractometry
(XRD) and polarized optical microscopy (POM) studies,
data not shown. The XRD patterns and POM images of the
electrolytes with x ≥ 0.1 exhibited absence of the reflection
peaks of the PEO and succinonitrile, and PEO spherulites,
respectively. It is also worth mentioning that the TGA curves
of the blend (x = 0) and electrolyte (x = 0.15) exhib-
ited their thermal stability up to 100◦C. Further increase
in temperature started to sublimate the succinonitrile with
a complete loss near to its boiling temperature (∼250◦C)
[11].

Table 1 also shows ionic conductivity (σ25◦C) of the poly-
mer electrolyte system, (1 − x)[PEO-SN] : x[0.9KI : 0.1I2],
where x = 0−0.15. The σ25◦C-value increased with increasing
x due to an increase in ion concentration. The electrolyte
with x = 0.15 ([O]/[K+] ≈ 12) exhibited the conductivity of
∼7× 10−4 S cm−1, which is four orders of magnitude higher
than that of the blend. In addition, it is two orders of
magnitude higher than the conductivity (∼2× 10−6 S cm−1)
of the 0.85PEO: 0.15[0.9KI: 0.1I2] ([O]/[K+]≈ 24), prepared
identically using PEO. It is also more than an order of mag-
nitude higher than the conductivity (∼ 2 × 10−5 S cm−1) of
the 0.75PEO : 0.25[0.9KI : 0.1I2] electrolyte having [O]/[K+]
≈ 12 [5]. It suggests that the superior ion transport for
the 0.85[PEO-SN] : 0.15[0.9KI : 0.1I2] was provided most
probably by the vacancies of the succinonitrile and extended
free volumes.

This phenomenon is also depicted by the log σ − 1/T
variations (Figure 3(a)) of the polymer electrolyte system,
(1 − x)[PEO-SN] : x[0.9KI : 0.1I2], where x = 0− 0.15. It
showed an increase in σ-value with increasing temperature
forming a concave-type shape. This suggests that the ion
transport is in the amorphous domains and coupled with
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Figure 2: DSC curves for the (1− x)[PEO-SN]: x[0.9KI: 0.1I2], where x = 0−0.15 in weight fraction.

Table 1: Melting temperature (Tm), crystal to plastic crystal phase transition (Tpc), glass transition temperature (Tg), change in enthalpy
(ΔHm), relative crystallinity (χ), ionic conductivity (σ25◦C), preexponential factor (A), and pseudo activation energy (Ea) of the solid polymer
electrolyte system, (1− x)[PEO-SN]: x[0.9KI: 0.1I2].

Composition
Tm [◦C] Tpc [◦C] Tg [◦C] ΔHm[J g−1] χ [%] σ25◦C [S cm−1] A [S cm−1 K0.5] Ea[eV]

x
[wt. fraction]

[O]/[K+]
[mole ratio]

0 ∞ 30.1 −34.7 −60 48.7 25.2 1× 10−8 — —

0.05 39.8 29.1 — −46.4 16.3 8.4 3.6× 10−5 141 0.14

0.1 18.8 14.6 — −46 ∼0.1 ∼0 6.5× 10−4 8.5 0.081

0.15 11.9 11.5 — −46.1 ∼0.4 ∼0 7× 10−4 14.1 0.086

the polymer segmental motion. This can be expressed by
the Vogel-Tamman-Fulcher empirical relation [13], σ =
AT−0.5exp[−Ea/kB(T − T0)]. The notation A corresponds
to the preexponentials factor, To is a temperature at which
the free volume vanishes, and Ea is pseudo activation energy.
As obvious in Figure 3(b), the electrolytes with x = 0.05,
0.1, and 0.15 exhibited a linear variation between log σT0.5

and 1/(T − To) with the coefficient of regression values
greater than 0.995. The slope of the linear curve resulted in Ea
value, which is shown in Table 1. The value of Ea decreased
with increasing x with least value of ∼0.08 eV for x ≥ 0.1
indicating easy ion migration. This helps in improving the
anionic diffusion required for the DSSC application, which
has been discussed below.

Figure 4 shows steady-state voltammograms of the
0.85[PEO-SN] : 0.15[0.9KI : 0.1I2] and 0.85PEO:0.15[0.9KI :
0.1I2] at ∼25◦C. The former electrolyte showed limiting

cathodic current, Iss,c(I3
−) of ∼1.3 × 10−8A and limiting

anodic current, Iss,a(I−) of ∼7.9 × 10−8A. These current
values are relatively higher to those of the 0.85PEO : 0.15
[0.9KI : 0.1I2], Iss,c(I3

−) ∼ 8.8 × 10−11A, and Iss,a(I−) ∼1 ×
10−9A, suggesting improved I3

− and I− ions diffusion. The
apparent diffusion coefficient (Dapp) of anions was esti-
mated using an expression, Dapp = Iss/4nCrF [9, 10].
The notation n is a number of electrons per molecule, C
is the bulk concentration, r is the radius of the microelec-
trode, and F is the Faraday’s constant. The Dapp of the
0.85[PEO-SN] : 0.15[0.9KI : 0.1I2] was calculated as ∼ 4.2 ×
10−7 cm2 s−1 for I3

− and ∼ 4.1 × 10−7 cm2 s−1 for I−. The
0.85PEO : 0.15[0.9KI : 0.1I2] portrayed Dapp(I3

−) of ∼ 2.4 ×
10−9 cm2 s−1 and Dapp(I−) of ∼ 4.4 × 10−9 cm2 s−1. Thus,
the PEO-SN blend-based electrolyte possessed better anonic
diffusivity due to the fact that the succinonitrile provides
highly conductive free volumes for easy ion migration.
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Figure 3: (a) Logσ −1/T and (b) log σT0.5−1/(T−To) plots of the (1− x)[PEO-SN]: x[0.9KI: 0.1I2], where x = 0−0.15 in weight fraction.
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Figure 4: Steady-state voltammograms of the 0.85[PEO-SN]: 0.15
[0.9KI : 0.1I2] and 0.85PEO: 0.15[0.9KI: 0.1I2].

Figure 5 shows photocurrent density-voltage curve of
the DSSCs fabricated using the 0.85[PEO-SN]: 0.15[0.9KI :
0.1I2]. The measurement was carried out under solar irradi-
ation of 100 mW cm−2 (AM 1.5) at ∼25◦C. The cell exhib-
ited short-circuit current density (Jsc) of 6.5 mA cm−2,
open-circuit voltage (Voc) of 0.7 V, fill-factor (FF) of 49%,
and cell efficiency (η) of 2.2%. For the 0.75PEO:0.25KI/
0.025I2, having a similar value of [O]/[K+], Jsc, Voc, FF, and
η were achieved as 2.47 mA cm−2, 0.82 V, 50.8%, and 1.04%,
respectively [5]. Thus, the [PEO-SN]-[KI-I2]-based DSSCs
exhibited better efficiency, which is due to the improved
ionic conductivity and anionic diffusivity with the better
interfacial contacts [6–10].
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Figure 5: Current density-voltage curve of the DSSC fabricated
using the 0.85[PEO-SN]: 0.15[0.9KI: 0.1I2].

4. Conclusion

A new fast ion conducting redox-couple solid polymer elec-
trolyte system, (1 − x)[PEO-SN]: x[0.9KI : 0.1I2], where 0 ≤
x ≤ 0.15, was synthesized using a low-cost and ther-
mally stable 0.5PEO : 0.5SN blend as a polymeric matrix.
The 0.85[PEO-SN] : 0.15[0.9KI : 0.1I2] exhibited ionic con-
ductivity, anionic diffusivity, and cell efficiency better
than those of the 0.85PEO : 0.15[0.9KI : 0.1I2]. This was
attributed to the extension of amorphous regions across
the PEO and availability of vacancies for ion transport
by the succinonitrile as well as the improved interfacial
contacts between the electrolyte, TiO2, and dye at nano-
pores.
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Two new ruthenium(II) mixed ligand terpyridine complexes, “Ru(Htcterpy)(NCS)(L1) (N(C4H9)4), mLBD1” and Ru(Htcterpy)
(NCS)(L2)(N(C4H9)4), mLBD2 were synthesized and fully characterized by UV-Vis, emission, cyclic voltammogram, and other
spectroscopic means, and the structures of the compounds are confirmed by 1H-NMR, ESI-MASS, and FT-IR spectroscopes.
The influence of the substitution of L1 and L2 on solar-to-electrical energy conversion efficiency (η) of dye-sensitized solar
cells (DSSCs) was evaluated relative to reference black dye. The dyes showed molar extinction coefficients of 17600 M−1 cm−1

for mLBD1 and 21300 M−1 cm−1 for mLBD2 both at λ maximum of 512 nm, while black dye has shown 8660 M−1 cm−1 at λ
maximum of 615 nm. The monochromatic incident photon-to-collected electron conversion efficiencies of 60.71% and 75.89%
were obtained for mLBD1 and mLBD2 dyes, respectively. The energy conversion efficiencies of mLBD1 and mLBD2 dyes are
3.15% (JSC = 11.86 mA/cm2, VOC = 613 mV, ff = 0.4337) and 3.36% (JSC = 12.71 mA/cm2, VOC = 655 mV, ff = 0.4042),
respectively, measured at the AM1.5G conditions, the reference black dye-sensitized solar cell, fabricated and evaluated under
identical conditions exhibited η-value of 2.69% (JSC = 10.95 mA/cm2, VOC = 655 mV, ff = 0.3750).

1. Introduction

Among various photo voltaic technologies, dye-sensitized
solar cells (DSSCs) are known to be less expensive, easy to
fabricate and very efficient at varied incident angle of light.
Therefore, intense attention has been devoted in the last two
decades to the synthesis of new materials as sensitizers, metal
oxide semiconductors, counter electrode materials, elec-
trolytes, and so forth, for applications in high-performance
and long durable DSSCs [1–6]. Especially sensitizer plays
important role in the DSSCs device for obtaining high-
efficiency and long-term durability because of the possibility
to chemically modify the sensitizer for better anchoring on
TiO2, electron injection property and HOMO-LUMO tun-
ing. To achieve this, many researchers around the world have
been working either on modification of various reported

sensitizers or designing new sensitizers. A variety of ruthe-
nium(II) polypyridyl, terpyridyl and tetrapyridyl complex-
es, metal-free organic sensitizers, porphyrins, and phthal-
ocyanines have been developed, since Graetzel intro-
duced the first efficient nanocrystalline TiO2 solar cell
sensitized with cis-bis(thiocyanato) bis(2,2′-bipyridyl-4,4′-
dicarboxylato) ruthenium(II) bis (tetrabutylammonium)
(N719) [7–14]. Introduced in 1997, another ruthenium
complex, black dye [tri(isothiocyanato)-2,2′,2′′-terpyridyl-
4,4′,4′′-tricarboxylate ruthenium(II)] showed broad spectral
absorption (ranging from 400 to 800 nm) and achieved a
record 10.4% (air mass1.5) solar to power conversion effi-
ciency in full sunlight [15, 16]. However, the molar extinc-
tion coefficient of the sensitizer is relatively much lower as
compared to the most efficient N719 dye. In addition, long-
term durability is found to be one of the key limitations of
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Figure 1: Structures of mLBD dyes.

the black dye-sensitized solar cell preventing them from their
applicability in outdoor applications. The photodegradation
of the dye anchored on TiO2 resulting from the interactions
of the three NCS anions are proposed as the reasons for
less stability. Sensitizers HRD2 [17] and K77 [18, 19]
have been reported wherein 4,4′-bis(2,4,6-trimethylstyryl)-
2,2′-bipyridine (L1) and 4,4′-bis(4-tert-butoxystyryl)-2,2′-
bipyridine (L2) serve as ancillary ligands respectively, and
substantially increased molar extinction coefficient (ε) along
with improved solar-to-electrical energy conversion effi-
ciencies (η) were obtained in DSSC devices. As a part
of our ongoing program on synthesis of new materials
and their photovoltaic performance evaluation in DSSC
devices [8, 17, 20–24], we envisaged that the design of new
sensitizers with increased molar extinction coefficient, long-
term durability, combined with broad absorption can be
realized by substituting two thiocyanate anions of the black
dye with electron donating conjugated bipyridine ligands.
Thus, the terpyridine tricarboxylic acid strongly anchors
on the semiconductor TiO2 surface, while the bipyridine
ligands with strong electron donating groups bring about the
unidirectional electron flow for efficient electron injection.
With this new mixed ligand ruthenium complex concept, we
report in this paper the synthesis and characterization of two
new terpyridine and bipyridine-based ruthenium(II) com-
plexes “Ru(Htcterpy)(NCS)(L1) (N(C4H9)4), mLBD1” and
Ru(Htcterpy)(NCS)(L2)(N(C4H9)4), mLBD2, (Figure 1).
Further the photovoltaic properties of test cell DSSCs con-
structed from these sensitizers and black dye are functionally
evaluated and the influence of L1 and L2 on solar-to-electric-
ity energy conversion efficiency (η) were studied under simi-
lar fabrication and evaluation conditions.

2. DSSC Device Fabrication

The fluorine-doped SnO2 (FTO) conducting glass plates
(Nippon Sheet Glass, 4 mm thick, 8Ω/sq) were cleaned with
a detergent solution, rinsed with water and ethanol to remove
organics or any other contaminants, and then dried. The
glass plates were treated in a UV-O3 system for 20 minutes
and then laid a compact layer by treating the plates with
40 mM TiCl4 aqueous solution and heating at 70◦C for

30 minutes to facilitate a good mechanical contact between
the nanocrystalline TiO2 and the conducting FTO matrix.
Over the glass plate, 9 μm thickness D18T (18 nm TiO2

particles) was laid as transparent layer and then a 4.8 μm
thickness HPW-400 (400 nm anatase TiO2 particles) was laid
as scattering layer successively one over the other. The elec-
trodes were coated with the TiO2 pastes, thus have an active
area of 0.74 cm2, and were heated gradually under an air flow
for 5 minutes each at 325◦C and 375◦C and for 15 minutes
each at 450◦C and 500◦C. The TiO2 electrodes were then
allowed to cool and when the temperature attained to around
100◦C, immersed in dye solutions of ethanol and remained
soaked for 16 hours under dark. After taking out from
the dye solutions, the electrodes were rinsed with ethanol
to remove the unadsorbed dye molecules and then dried
under nitrogen gas. The counter electrodes were prepared
by treatment of FTO glass plates (TEC 15, 2.2 mm thickness,
Libbey-Owens-Ford Industries) with TiCl4 and further with
a drop of H2PtCl6 solution (2 mg of Pt in 1 mL of ethanol)
and heated at 430◦C for 15 minutes. The dye sensitized TiO2

electrode and Pt counter electrode were assembled into a
sealed sandwich type cell by heating with a hot-melt surlyn
film (Surlyn 1702, 25 μm thickness, Du-Pont) as a spacer in-
between the electrodes. The ionic liquid electrolyte was filled
through the predrilled hole present on the counter electrode
using vacuum filling technique, the hole was sealed with a
Surlyn disk and a thin glass to avoid leakage of the electrolyte.

3. Results and Discussion

3.1. Synthesis. The synthesis of these complexes is achieved
following Scheme 1. The oxidation of 4,4′4′′-triethyl-2,
2′:6′2′′-terpyridine to the tricarboxylic acid followed by es-
terification gives 4,4′,4′′-trimethoxycarbonyl-2,2′:6′2′′-ter-
pyridine. The bipyridyl ligands L1 and L2 were synthe-
sized by condensing 2,4,6-trimethylbenzaldehyde or 4-tert-
butoxybenzaldehyde with tetraethyl 2,2′-bipyridine-4,4′-
diylbis(methylene)diphosphonate under Wittig conditions.
The reaction of ruthenium trichloride with the triester in
presence of EtOH/CHCl3 under reflux for 4 hrs results in
the trichloro Ru-complex. The complex is further refluxed
for 4 hrs in DMF in presence of bipyridyl ligand (L1 or L2)
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followed by addition of excess NH4NCS, under refluxing
conditions in DMF. The triester mixed ligand complex is
finally treated with TEA in water under refluxing conditions
for 48 hrs resulted in the formation of mLBD1 and mLBD2
complexes. The crude complexes obtained were purified on
Sephadex LH20 column chromatography to afford mLBD1
and mLBD2 sensitizers as pure compounds. The new sen-
sitizers were fully characterized by UV-Vis, emission, cyclic

voltammogram, and other spectroscopic means, and the
structures of the compounds are confirmed by 1HNMR, ESI-
MASS, FT-IR spectroscopes.

4,4′,4′′-triethyl-2,2′:6′2′′-terpyridine was prepared ac-
cording to reported procedure ref. Tetrabutylammonium-
hydroxide, 2, 4, 6-trimethylbenzaldehyde or 4-tert-butoxy-
benzaldehyde, ammonium thiocyanate, sodiumhydride, and
ruthenium trichloride were purchased from Sigma-Aldrich.
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All solvents and reagents, unless otherwise stated, were of
Laboratory Reagent Grade and used as received. The tet-
raethyl 2,2′-bipyridine-4,4′-diylbis(methylene)diphosphon-
ate was prepared in accordance to the reported procedure.
Sephadex LH-20 was procured from GE Healthcare Bio-
Sciences AB, SE-75184, Uppsala and was used to purify
the crude complexes on column chromatography. Brucker
300Avance 1H-NMR spectrometer run at 500 MHz was em-
ployed to record the 1H-NMR spectrum. Shimadzu LCMS-
2010EV model with ESI probe was employed for MASS
analysis. Shimadzu UV-Vis spectrometer (model 1700) and
Fluorolog 3, J. Y. Horiba Fluorescence spectrometer were
employed to record the electronic absorption and emission
spectra.

Synthesis of 4,4′4′′-Tricarboxy-2,2′:6′2′′-Terpyridine (1). 4,
4′,4′′-triethyl-2,2′:6′2′′-terpyridine (10 g, 31.55 mmol) was
added to a mixture of Conc. H2SO4 and water (150 mL +
150 mL), and dissolved at room temperature. To this solu-
tion, K2Cr2O7 (62.1 g, 211.4 mmol) was added in portions
for about 4 hours (note: while adding K2Cr2O7, vigorous
exothermic reaction takes place, cooling is necessary to
avoid the reaction temperature to exceed 50◦C). The cooling
bath was removed, and the reaction flask was heated to
80◦C using heating mantle for 6 hours with stirring. After
allowing it to cool to room temperature, the reaction mixture
was poured into ice water (1200 mL). After keeping it for
4 hours at 0◦C, suspension was filtered by suction. The
separated greenish-yellow precipitate was washed thoroughly
with distilled water (until the filtrate is colorless) and dried
under vacuum. The pale yellow solid was suspended in
aqueous HNO3 (18 mL of 70%) and refluxed for 3 hours.
After cooling to room temperature, the reaction mixture was
poured into ice water (1000 mL) and stored at 0◦C over
night. The resulted white solid was collected on a sintered
glass crucible (G4), washed thoroughly with water until the
filtrate is colorless, and dried under vacuum to give 4,4′4′′-
tricarboxy-2,2′:6′2′′-terpyridine acid, which was charac-
terized by 1H-NMR spectroscopy. 1H-NMR (D2O/NaOD)
ppm: 7.72 (2H, dd), 8.22 (2H, s), and 8.62 (2H, d), 8.82 (2H,
d). Chemical formula ESIMS: C18H11N3O6 (M+H)+: 365
(100%).

Synthesis of 4,4′,4′′-Trimethoxycarbonyl-2,2′:6′2′′-Terpyri-
dine (2). To a suspension of 4,4′4′′-tricarboxy-2,2′:6′2′′-ter-
pyridine (20.0 g, 5.49 mmol) in absolute methanol (850 mL)
was added conc. sulfuric acid (115 mL). The mixture was
refluxed for 6 hours to obtain a clear solution and then
cooled to room temperature. Water (400 mL) was added and
the excess methanol removed under vacuum. The pH was
adjusted to neutral with NaOH solution, and the resulting
precipitate was filtered and washed with water (pH = 7.0).
The solid was dried to obtain 17.0 g of desired compound.
1H-NMR (300 MHz, CDCl3, δ): 3.95 (3H, s, CH3); 4.05 (6H,
s, CH3); 7.98 (2H, d, J = 6 Hz, aryl H on C5 and C5′);
8.88 (2H, d, J = 6 Hz, aryl H on C6 and C6′); 9.00 (2H,
s, aryl H on C3 and C3′); 9.20 (2H, d, J = 6 Hz) ESIMS:
(C21H17N3O6) (M+H)+: 408 (100%).

Synthesis of Ruthenium Trichloro Complex (3). Ruthenium
tri chloride (642 mg, 2.5 mmol) was dissolved in a mixture
of ethanol and chloroform (100 mL). To this, 4,4′,4′′-trime-
thoxycarbonyl-2,2′:6′2′′-terpyridine (1.0 g, 2.5 mmol) was
added, and then, the reaction mixture was refluxed for 4
hours under nitrogen atmosphere in the absence of light. The
progress of the reaction was monitored by UV-VIS spec-tro-
scopy. After completion of 3 hours, the solution was concen-
trated on rotary evaporator. The crude trichloro compound
washed with ethanol and dried under vacuum to obtain
white solid (85% yield) 1H-NMR (D2O/NaOD) ppm: 8.70
(d, 2H), 8.22 (s, 2H), 8.10 (s, 2H), 7.62 (2H, d). ESIMS:
(C21H17Cl3N3O6Ru) (M+H)+: 615 (25%).

Synthesis of L1 and L2 (Representative Procedure). Sodium
hydride (177 mg, 7.38 mmol) was washed with dry hexane
(3× 10 mL). To this suspension, a THF solution of tetraethyl
2,2′-bipyridine-4,4′-diylbis(methylene)diphosphonate de-
rivative (560 mg, 1.23 mmol) was added, and the resulting
mixture was stirred at room temperature for a period of
30 minutes. To this, 2,4,6-trimethyl benzaldehyde (546 mg,
3.69 mmol dissolved in THF) or 4-tert-butoxy benzaldehyde
(656 mg, 3.69 mmol dissolved in THF) was added dropwise
at room temperature while stirring. The reaction mixture
was refluxed for 12 hours and then allowed to cool to room
temperature. The reaction mixture was filtered through a
short plug of silica gel using diethyl ether. The filtrate was
concentrated, and methanol was added. The corresponding
bipyridyl ligand was precipitated and the precipitate was
filtered and washed with cool methanol. The solid was dried
to obtain pure L1 or L2.

4, 4′-Bis-[2-(2,4,6-Trimethyl-Phenyl)-Vinyl]-[2, 2′]-Bipyri-
dine(L1). 1H-NMR (300 MHz, 25◦C, CDCl3) 2.35 (s, 18H),
6.58 (d, 1H), 6.62 (s, 4H), 7.25 (s, 2H), 7.31 (d, 1H), 8.63
(d, 2H), 8.71 (d, 2H); ESI-MS: (C32H32N2) (M+H)+: 444
(100%).

4, 4′-Bis-[2-(2-(Tert-Butoxy Phenyl)-Vinyl)]-[2, 2′]-Bipyri-
dine(L2). 1H-NMR (200 MHz, 25◦C, CDCl3)d [ppm]: 8.67
(d, 2H), 8.54 (s, 1H), 7.46 (m, 8H), 7.06 (m, 6H), 1.40 (s,
18H). Chemical formula (C34H36N2O2), ESI-MS: Calcd for
(M+H)+: 504 (55%).

Synthesis of mLBD Complex (Representative Procedure). Dry
DMF (100 mL) was placed into 250 mL RB flask, to which
ruthenium trichloro complex (200 mg, 0.32 mmol) was
added under nitrogen atmosphere, the resulting solution was
stirred for five minutes, and then, L1 or L2 (0.391 mmol) was
added. The reaction mixture was refluxed for 4 hours under
N2 atmosphere. After completion of 4 hours, the mixture was
cooled to 80◦C, and then, aqueous solution of ammonium
thiocyanate (768 mg in 2 mL of water) was added. The
mixture was further refluxed for 2 hours. The progress of
the reaction was monitored by UV-VIS spectroscopy. After 2
hours, the reaction mixture was cooled to room temperature,
and triethylamine was added followed by water (2 mL +
2 mL). The mixture was further refluxed for 48 hours. Then,
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Figure 2: Equimolar absorption spectra of mLBD1 (—), mLBD2
(- - -) and black dye (. . .) in ethanol and emission spectra of
mLBD1and mLBD2.

the solvent was removed on rotary evaporator, and water was
added to get the precipitate. The solid was filtered, washed
with water and dried under vacuum. The crude compound
was dissolved in MeOH and methanolic TBA and purified
on Sephadex LH-20 column chromatography eluting with
MeOH. The main band was collected and concentrated.
This purification procedure was repeated 3-4 times to afford
mLBD1 and mLBD2 dyes in the pure form.

mLBD1. 1H-NMR (300 MHz, CD3OD + CDCl3, δH): 9.50
(d, 1H), 8.95 (s, 2H), 8.88 (d, 1H), 8.75 (s, 2H), 8.60 (s,
1H), 8.05 (d, 1H), 7.85 (d, 2H), 7.75 (m, 4H), 7.40 (d,
2H), 7.10 (d, 1H), 6.90 (s, 1H), 6.85 (s, 2H), 6.75
(s, 2H), 6.40 (d, 1H), 3.50–0.86 (m, 90H); ESI-MASS:
RuC51H43N6O6S(1TBA)(M+) = 1211(35%). IR (KBr): ν =
2965 cm−1(CH3), 2095(NCS), 1605(COO−

asym), 1529(BPy),
1474(BPy), 1354(COO−

sym).

mLBD2. 1H-NMR (300 MHz, CD3OD + CDCl3, δH): 9.65
(d, 1H), 9.10 (s, 2H), 9.00 (s, 1H), 8.90 (s, 2H), 8.70
(s, 1H), 8.20 (d, 1H), 7.85 (d, 2H), 7.75–7.38 (m, 10H),
7.25–6.75 (m, 6H), 3.50–0.86 (m, 90H). ESI-MASS:
RuC53H47N6O8S(1TBA)(M + 1) = 1272(80%). IR (KBr):
ν = 2965 cm−1(t-butyl), 2095(NCS), 1605(COO−

asym), 1529
(BPy), 1474(BPy), 1354(COO−

sym).

3.2. Absorption, Emission, and Electrochemical Properties. To
have a preliminary evaluation of the light harvesting capacity
of the new sensitizers, the electronic absorption spectra were
recorded in ethanol and compared with that of black dye. As
compared to black dye, these new sensitizers show intense
UV absorption band at around 380 nm, which are assigned to
the ligand centred π-π∗ transition of the H3tctpy ligand [25,
26] and other intense low-energy absorption band at around
510 nm. The low-energy absorption band is assigned to
metal-to-ligand charge-transfer (MLCT) transition. Absorp-
tion spectra of these dyes are very different from that of
black-dye, which exhibit intense and broad absorption bands

at about 430 and 520 nm and a distinct shoulder low-energy
absorption band at around 700 nm extending up to 850 nm
(Figure 2). As compared to black dye, the low-energy absorp-
tion bands of mLBD dyes are blue-shifted. The dyes showed
molar extinction coefficients of 17600 M−1 cm−1 for mLBD1
and 21300 M−1 cm−1 for mLBD2 both at λ maximum of
512 nm, while black dye has shown 8660 M−1 cm−1 at λ
maximum of 615 nm. The mLBD dyes increased the light-
harvesting ability of the new sensitizers by enhancing their
molar extinction coefficients by around 50%, especially in
the wavelength region of 400–550 nm, which could be the
contribution of extended π-conjugation of these bipyridyl
ligands L1 and L2.

In case of mLBD dyes, the increased molar extinction
coefficient is expected due to extension of π-conjugation,
which is akin to the molecular cosensitization for efficient
panchromatic DSSC sensitisers [27]. What is expected of
these dyes is maintaining the absorption spectrum of black-
dye, while enhancing the molar extinction coefficient. But the
introduction of these bipyridyl ligands shifted the absorption
spectrum towards blue region. To understand the molar
extinction coefficient’s augment and the blue-shifted absorp-
tion spectrum, time-dependent density functional theory
calculations were run based on DFT optimized structure in
ethanol medium. The conductor-like polarizable continuum
model (C-PCM), which accounts for the effects of the solvent
molecule ethanol was used along with the calculations. In
mLBD dyes, the replacement of two thiocyanato anions by
a single chelating π-conjugated bipyridine ligand stabilizes
the ground state with less electron donation to the centre
ruthenium(II), and this causes a decrease in the overall
energy of the t2g metal orbitals. For these complexes, the low-
energy MLCT transition bands from this orbital to LUMO
exhibit significant blue shift [28].

Besides the molar extinction coefficient, the photovoltaic
performance of DSSC is also influenced by quantity of ab-
sorbed dye and its pattern over TiO2 surface, which is further
dependent on the size and geometrical structure of pho-
tosensitizer. To investigate further, the absorption measure-
ments over TiO2 films were carried out by staining 7 μm thick
TiO2 electrodes in 0.3 mM dye solutions prepared in ethanol
for 16 hours under the dark. After that the electrodes were
washed with ethanol to remove unadsorbed dye molecules
and dried under nitrogen purging. The absorptions recorded
using UV-Vis spectrometer showed relatively decreased film
absorptions as compared with that of black dye. The substi-
tution of two NCS anions by 4,4′-bis(2,4,6-trimethylstyryl)-
2,2′-bipyridine and 4,4′-bis(4-tert-butoxystyryl)-2,2′-bipyr-
idine in the black dye increased the molecular size by more
than one and half times, and additionally, this influenced the
packing densities of these molecules on TiO2 films.

Prior to fabrication of DSSCs devices, cyclic voltammetry
measurements of the sensitizers were conducted to ensure
that the LUMOs of these complexes are suitable for injecting
electrons into the conduction band of TiO2 and also whether
their HOMOs match the energy level of the I2/I3

− redox cou-
ple. The cyclic voltammogram of these dyes were measured
using tetrabutyl ammonium perchlorate (0.1 M in acetoni-
trile) as an electrolyte and ferrocene as an internal standard
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Figure 3: Differential pulse voltammograms of mLBD dyes, sup-
porting electrolyte is 0.1 M tetrabutylammonium perchlorate in
acetonitrile.

at 0.42 V versus SCE. Figure 3 shows the voltammogram of
mLBD dyes in acetonitrile. Reversible redox were observed
for these mLBD dyes, and similar to other ruthenium(II)
pyridyl complexes, the measured oxidation potentials are
0.8611 and 0.8280 V, while the reduction potentials are
−0.8266 and −0.7894 V versus SCE for mLBD1 and mLBD2
dyes, respectively. The more positive potentials of these
sensitizers, relative to I−/I3

− redox couple (0.24 V versus
SCE) in the electrolyte, provide a large thermodynamic
driving force for the regeneration of the dyes by iodide. Based
on the absorption and emission spectra of these complexes,
the excitation transition energies (E0-0) are estimated to be
1.9096 and 1.8892 eV for mLBD1 and mLBD2 dyes, respec-
tively (obtained by converting the wavelengths of 650 nm for
mLBD1 and 657 nm for mLBD2, at which their individual
absorption and emission spectra (Figure 2(b)) intersect,
into electron volts). The standard potentials (φ0(S+/S∗))
calculated from the relation of [φ0(S+/S) = φ0(S+/S∗)−E0-0]
are −1.0485 and −1.0612 V versus SCE for mLBD1 and
mLBD2, respectively. So, φ0(S+/S∗) values are more negative
(or higher in energy) than the conduction band edge of
TiO2 (−0.8 V versus SCE) providing ample thermodynamic
driving force to inject electrons from the dye to TiO2.

3.3. Computational Studies. In order to gain insight, the elec-
tronic ground states of fully protonated mLBD dyes were op-
timized in gaseous phase by using the density functional
theory (DFT) with MPW1PW91 method and lanl2dz basis
set for ruthenium and 6-31G(d) for H, C, N, O, S atoms
as implemented in Gaussian 09 W and Gaussian View 5
interface software. The unoccupied and occupied frontier
molecular orbitals of mLBD dyes are depicted in Figures 4
and 5 with isodensity surface values fixed at 0.04. The LUMO
is mainly ascribed to the H3tctpy ligand with a consid-
erable amount of p back-donation from the t2g orbitals.
Moreover, the carboxylic groups show sizable contributions
to LUMO and facilitate the electron injection from the
excited mLBD dyes to the TiO2 conduction band. Similar
to other ruthenium(II) sensitizers, the HOMO has electron

density distribution mainly located on the metal centre
and NCS anions. TD DFT calculations showed the highly
allowed transition from HOMO−2/HOMO−3 to LUMO+2
orbital, in which the electron densities of HOMO−2 and
HOMO−3 are located at the metal centre, NCS ligand and
the chelating L1 or L2 bipyridine, whereas that of LUMO+2
orbital is contributed to mainly by L1 or L2 bipyridine
moieties. The HOMO/LUMO band gaps predicted through
the DFT optimization are 2.035 and 2.045 eV for mLBD1 and
mLBD2, respectively, while the band gap for parental black-
dye optimized under similar conditions is 1.89 eV.

3.4. Thermal Stability. The incorporation of the ancillary bi-
pyridine ligands into the parental black dye make the dye
more hydrophobic and one of the advantages of these mixed
ligand dyes could be their stability obtained by the replace-
ment of NCS anions by stable panchromatic chelating ancil-
lary bipyridine ligand [29]. One of the desirable parameters
to retain the initial photovoltaic performance of the DSSC
is the high thermal stability of the ruthenium(II) sensitizer
[30], and hence, the TGA analysis of the sensitizers was
performed using a TGA/SDTA 851e thermal system (Mettler
Toledo, Switzerland) at heating rate of 10◦C/min in the
temperature range of 25◦C–600◦C under N2 atmosphere
(flow rate of 30 mL/min). Film samples ranging from 8 to
10 mg were placed in the sample pan and heated, while
weight losses are recorded against temperature difference.
The thermograms of mLBD dyes are shown in Figure 6, in
which the derivative of % conversion plotted against to tem-
perature. The thermograms show a very good thermal sta-
bility (310◦C for mLBD1 and 350◦C for mLBD2), while
under comparable conditions the black dye showed 290◦C.

3.5. Photovoltaic Properties. To evaluate the influence of 4,
4′-bis(2,4,6-trimethylstyryl)-2,2′-bipyridine and 4,4′-bis(4-
tert-butoxystyryl)-2,2′-bipyridine on the photovoltaic per-
formance, a high-quality double-layer titania films (9 +
4.8 μm) were employed to fabricate 0.74 cm2 active area
DSSC cells in combination with a high durable electrolyte,
Z580, containing 0.2 M I2, 0.5 M guanidinium thiocyanate
and 0.5 M N-methylbenzimidazole in a mixture of 1-propyl-
3-methylimidazolium iodide/1-ethyl-3-methyl imdazolium-
tetracyanoborate (65/35, v/v). Photon-to-current conversion
efficiency spectrum was recorded as a function of excitation
wavelength using a 300 W xenon lamp (ILC Technology,
USA), which was focused through a Gemini-180 double
monochromator (Jobin Yvon Ltd.). The incident photon-to-
current conversion efficiencies (IPCEs) of the DSSCs con-
structed based on these dyes are shown in Figure 7(a). The
monochromatic incident photon-to-collected electron con-
version efficiencies of 60.71% and 75.89% were obtained for
mLBD1 and mLBD2 dyes, respectively, over the entire visible
range extending into the NIR region, which are less than
unity suggesting a low-charge collection yields. The photo
current-voltage measurements were executed under air mass
(AM) of 1.5 sunlight and the resultant I-V curves are
shown in Figure 7(b). The photovoltaic parameters of mLBD
dyes are compared with that of black dye-sensitized solar
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Figure 4: Frontier molecular orbitals of mLBD1: (a) LUMO+4; (b) LUMO+3; (c) LUMO+2; (d) LUMO+1; (e) LUMO; (f) HOMO; (g)
HOMO−1; (h) HOMO−2; (i) HOMO−3; (j) HOMO−4.

cell, fabricated, and evaluated under comparable conditions
(Table 1).

The energy conversion efficiencies of mLBD1 and mLBD2
dyes are 3.15% (JSC = 11.86 mA/cm2, VOC = 613 mV, ff =
0.4337) and 3.36% (JSC = 12.71 mA/cm2; VOC = 655 mV;
ff = 0.4042), respectively, under air mass of 1.5 sun light, the

reference black-dye sensitized solar cell, fabricated, and eval-
uated under identical conditions exhibited η-value of 2.69%
(JSC = 10.95 mA/cm2, VOC = 655 mV, ff = 0.3750). Al-
though the film absorptions of mLBD dyes over TiO2 films
are little lower as compared to that of black dye, the newly
designed mLBD dyes were endowed with improved over
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Figure 5: Frontier molecular orbitals of mLBD2: (a) LUMO+4; (b) LUMO+3; (c) LUMO+2; (d) LUMO+1; (e) LUMO; (f) HOMO; (g)
HOMO−1; (h) HOMO−2; (i) HOMO−3; (j) HOMO−4.
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Table 1: Detailed photovoltaic parameters of DSSCs.

Sensitizer JSC (mA/cm2) VOC (mV) ff Efficiency (%)

mLBD1 11.86 613 0.4337 3.15

mLBD2 12.71 655 0.4042 3.36

BD 10.95 655 0.3750 2.69

Short-circuit photocurrent density (JSC), open-circuit photovoltage (VOC), fill factor (ff).
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Figure 6: TG-Thermograms of mLBD1 (- - -), mLBD2 (. . .) and
black-dye (—).

all conversion efficiencies. This could be probably due to
more charge transfer to the LUMO orbitals for these dyes
as compared to black dye. In the LUMO orbitals of these
complexes, the electron density distributions mainly located
on H3tctpy ligand, while for black dye it is only ascribed
to the centre pyridine of H3tctpy [31]. As compared to
the black dye-sensitized solar cell, the mLBD dyes showed
higher current densities, which could be probably because
of their increased incident photon to-current conversion
efficiencies spectra. The mLBD2 sensitized solar cell gives
JSC = 12.71 mA/cm2, which is slightly higher as compared
to that of mLBD1 sensitized solar cell. Although there is
no much change in their film absorptions over TiO2 films,
we presume that the increased photocurrent density and
hence the efficiency of mLBD2 could be probably resulting
from efficient dye regeneration mediated by redox electrolyte
[32].

4. Conclusions

In conclusion, the new panchromatic ruthenium(II) ter-
pyridyl-based mixed ligand dyes, mLBD1 and mLBD2 syn-
thesized, showed much higher molar extinction coefficients
at 400–550 nm remarkably with blue shift in absorption
spectrum as compared to black-dye. Incorporation of con-
jugated light-absorbing ancillary bipyridine ligands into the
new mixed ligand ruthenium(II) complexes provide a com-
bined benefit of electron donor from ancillary conjugated
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Figure 7: (a) Photocurrent action spectra of devices of mLBD1
(—) and mLBD2 (- - - -) fabricated with Z580 electrolyte; (b) J-V
characteristics of mLBD1 (—) and mLBD2 (- - - -) cells (fabricated
from 0.74 cm2 active area TiO2 electrodes), measured under an
irradiance of 100 mW cm−2 AM1.5G sun light. Double-layer films
(9.0 + 4.8 μm).

bipyridyl ligand as well as electron acceptor anchoring ter-
pyridine tricarboxylic acid in the sensitiser to achieve better
charge transfer from HOMO to LUMO. Though these ancil-
lary bipyridines do not directly interfere with active sites
of TiO2 electrode, the molecular diameter increased signif-
icantly and to some extent influenced the packing densities
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of the sensitizers over TiO2 films. These heteroleptic sensi-
tizers exhibited better solar energy conversion efficiencies as
compared to the standard black dye and mLBD2 sensitizer
that showed an efficiency of 3.36%, highest among the three.
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Conducting polythiophene (PTh) composites with the host filler multiwalled carbon nanotube (MWNT) have been used, for the
first time, in the dye-sensitized solar cells (DSCs). A quasi solid-state DSCs with the hybrid MWNT-PTh composites, an ionic liquid
of 1-methyl-3-propyl imidazolium iodide (PMII), was placed between the dye-sensitized porous TiO2 and the Pt counter electrode
without adding iodine and higher cell efficiency (4.76%) was achieved, as compared to that containing bare PMII (0.29%). The
MWNT-PTh nanoparticles are exploited as the extended electron transfer materials and serve simultaneously as catalyst for the
electrochemical reduction of I −3 .

1. Introduction

Dye-sensitized solar cells (DSCs) have attracted significant
attention as promising solar-to-electricity power conversion
devices because of their higher energy conversion and
potential for low-cost production [1–6]. In general, DSCs
comprise an electrode consisting of nanocrystalline titanium
dioxide (TiO2) films modified with a dye, a platinum
counterelectrode, and an electrolyte solution in between the
electrodes. Photoexcitation of the dye results in the injection
of an electron into the conduction band of the oxide. The
original state of the dye is subsequently restored by electron
donation from a redox system, such as the iodide/triiodide
(I−/I3

−) couple. At the present, DSCs are mainly constructed
by using liquid electrolyte as a charge transport material.
The charge transport in these liquid electrolytes is typically
achieved by using I−/I3

− redox reaction in electrolyte
solution. Therefore, long-term durability of DSCs is limited
by leakage and the volatilization of organic solvent-based
electrolytes. Numerous investigations have been conferred

to overcome this drawback, replacing the liquid electrolyte
by organic and inorganic hole transport materials [7–9],
polymer and gel electrolytes [10–14], and nanocomposite
ionic liquid (IL) electrolytes [15–20] resulting in solid-state
and quasi solid-state DSCs. Imperfect pour filling of the dye-
coated nanocrystalline TiO2 film with organic and inorganic
hole transport materials results in a poor device efficiency.
Moreover, the ionic conductivity for the majority of the
amorphous polymer electrolytes is too low (<10−5 S cm−1),
limiting the device efficiency. Although nanocomposite
IL electrolyte can reduce leakages, it is not satisfactory,
because of the high concentration of corrosive and volatile
iodine present in the electrolyte. The introduction of I2

into the electrolytes could increase the conductivity of the
electrolyte via a Grotthuss-type charge carrier exchange
transfer mechanism. However, the increasing content of I2

(or I3
−) leads to enhanced light absorption even in the visible

range by the electrolyte. The increased absorption of visible
light by the electrolyte, the enhanced dark current, and the
reduced ionic conductivity of the electrolyte contribute to
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Scheme 1: Schematic design of the charge transport processes in typical quasi solid-state DSCs with an electrolyte containing the MWNT-
PTh composites and IL.

the performance variation of the corresponding DSCs with
increasing I2 concentration.

Conducting polymer-coated carbon nanotube compos-
ites are extremely good conducting hybrid materials, which
are often used in organic field effect transistor, solar
cells, sensors, electrochromic devices, and light emitting
diodes [21–24]. Lee and coworkers reported iodine-free
quasi solid-state DSCs, containing a conducting polymer
loaded carbon black and an ionic liquid, which exhibited
a power conversion efficiency of 5.8% [25]. Recently, Lee
et al. further reported an efficient solid-state DSC using a
hybrid carbon nanotubes-binary ionic liquid containing1-
ethyl-3-methylimidazolium iodide (EMII) and 1-methyl-3-
propylimidazolium iodine (PMII), without the addition of
iodine and TBP [26]. Besides, Wang et al. and Ikeda et al.
have reported separately a solid-state electrolyte without the
incorporation of volatile iodine and achieved high device
efficiency [27, 28].

In our earlier work, we reported highly conducting cable-
like PTh-MWNT composites, composed of conducting
polythiophene (PTh) with the host filler multiwalled carbon
nanotube (MWNT), synthesized by the gamma-radiation-
induced in situ chemical polymerization method [29]. In
this study, core-shell MWNT-PTh composites were added
to ionic liquid to form the extended electron transfer
surface (Scheme 1) from the counterelectrode’s surface to
the bulk electrolyte, in order to facilitate electron transfer
and, thereby, decrease the dark current from the working
electrode to the electrolyte. For the first time, MWNT-PTh
composites have been used in DSSC, and the effect of
MWNT-PTh composites addition in the solvent-free ionic

liquid electrolyte without the incorporation of iodine was
studied.

2. Experimental

2.1. Materials. The following chemicals were purchased and
used without further purification: iodine (I2, from Merck),
1-methyl-3-propyl-imidazoliumiodide (MPII, from Merck),
tert-butyl alcohol (Fluka), acetonitrile (ACN, 99.99%,
Aldrich), anhydrous iron (III) chloride (FeCl3,Aldrich), and
chloroform (CHCl3, Aldrich). Thiophene monomer (99+%,
Aldrich) was distilled under a reduced pressure and kept
below 0◦C prior to use. MWNT (>95 vol. grade, produced
by the CVD method; diameter: 10∼20 nm, length: 10∼
50 μm) was supplied by Iljin Nanotech Co., Ltd., Republic of
Korea.

2.2. Composite Electrolyte. The conducting MWNT-PTh
hybrid composites were synthesized as per our reported
work [29]. The instruments used for the characterization
of MWNT-PTh hybrid composites included a field-emission
scanning electron microscope (FE-SEM) (Hitachi Model
S-4300) and a transmission electron microscope (TEM)
(Philips model CM 200) with an Acc. Voltage of 200 kv. The
room-temperature conductivity of the pressed pellets was
measured by the four-point probe method using a Jandel
engineering instrument, Model CMT-SR1060N. The com-
posite electrolyte was prepared by mixing the solid powder
of MWNT-PTh, PMII, and ACN in a weight ratio of 1 : 7 : 7.
ACN was added to the composite to improve the mixing, and
was removed on a hot plate at a temperature of 90◦C.
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2.3. Fabrication of Dye-Sensitized Solar Cell. Nanocrystalline
TiO2 photoelectrodes of 15 μm thickness (area: 0.25 cm2)
were prepared on conducting glass using a variation of a
previously reported method [30]. Fluorine-doped tin oxide-
coated glass electrodes (Nippon Sheet Glass Co., Japan) with
a sheet resistance of 8–10 ohm−2 and an optical transmission
of greater than 80% in the visible range were used. Anatase
TiO2 colloid pastes (particle size ∼25 nm and ∼400 nm)
were obtained from commercial sources (Solaronix). The
nanocrystalline TiO2 thin films of approximately 15 μm
thickness were deposited onto the conducting glass by
screen printing. The film was sintered at 500◦C for 1 h.
The film thickness was measured with a Surfcom 1400 A
surface profiler (Tokyo Seimitsu Co. Ltd.). The electrodes
were impregnated with a 0.05 M titanium tetrachloride
solution and sintered at 500◦C. A dye solution of 3 ×
10−4 M N719 was prepared in 1 : 1 acetonitrile and tert-butyl
alcohol solvents. Deoxycholic acid (20 mM) was added to
the dye solution as a coadsorbent to prevent aggregation of
the dye molecules [31, 32]. The electrodes were immersed
in the N719 solution and then kept at 25◦C for 20 h
to adsorb the dye onto the TiO2 surface. Photovoltaic
measurements were performed in a two-electrode sandwich
cell configuration. The dye-deposited TiO2 film and a
platinum-coated conducting glass were used as the working
electrode and the counterelectrode, respectively. A 30 μm
thick surlyn spacer was put on the dye-deposited TiO2

electrode and attached by heating. The MWNT-PTh/MPII
hybrid composite electrolyte was then put onto the dye-
sensitized TiO2 film at 85◦C to ensure that the PMII can
penetrate well into the porous structure and remove the
residual ACN. The dye-deposited TiO2 electrode with the
MWNT-PTh/MPII hybrid composite electrolytes was assem-
bled with a platinum-coated conducting glass electrode and
sealed by heating the polymer frame. The electrolytes used
for liquid cell were composed of 0.6 M dimethylpropyl-
imidazolium iodide (DMPII), 0.05 M I2, and 0.1 M LiI in
acetonitrile.

2.4. Photovoltaic Characterization. The working electrode
was illuminated through a conducting glass. The current-
voltage characteristics were measured using a solar simulator
(AM-1.5, 100 mW/cm2, WXS-155S-10: Wacom Denso Co.,
Japan). Monochromatic incident photon-to-current conver-
sion efficiency (IPCE) for the solar cell, plotted as a function
of excitation wavelength, was recorded on a CEP-2000 sys-
tem (Bunkoh-Keiki Co., Ltd.). Incident photon-to-current
conversion efficiency (IPCE) at each incident wavelength was
calculated from (1), where Isc is the photocurrent density at
short circuit in mA cm−2 under monochromatic irradiation,
q is the elementary charge, i is the wavelength of incident
radiation in nm, and P0 is the incident radiative flux in
W m−2:

IPCE(λ) = 1240

(
Isc

qλP0

)
. (1)

3. Results and Discussion

Room temperature ionic liquids have several qualities as
compared with other choices since they have negligible
volatility, high thermal stability, a wide electrochemical
potential window, and satisfactory ionic conductivity [33,
34]. Ionic liquids have limited ion diffusion because of its
high viscosity. The conductivity of ionic liquid electrolytes
is further improved by increasing iodine concentration
resulting in a polyiodide formation thus facilitating electron-
exchange-type conductivity [35]. Increasing of iodine con-
centration is, however, limited by strong visible light absorp-
tion by iodine itself. Therefore, iodide ionic liquids in
combination with moderately high iodine concentration
only make a satisfactory electrolyte for DSCs. Moreover,
it was reported that the carbon material in the iodine-
free composite electrolyte serves simultaneously as a charge
transporter in the electrolyte and as a catalyst for electro-
chemical reduction of I3

− ions [25]. The iodide anion-based
IL can provide sufficient I− for the regeneration of oxidized
dye under illumination; I− in turn oxidizes to I3

−, which can
be reduced back to I− at the carbon material.

A main component of DSCs is the electrolyte that fills the
space between the dye-coated porous nanocrystalline TiO2

electrode and the counterelectrode. In the vast majority of
cases the electrolyte contains I−/I3

− redox couple. In general,
iodide salt and iodine are the source of the I−/I3

− redox
couple. In the electrolyte, I2 exists in the form of polyiodides
such as I3

− or I5
− (2). Photoexcitation of the dye results

in the injection of an electron into the conduction band
of the TiO2. The oxidized state of the dye (dye+) should
be regenerated efficiently by electron donation from I− (3).
The efficient regeneration of oxidized dye is crucial for
obtaining good electron collection yields and a high cycle
life of the sensitizer. Meanwhile, the electrons accumulated
at the counterelectrode by the external circuit will lead
to concentration over potentials for the electrolyte at the
counterelectrode and loss of energy of the DSCs if the
electrons are not transferred by I3

− efficiently (4). Apart from
recapture by the oxidized dye, the electrons can be lost to
the electrolyte by reaction with the I3

− (5). Therefore an
efficient transport of iodide and triiodide in the electrolyte
is necessary for good performance of the DSCs. Meanwhile,
the increase of the I3

− concentration in the electrolyte results
in an increasing dark current of the DSCs and thus decreases
the device performance:

I− + I2 −→ I3
− + I2 −→ I5

− (electrolyte solution
)

(2)

3I− + 2dye+ −→ I3
− + 2dye (TiO2 electrode) (3)

I3
− + 2e− −→ 3I− (counterelectrode) (4)

I3
− + 2e− cb (TiO2 electrode) −→ 3I− (5)

Conducting polymer-coated carbon nanotubes are
notable materials, which are being widely studied because
of their extraordinary electronic and mechanical properties.
Considering these aspects, incombustible and nonvolatile
PMII and MWNT-PTh composites, were incorporated into
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Figure 1: (a) FE-SEM and (b) TEM images of MWNT-PTh composites.
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Figure 2: Representative EDS analysis data of MWNT-PTh composites.

DSCs for this study (Scheme 1). The presence of redox-active
PMII ionic liquid fills the nanoporous TiO2/dye interface,
where no space is available for MWNT-PTh composites to
occupy. It is expected that this IL would allow perfect contact
at the interface between the dye-coated porous TiO2 and
the conducting polymer-coated carbon material [19], that is,
MWNT-PTh composites.

A typical morphology of MWNT-PTh composites syn-
thesized by the radiolysis polymerization method was inves-
tigated using scanning electron microscopes (Figure 1). In
Figure 1(a), the FE-SEM image shows a uniform view of the
MWNT-PTh composites. The tubular morphology of the
MWNT-PTh composites was also imaged by the TEM, as
shown in Figure 1(b). Structural characterizations showed
that there was clear indication of interfacial entrapment
between the PTh and MWNT; the conducting polymer is
coated on the surface of the carbon nanotube. Here, the
tubular inner part (core) is mainly the compound of MWNT

and the outer coated surface (shell) is conducting polythio-
phene with variable thicknesses (20–50 nm diameters), and
their external surfaces are not smooth.

Figure 2 shows the energy dispersive spectroscopy (EDS)
analysis of MWNT-PTh composites (data are given in the
table). The atomic percents of the C and S are 58.78 and
11.75, respectively, for MWNT-PTh composites which reveal
that carbon nanotube and polythiophene are both present
in the sample. In general, electrical conductivity may be
taken as a function of the conjugation length of the polymer
and the amount of active dopant present in the polymer,
as the number of charge carriers depends upon the extent
of the dopant concentration, provided that other factors
remain unchanged. A powder sample of 0.02 g was loaded
and pressed into a pellet 1.2 cm in diameter and a pressure
of 170 atm by a manual hydraulic press for 10 min. Then,
the electrical conductivity of the pellets was measured by a
standard four-point probe method, connected to a Keithley
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Table 1: Photovoltaic properties of the DSCs with MWNT-PTh/PMII composite electrolyte and with bare PMII electrolyte using Pt/ITO
and bare ITO as counterelectrode.a

Electrolyte Counterelectrode Jsc (mA cm−2) Voc (V) FF η(%)

PMII Pt/ITO 1.3 0.68 0.33 0.29

MWNT-PTh/PMII Pt/ITO 10.2 0.73 0.64 4.76

PMII ITO 1.0 0.49 0.27 0.13

MWNT-PTh/PMII ITO 7.6 0.62 0.60 2.83

Liquid electrolyte b Pt/ITO 15.4 0.70 0.73 7.86
a
Conditions: sealed cells; dye: N719; coadsorbate: DCA 40 mM; photoelectrode: TiO2 (15 μm thickness and 0.25 cm2); irradiated light: AM 1.5 solar light

(100 mW cm−2). Jsc: short-circuit photocurrent density; Voc: open-circuit photovoltage; FF: fill factor; η: total power conversion efficiency.
bLiquid electrolyte was composed of 0.6 M dimethylpropyl-imidazolium iodide (DMPII), 0.05 M I2, and 0.1 M LiI in acetonitrile.
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Figure 3: Photocurrent voltage characteristics of DSCs with
MWNT-PTh/PMII composite electrolyte at AM 1.5 illuminations
(light intensities: 100 mW cm−2).

voltmeter-constant current source system. The conductivity
of the resulting MWNT-PTh composites at room tempera-
ture is 3.2 S cm−1, which is higher than that of the pristine
PTh (∼1.1 × 10−4 S cm−1), which is synthesized without
MWNT, under the same conditions. The combination of
PTh with MWNT has effectively increased the conductivity
four orders of magnitude for the MWNT-PTh composites
compared with the counterpart bulk PTh powders. A lower
resistance is expected for MWNT-PTh/PMII composites
electrolyte compared to that of bare PMII.

The photovoltaic performances of the DSCs under
AM 1.5 G simulated solar light at a light intensity of
100 mW cm−2 using MWNT-PTh/PMII composite elec-
trolyte and using bare PMII as electrolyte are shown in
Table 1. The cell efficiency of MWNT-PTh/PMII device is
4.76%, which is remarkably higher than that of bare PMII
device (0.29%). The low device efficiency of bare PMII
device is due to significant decrease in both Jsc and FF. The
presence of PTh-MWNT facilitates electron transfer from
counterelectrode to I3

− ions in MWNT-PTh/PMII composite
device. Recently, Lee et al. reported, based on electrochemical
impedance spectroscopy (EIS) analysis, that the presence of
carbon materials in IL facilitates electron transfer from coun-
terelectrode to I3

−, which enables the I−/I3
− redox couple

to work more efficiently than they would in the absence
of carbon materials [25]. An analogous explanation is also
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Figure 4: Photocurrent action spectra of the DSCs with MWNT-
PTh/PMII composite electrolyte and with liquid electrolyte. The
incident photon-to-current conversion efficiency is plotted as a
function of wavelength. A sandwich-type sealed cell configuration
was used to measure this spectrum.

assumed for the MWNT-PTh/PMII composite electrolyte
systems as well.

Figure 3 shows a photocurrent density-voltage curve of a
sealed solar cell based on MWNT-PTh/PMII under AM 1.5 G
simulated solar light at a light intensity of 100 mW cm−2. The
MWNT-PTh/PMII electrolyte containing solar cell showed
a photocurrent density of 10.2 mA cm−2, an open-circuit
potential of 0.73 V, and a fill factor of 0.64, corresponding
to an overall conversion efficiency (η) of 4.76%. In the same
experimental condition, liquid electrolyte device shows an
overall conversion efficiency (η) of 7.86% with a high pho-
tocurrent density of 15.4 mA cm−2 (Table 1). Figure 4 shows
the monochromatic incident photon to current conversion
efficiency (IPCE) for DSCs based on MWNT-PTh/PMII
composite and liquid electrolytes. Liquid-electrolyte-based
device shows the maximum IPCE of 74% at 540 nm,
while the MWNT-PTh/PMII device shows only 59% IPCE
at 540 nm. Inefficient charge transport properties in the
composite electrolyte may be responsible for the low
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conversion efficiency in the MWNT-PTh/PMII-electrolyte-
based device. Further study will target the development
of a high-performance quasi solid-state solar cell through
improvement of charge transport properties in the compos-
ite electrolyte and also the catalytic activity of the electrolyte
for electrochemical reduction of I3

− ions.

4. Conclusion

A 4.76% of light-to-electricity conversion efficiency of the
quasi solid-state DSCs is obtained using hybrid MWNT-
PTh/PMII composites electrolyte without the addition of
iodine under the radiation of 100 mW cm−2 (AM1.5 full
sunlight). The cell efficiency of the quasi solid-state DSCs
incorporating highly conducting MWNT-PTh composite is
one order higher than that of bare PMII device (0.29%).
It is assumed that the hybrid MWNT-PTh composite plays
a key role in both charge transportation in the composite
electrolyte and the catalytic activities for electrochemical
reduction of I3

−.
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A new high molar extinction coefficient ruthenium(II) bipyridyl complex “cis-Ru(4,4′-bis(9,9-dibutyl-7-(3,6-di-tert-butyl-9H-
carbazol-9-yl)-9H-fluoren-2-yl)-2,2′-bipyridine)(2,2′-bipyridine-4,4′-dicarboxylic acid)(NCS)2, BPFC” has been synthesized and
characterized by FT-IR, 1H-NMR, and ESI-MASS spectroscopes. The sensitizer showed molar extinction coefficient of 18.5 ×
103 M−1cm−1, larger as compared to the reference N719, which showed 14.4 × 103 M−1cm−1. The test cells fabricated using
BPFC sensitizer employing high performance volatile electrolyte, (E01) containing 0.05 M I2, 0.1 M LiI, 0.6 M 1,2-dimethyl-
3-n-propylimidazolium iodide, 0.5 M 4-tert-butylpyridine in acetonitrile solvent, exhibited solar-to-electric energy conversion
efficiency (η) of 4.65% (short-circuit current density (JSC) = 11.52 mA/cm2, open-circuit voltage (VOC) = 566 mV, fill factor
= 0.72) under Air Mass 1.5 sunlight, lower as compared to the reference N719 sensitized solar cell, fabricated under similar
conditions, which exhibited η-value of 6.5% (JSC = 14.3 mA/cm2, VOC = 640 mV, fill factor = 0.71). UV-Vis measurements
conducted on TiO2 films showed decreased film absorption ratios for BPFC as compared to those of reference N719. Staining TiO2

electrodes immediately after sonication of dye solutions enhanced film absorption ratios of BPFC relative to those of N719. Time-
dependent density functional theory (TD-DFT) calculations show higher oscillation strengths for 4,4′-bis(9,9-dibutyl-7-(3,6-
di-tert-butyl-9H-carbazol-9-yl)-9H-fluoren-2-yl)-2,2′-bipyridine relative to 2,2′-bipyridine-4,4′-dicarboxylic acid and increased
spectral response for the corresponding BPFC complex.

1. Introduction

Dye sensitized solar cells (DSSCs) attracted intense attention
among scientific as well as industrial organizations because
of their high photon-to-electricity conversion efficiency and
low cost compared to traditional photoelectrochemical cells
[1–5]. Since Graetzel introduced the first highly efficient
nanocrystalline TiO2 sensitized solar cell based on ruthe-
nium(II) bipyridyl complex, N3 as sensitizer, there have been
several modifications to improve the overall performance
of the test cell devices [6–22]. Among all the components

employed in DSSC, sensitizer plays a key role in photovoltaic
performance in respect of efficiency and long-term durabil-
ity. The important tunable properties of sensitizers for high
efficient DSSCs are broad absorption (400 to 900 nm) and
high molar extinction coefficient (thin films and solid state
DSSCs), thermal and photochemical stability (long durable),
compatibility with TiO2 semiconductor conduction band
(efficient electron injection) and redox electrolyte (efficient
dye regeneration), nonplanar molecular structure, and so
forth [6, 8, 22–24]. Thiophene containing oligomers have
been extensively explored as the active organic materials
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for OFET applications due to the ease in chemical modifi-
cation of the structures, allowing fine-tuning their optical
and electronic properties [25]. They exhibit high field-
effect mobility, which have been related to both, the close
packing through π-interactions and the high degree of local
order of molecules [26]. Thiphene oligomers display poor
stability especially in the solid state, limiting their practical
applications, where as fluorine-based oligomers showed both
improved stability and lower HOMO level as compared
to thiophene oligomers. Endcaping of oligofluorenes with
diphenylamino group has been shown to offer advantages in
terms of lowering their first ionization potentials, enhancing
thermal stability and inducing good amorphous morpholog-
ical stability [27]. Thus, fluorene unit as the core is known
to display interesting chemical and electronic characteristics.
We have been engaged in our laboratory to synthesize
durable and high efficient new organic, phthalocyanine as
well as ruthenium(II) bipyridyl dyes, [22–24, 28–32] and
came across a report of super sensitizer, where carbazole
was incorporated on ancillary bipyridyl through conjugation
of thiophene moiety [33]. And as a part of our continued
efforts in this area of research, we became interested to
synthesize a new ruthenium(II) bipyridyl complex BPFC
by introducing 4,4′-bis(9,9-dibutyl-7-(3,6-di-tert-butyl-9H-
carbazol-9-yl)-9H-fluoren-2-yl)-2,2′-bipyridine as an ancil-
lary ligand, and the influence of increased conjugation length
on photovoltaic performance and thermal stability was
evaluated relative to N719 sensitizer. Multiple performance
increasing features such as alkyl groups (n-butyl and t-
butyl), triarylamine equivalent (carbazole), biphenyl group
in fluorene as extended conjugation have been incorporated
in the new ruthenium(II) complex BPFC for achieving better
overall performance.

2. Results and Discussion

2.1. Synthesis. Structure of the new ruthenium(II) bipyridyl
sensitizer is shown in Figure 1 and the series of steps involved
in synthesis of the complex are illustrated in Scheme 1.
The new substituted π-conjugated ancillary bipyridyl lig-
and “4,4′-bis(9,9-dibutyl-7-(3,6-di-tert-butyl-9H-carbazol-
9-yl)-9H-fluoren-2-yl)-2,2′-bipyridine” (L1) was prepared
in accordance to the reported classical reactions. Flu-
orene, procured from Sigma-Aldrich, was directly used
in the bromination reaction to obtain 2-bromofluorene
(1), which was subjected to bromine lithium exchange
reaction with n-butyllithium (n-BuLi) followed by addi-
tion of n-butylbromide to obtain 2-bromo-9,9-dibutyl-9H
fluorene (2). This was further reacted with triisopropy-
lborate in presence of n-BuLi to form 9, 9-dibutyl-9H-
fluoren-2-ylboronic acid (3). The boronic acid derivative
was coupled with 4,4′-dibromo-2,2′-bipyridine under pal-
ladium catalyzed Suzuki conditions to afford 4,4-bis(9,9-
dibutyl-9H-fluorene-2-yl)-[2, 2] bipyridine. The bipyridyl
derivative thus obtained was treated with elemental iodine
to afford 4,4′-bis(9,9-dibutyl-7-iodo-9H-fluoren-2-yl)-2,2′-
bipyridine (5). The diiodo compound, on further reac-
tion with 3,6-di-tert-butyl-9H-carbazole resulted crude L1,
which was purified on silica gel column chromatography to

obtain pure L1. The ancillary ligand L1 was subjected to
complexation with [RuCl2p-cymene2]2 in DMF and followed
by addition of 2,2′-bipyridine-4,4′-dicarboxylic acid and
excess ammonium thiocyanate resulted the formation of
crude BPFC. The complex was purified on Sephadex LH-20
column chromatography. The intermediates formed during
the several classical reactions and the final ruthenium
complex are characterized by FT-IR, 1H-NMR, UV-Vis and
ESI-MASS spectroscopes. The reference sensitizer, N719, was
synthesized in accordance to the procedure reported.

2.1.1. Synthesis of 2-Bromofluorene (1). To a solution of
fluorene (0.500 g, 1.8 mmoL) in dry acetone was added
N-bromosuccinimide (0.320 g, 1.8 mmol) under nitrogen
atmosphere. After maintaining at 80◦C for 3 hours, cool
to room temperature and ice water was added and then
extracted with dichloromethane. The crude compound
was purified on silica gel column chromatography using
hexane/ethyl acetate mixture in 9/1 as eluent. Yield: 90% 1H
NMR (δH/ppm in CDCl3): 7.75–7.65 (m, 3H), 7.45–7.20 (m,
4H). Chemical formula C13H10Br: ESI-MS: Calcd for (M +
H)+: 246, found: 246 (28%).

2.1.2. Synthesis of 2-Bromo-9,9-Dibutyl-9H-Fluorine (2). To
a mechanically stirred mixture of 2-bromofluorene (0.980 g,
4 mmol), powdered KOH (1.200 g, 20 mmol), KI (0.066 g,
0.4 mmol), and DMSO (20 mL) were added and cooled to
10◦C. Bromobutane (1.076 mL, 10 mmol) was added drop
wise over 45 minutes. The color of the reaction mixture
turned from red to light purple. After the temperature
increased to 20◦C, the reaction mixture was left over night,
with stirring, poured into water and the precipitate obtained
was extracted into dichloromethane. The organic extract was
washed with brine solution and water and then concentrated
with rotavapour. The compound was purified on silica gel
column chromatography using hexane/ethyl acetate mixture
in 9/1 as eluent. Yield: 90% 1H NMR (δH/ppm in CDCl3):
7.75–7.65 (m, 3H), 7.45–7.20 (m, 4H), 1.99 (m, 2H), 1.50
(t, 4H), 1.30 (t, 4H), 0.73 (t, 6H), 0.60 (s, 6H). Chemical
formula C21H25Br: ESI-MS: Calcd for (M + H)+: 357, found:
357 (100%).

2.1.3. Synthesis of 9,9-Dibutyl-9H-Fluoren-2-Ylboronic Acid
(3). To a 100 mL two neck glass flask containing 2 (0.500 g,
1.4 mmol) in dry THF (20 mL) and a magnetic stirrer bar
at –78◦C, n-BuLi (1.05 mL, 1.05 mmol) was added under
nitrogen atmosphere while maintaining good stirring. After
stirring for 1 hour, triisopropylborate (0.484 mL, 2.1 mmol)
was added. After stirring for further 2 hours, the reaction
mixture was first quenched with water and then aqueous HCl
(6 M, 20 mL) was added drop wise fashion until the solution
turned acidic and then extracted with dichloromethane. The
combined organic layers were dried over anhydrous sodium
sulphate and concentrated with rotavapour. Purification was
carried out by column chromatography on silica gel using
hexane/ethyl acetate mixture (4/6 v/v) as eluent. Yield: 50%.
1H NMR (δH/ppm in CDCl3): 7.70 (d, 1H), 7.62 (s, 1H),
7.42–7.27 (m, 5H), 1.99 (s, 2H), 1.92 (m, 4H), 1.10 (t, 4H),
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Figure 1: Structure of the new ruthenium(II) sensitizer.

0.73 (t, 6H), 0.60 (s, 6H). Chemical formula C21H27BO2,
ESI-MS: Calcd for (M + H)+: 323, found: 323 (100%).

2.1.4. Synthesis of 4,4-Bis(9,9-Dibutyl-9H-Fluorene-2-yl)-
[2, 2]-Bipyridine (4). In a 25 mL one-necked round bottom
flask equipped with a condenser were placed 3 (0.440 g,
1.375 mmol), barium hydroxide octahydrate (1.355 g,
4.297 mmol), and palladium tetrakis triphenyl phosphine
(0.106 g, 0.091 mmol). The reaction flask was evacuated and
filled with nitrogen gas, and is charged with 1.4-dioxane
(4 mL), water (1.35 mL) and 4,4′-dibromo-2,2′-bipyridine
(0.180 g, 0.573 mmol). The reaction mixture was refluxed
for 24 hours under nitrogen gas and then cooled to room
temperature. The dioxane was removed and the contents
were poured into dichloromethane, the precipitate was
removed through filter paper, and the organic layer was
washed with 1 M-NaOH aqueous solution, NaCl (100 mL)
and dried over sodium sulphate. After concentration on
rotavapour, small quantity of methanol was added. The
precipitate formed was filtered and purified on column
chromatography with silica gel using mixture dichlorometh
-ane/methanol, (9/1 v/v) to obtain the pure product as pale
yellow solid Yield 50%. 1H NMR (500 MHz, CDCl3) 8.70
(d, 1H), 8.63 (s, 1H), 7.80 (d, 1H), 7.60 (d, 1H), 7.29–6.63
(m, 6H), 2.0 ( m, 4H), 1.50 (m, 4H), 1.10 (m, 4H), 0.86 (s,
6H). Chemical formula (C52H56N2), ESI-MS: Calcd for (M
+ H)+: 709, found: 709 (70%).

2.1.5. Synthesis of 4,4-Bis(9,9-Dibutyl-7-Iodo-9H-Fluorene-
2-yl)-[2, 2]-Bipyridine (5). A mixture of 4 (0.200 g,
0.282 mmol), iodine (0.172 g, 0.677 mmol), conc H2SO4

(0.036 mL) and water (0.013 mL) in glacial acetic acid
(10 mL) were taken into 1-neck 100 mL round bottom flask.
Then, the mixture was stirred at 80◦C under nitrogen gas for
4 hours, and then, the reaction mixture was cooled to room
temperature. The solution was poured into large amount
of ice cool water. The resulting mixture was extracted with
dichloromethane and then washed with water and then
dried over Na2SO4 and concentrated on rotavapour, small
quantity of methanol was added. The precipitate formed
was separated and purified on column chromatography with
silica gel using mixture (DCM/methanol, 9/1) to obtain
the pure product as pale yellow solid Yield 45%. 1H NMR
(δH/ppm in CDCl3) 8.8 (d, 2H), 8.75 (s, 2H), 7.6–7.8 (m,
8H), 7.5 (d, 2H), 7.25 (s, 4H), 2.0 (t, 8H), 1.15 (m, 16H),
0.78 (t, 12H). Chemical formula (C52H54I2N2), ESI-MS:
Calcd for (M + H)+: 961, found: 961 (75%).

2.1.6. Synthesis of 4,4-Bis(9,9-Dibutyl-7,7 Di tert-butyl
Carbazole-9H-Fluorene-2-yl)-[2, 2]-Bipyridinyl (6). In a 2-
neck 250 mL round bottom flask containing 4,4-bis(9,9-
dibutyl-7-iodo-9H-fluorene-2-yl)-[2,2]-bipyridinyl (0.100 g,
0.104 mmol), di-tert-butyl carbazole (0.087 g, 0.312 mmol),
copper bronze (0.005 g, 0.084 mmol), and K2CO3(0.067 g,
0.487 mmol) freshly distilled nitrobenzene was added, and
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Scheme 1: Synthesis route for BPFC; (i) N-bromosuccinimide, acetone at 60◦C 3 hours; (ii) bromobutane, powdered KOH, KI and
DMSO, RT 12 hours; (iii) n-BuLi, Triisopropyl borate, THF, 2M HCl, −78◦C, 4 hours; (iv) 4,4′-dibromo-2,2′-bipyridine, Ba(OH)2·8H2O,
Pd(PPh3)4, dioxane/water, reflux, 24 hours; (v) Iodine, conc. H2SO4, HIO4, H2O, AcOH, 80◦C, 4 hours; (vi) 3,6-di-tert-butyl-9H-carbazole,
Cu Bronze, K2CO3, Nitrobenzene, reflux, 24 hours; (vii) [Ru(p-cymene)2Cl2]2, DMF, 60–70◦C; (viii) 4,4′-dicarboxy-2,2′-bipyridine,
NH4NCS, DMF, 8 hours, reflux.

the contents were stirred under N2 atmosphere under reflux
at 210◦C for 24 hours. After cooling to room temperature
the reaction mixture was concentrated on the rotavapour
for complete removal of nitrobenzene. The crude reaction
mixture was then subjected to purification on silica gel
column chromatography using ethyl acetate/methanol (9/1)
as eluent, 45% yield. 1H NMR (δH/ppm in CDCl3) 8.81 (d,
2H), 8.79 (s, 2H), 7.54–7.85 (m, 18H), 7.35 (d, 4H), 7.12 (d,
4H), 2.0 (t, 8H), 1.50 (m, 16H), 1.35 (s, 36H), 0.86 (t, 12H).
Chemical formula (C92H102N4), ESI-MS: Calcd for (M)+:
1263, found: 1263 (100%).

2.1.7. Synthesis of Ruthenium(II) Complex. Compound 6
(0.100 g, 0.079 mmol) and dichloro (p-cymene) ruthe-
nium(II) dimer (0.024 g, 0.039 mmol) in DMF were heated
at 60◦C for a period of 4 hours under nitrogen in dark.
Subsequently 4,4′-dicarboxylic acid-2,2′-bipyridine (0.019 g,
0.079 mmol) was added and the reaction mixture was heated
to 140◦C for another 4 hours. To the resulting dark green
solution, solid NH4NCS (0.180 g, 2.37 mmol) was added and
then the reaction mixture was further heated for another

4 hours at 140◦C. After rotaevaporation of DMF, water
(250 mL) was added to get precipitate. The precipitate was
kept in refrigerator overnight, filtered and washed with dis-
tilled water and then dried in vacuum desiccator. The crude
compound was dissolved in methanol and dichloromethane
mixture and further purified on sephadex LH-20 column
using methanol/dichloromethane mixture (3/2 v/v) as elu-
ent. The main band was collected and concentrated with
rotavapour. Yield: 65%. 1H NMR (δH/ppm in CD3OD +
CDCl3) 9.48 (d, 1H), 9.39 (d, 1H), 8.82 (s, 1H), 8.69 (s, 1H),
8.56 (s, 1H), 8.41 (s, 1H), 7.30–8.30 (m, 29H), 7.18 (d, 1H),
1.8 (t, 8H), 1.35 (s, 36H), 1.15 (m, 16H), and 0.85 (t, 12H).
Chemical formula RuC109H116N8O4S2, ESI-MASS: Calcd for
(M + H)+: 1768, found: 1768 (72%).

2.2. Fabrication of Test Cells. Fluorine-doped SnO2 (FTO)
conducting glass plates (Nippon Sheet Glass, 4 mm thick,
8Ω/sq) were cleaned with a detergent solution followed by
rinsing with water and ethanol and then treated in a UV-O3

system to remove organics and other contaminants. A com-
pact layer, which will facilitate a good mechanical contact
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Figure 2: Absorption spectrum of BPFC (—) relative to N719 (----) (a) equi-molar in ethanol (b) on TiO2 films.

between the nanocrystalline TiO2 and the conducting FTO
matrix, was coated over the cleaned plates using a 40 mM
TiCl4 aqueous solution, and then, the plates were heated at
70◦C for 30 minutes. The working electrodes are composed
with 9 μm thickness of 18 nm TiO2 particles (D18T) as
transparent layer over which 4.8 μm thickness of 400 nm
anatase TiO2 particles (CCIC, HPW-400) as scattering layer.
The TiO2-coated films were gradually heated under an air
flow at 325◦C for 5 minutes, at 375◦C for 5 minutes, at
450◦C for 15 minutes, and at 500◦C for 15 minutes. While
cooling, when the temperature attained to around 90◦C, the
electrodes were immersed in 0.3 mM dye solutions of ethanol
and soaked for 16 hours under the dark. The dye-sensitized
TiO2 electrodes were rinsed with ethanol to remove the
unadsorbed dye molecules and then dried under nitrogen
gas. The counter electrodes were prepared by coating an
FTO plate (TEC 15, 2.2 mm thickness, Libbey-Owens-Ford
Industries) with a drop of H2PtCl6 solution (2 mg of Pt in
1 mL of ethanol) and heating it at 430◦C for 15 minutes.
The dye sensitized TiO2 electrode and Pt counter electrode
were assembled into a sealed sandwich type cell by heating
with a hot-melt surlyn film (Surlyn 1702, 25 μm thickness,
Du-Pont) as a spacer in-between the electrodes. The liquid
electrolyte of E01 (I2 0.05 M, LiI 0.1 M, DMPII 0.6 M, and
TBP 0.5 M in acetonitrile) was filled through the predrilled
hole present on the counter electrode, and then, the hole was
sealed with a Surlyn disk and a thin glass to avoid leakage of
the electrolyte.

2.3. Absorption and Emission Properties. The electronic
absorption spectrum of BPFC sensitizer recorded in ethanol
is shown in Figure 2(a), and the spectrum was compared
with that of the reference N719 sensitizer. The complex
exhibited one absorption band at longer wavelength region
and a shoulder type band in short wavelength region. The
molar extinction coefficient of low-energy absorption band
of BPFC is 18.5× 103 M−1 cm−1, which is larger as compared
to that of reference N719 sensitizer that showed molar
extinction coefficient of 14.4 × 103 M−1 cm−1. Compared to
N719, the increase in π-conjugation length by introduction

of 4, 4′-bis(9,9-dibutyl-7-(3,6-di-tert-butyl-9H-carbazol-
9-yl)-9H-fluoren-2-yl)-2,2′-bipyridine in BPFC complex
increases the molar extinction coefficient and the spectral
response of the new complex. The high-energy shoulder type
absorption band of the complex with increased molar extinc-
tion coefficient could be attributed to the π-π∗ transitions of
fluorene segments which exhibit strong absorption at around
400 nm.

The high-energy absorption band of ruthenium(II)-
bipyridyl complexes is contributed by two components: one
is metal to ligand charge transfer transition, while the other
one is π-π∗ transitions of the ancillary bipyridyl ligand, L1.
The 4,4′-bis(9,9-dibutyl-7-(3,6-di-tert-butyl-9H-carbazol-
9-yl)-9H-fluoren-2-yl)-2,2′-bipyridine (L1) exhibits two
absorption bands, one at around 303 nm and the other one
at 322 nm and these characteristic absorption bands exists
even in BPFC complex but slightly at higher wavelengths.
This indicates that the π-π∗ transitions in the ancillary
bipyridyl ligand, L1 are strong and significantly contributing
to the high-energy absorption band of BPFC complex.
The emission spectra of BPFC sensitizer was recorded in
ethanol by exciting the complex with its absorption maxima
of low-energy absorption band. The emission spectrum was
analyzed by Gaussian reconvolution method to integrate
emission peak to estimate the emission maxima.

Besides the molar extinction coefficient, the other
important property, that is, quantity of dye absorped on
TiO2 films and the pattern of dye absorpsion, also influences
the light-harvesting capability and the photovoltaic
performance of DSSC devices. The molecular diagonal
diameter and geometrical structure of any dye vary with
respect to π-system substituted on one of the bipyridine
moieties of N719. As compared to simple 2,2′-bipyridine-
4,4′-dicarboxylic acid in N3, the 4,4′-bis(9,9-dibutyl-7-
(3,6-di-tert-butyl-9H-carbazol-9-yl)-9H-fluoren-2-yl)-2,2′-
bipyridine in BPFC complex largely increases the diagonal
molecular size, and hence, it is expected to show significant
effect on film absorptions of BPFC. Therefore, the film
absorption measurements over TiO2 surface were carried
out by staining 7.0 μm thick TiO2 (18 NRT layered) films
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in 0.3 mM dye solutions prepared in ethanol for a period
of 16 hours under dark. The absorption spectrum of
BPFC-sensitized TiO2 film was recorded and was compared
with that of N719 sensitized TiO2 film (Figure 2(b)). The
measurements indicate that the dye molecules are anchored
on TiO2 surface, and the film absorbencies for both the
dyes are similar. To compare the anchoring pattern and
surface morphology of the new sensitizer, the absorbance
maxima of low energy absorption band of BPFC sensitizer
is normalized by the corresponding absorbance maxima
of N719, while their molar extinction coefficients are
normalized by the molar extinction coefficient of N719.
The film absorbance ratio of BPFC calculated is lower than
that of N719 indicating its lower packing density of the
dye molecules on TiO2 surface. Staining TiO2 electrodes
immediately after sonication of BPFC dye solution showed
much higher film absorption ratios as compared to those
TiO2 films stained for prolonged soaking times in the BPFC
dye solutions, and this indicates the necessity of sonication
before staining the TiO2 electrodes, particularly when
sensitizers with larger diagonal diameter are employed.

2.4. Electrochemical Properties. In dye-sensitized solar cells,
favorite energy offset between dye and titania is a basic
requirement for any high-efficiency solar cell, in which
the sensitizer’s immediate charge generation yield from the
excited state has a direct influence on the performance of
DSSC device. To measure the electrochemical properties of
BPFC dye, cyclic voltammetry was employed using tetra-
butyl ammonium perchlorate (0.1 M in acetonitrile) as an
electrolyte and ferrocene as an internal standard at 0.42 V
versus SCE (Figure 3). The oxidation and reduction poten-
tials of BPFC are 0.79 V and −0.80 V, respectively. The more
positive potential of the sensitizer, relative to I−/I−3 redox
couple in the electrolyte provide a large thermodynamic
driving force for the regeneration of the dye by iodide.
Based on absorption and emission spectra, the excitation
transition energy (E0−0) of BPFC was estimated to be
1.87 eV and the standard potential (ϕ0(S+/S∗)) calculated
from the relation of [ϕ0(S+/S) = ϕ0(S+/S∗)–E0−0] for the
sensitizer was −1.08 V versus SCE. So, ϕ0(S+/S∗) value is
more negative (or higher in energy) than the conduction
band edge of TiO2 providing a thermodynamic driving force
to inject electron from the dye to TiO2.

2.5. Computational Studies. In order to augment the molar
extinction coefficient with the π-conjugation extension
through 4, 4′-bis(9,9-dibutyl-7-(3,6-di-tert-butyl-9H-car-
bazol-9-yl)-9H-fluoren-2-yl)-2,2′-bipyridine (L1) in BPFC
relative to 2,2′-bipyridine -4,4′-dicarboxylic acid in N719
complex, the electronic ground state of fully protonated
complex is optimized. To see the influence of the ancillary
ligand, L1 on the corresponding ruthenium(II) complex,
the electronic ground state of the ligand was optimized
using B3LYP/6-31G(d) method. Based on the optimized
structures, TD-DFT calculations were performed to see the
optical properties of the ligand and the corresponding ruthe-
nium(II) complex. The unoccupied (LUMO+4 to LUMO)

0 −0.5 −1 −1.5 −2

Potential (V)

Figure 3: Differential pulse voltammograms of BPFC, supporting
electrolyte is 0.1 M tetrabutylammonium perchlorate in acetoni-
trile.

and occupied (HOMO to HOMO+4) orbitals of L1 are
shown in Figure 4. The HOMO and HOMO−1 orbitals of
L1 are degenerate and the π-orbitals are almost delocalized
among carbazole modified fluorenes on ancillary bipyridine,
which lifts their energy levels. In case of HOMO−2 and
HOMO−3, the π-orbitals are almost localized on the
carbazole chromophore. In case of LUMO to LUMO+2
orbitals of L1, the π∗-orbitals are delocalized over π-
system with maximum components on the bipyridine, which
depresses their energy levels. LUMO+3 and LUMO+4 have
π∗-orbitals localized on carbazole chromophore. The TD-
DFT excitation calculations performed for the optimized
ground state of the ancillary bipyridyl ligand, L1 shows
basically two π-π∗ transitions with significant oscillation
strengths at 303 and 322 nm, respectively, as observed in the
case of the absorption spectrum of the ancillary ligand, L1.

The unoccupied (LUMO to LUMO+4) and occupied
(HOMO to HOMO−4) frontier orbitals of BPFC are shown
in Figure 5. The first three occupied (HOMO to HOMO−2)
orbitals of BPFC exhibit ruthenium t2g character with
size mixing from thiocyanate ligand and with π-bonding
orbitals of 4,4′-bis(9,9-dibutyl-7-(3,6-di-tert-butyl-9H-
carbazol-9-yl)-9H-fluoren-2-yl)-2,2′-bipyridine (L1). The
π-clouds for HOMO−3 orbital for both the dyes are
nonbonding combination localized on the NCS ligands.
The HOMO−4 and HOMO−5 of BPFC are combinations
of π-bonding orbitals localized over carbazole moiety of
4,4′-bis(9,9-dibutyl-7-(3,6-di-tert-butyl-9H-carbazol-9-yl)-
9H-fluoren-2-yl)-2,2′-bipyridine. In HOMO and HOMO−1
orbitals of the new ancillary bipyridine, the π-orbitals are
more delocalized over the π-system and bipyridine, and this
favors lifting their energy levels. The conjugation length of
BPFC resulted in increase in the molar extinction coefficient
of MLCT absorption bands, which could probably due to
lifting their occupied molecular orbitals energy levels as
compared to those of N719. In case of LUMO, the electron
distribution move toward anchoring groups, while assuming
similar molecular orbital geometry when adsorbed on TiO2
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Figure 4: Frontier molecular orbitals of 4,4′-bis(9,9-dibutyl-7-(3,6-di-tert-butyl-9H-carbazol-9-yl)-9H-fluoren-2-yl)-2,2′-bipyridine (L1);
(a) LUMO+4; (b) LUMO+3; (c) LUMO+2; (d) LUMO+1; (e) LUMO; (f) HOMO; (g) HOMO−1; (h) HOMO−2; (i) HOMO−3; (j)
HOMO−4.

surface, the close position of the LUMO to the anchoring
moieties is expected to enhance the overlap with the 3d
orbitals of TiO2 leading to favored electron injection.

2.6. Thermal Stability. One of the parameters desired to
sustain the initial photovoltaic performance of the DSSC
over a long period is the high thermal stability of the
ruthenium(II) sensitizer. In order to evaluate the ther-
mal stability of the new sensitizer relative to N719, TGA
analysis were performed using a TGA/SDTA 851e thermal
system (Mettler Toledo, Switzerland) at heating rate of
10◦C/min in the temperature range of 50–600◦C under N2

atmosphere (flow rate of 30 mL/min) and the influence
of 4,4′-bis(9,9-dibutyl-7-(3,6-di-tert-butyl-9H-carbazol-9-
yl)-9H-fluoren-2-yl)-2,2′-bipyridine on thermal stability of
BPFC complex was studied. Film samples ranging from
8 to 10 mg were placed in the sample pan and heated,
while weight loss and temperature difference were recorded
as a function of temperature. The thermogram of BPFC
obtained under identical conditions with that of N719 was
compared. Figure 6 shows the derivative of % conversion
with respect to temperature, in which both the thermograms
of BPFC and N719 initially follow similar trend up to
around 200◦C and after this, BPFC loses its mass quickly
and hence a decrease in thermal stability by around 50◦C was
observed as compared to that of N719. This indicates that the
substitution of 4,4-bis(9,9-dibutyl-9H-fluorene-2-yl)-[2, 2]
bipyridine reduces the thermal stability of the ruthenium(II)
sensitizer.

2.7. Photovoltaic Properties. To study the influence of 4,4′-
bis(9,9-dibutyl-7-(3,6-di-tert-butyl-9H-carbazol-9-yl)-9H-
fluoren-2-yl)-2,2′-bipyridine as π-conjugation extension
on the photovoltaic performance of DSSC relative to
2,2′-bipyridine-4,4′-bicarboxylic acid, double-layer titania
film (9.0 + 4.8 μm) 0.16 cm2 active area TiO2 electrodes
and high-efficiency liquid electrolyte were employed for
fabrication of DSSC test cells. The fabrication and evaluation
of DSSC test cells were in accordance to the procedures
already reported and the volatile electrolyte, (E01)
containing 0.05 M I2, 0.1 M LiI, 0.6 M 1,2-dimethyl-3-
n-propylimidazolium iodide, 0.5 M 4-tert-butylpyridine
in acetonitrile solvent was employed [31]. The incident
photon-to-current conversion efficiency (IPCE) of the
sensitizer plotted as a function of excited wavelength was
compared with that of N719 sensitized solar cell, fabricated
and evaluated under identical conditions (Figure 7). The
photocurrent action spectrum of BPFC showed broad
plateau IPCE spectrum with exceeding IPCE of 55%, while
that of N719 exhibited maximum IPCE reaching 78%. The
BPFC sensitizer gives short-circuit photocurrent density
(JSC), open-circuit voltage (VOC), and fill factor (ff) of
11.52 mAcm2, 566 mV, and 0.72, respectively, yielding an
overall energy conversion efficiency (η) of 4.65%, while
the test device fabricated under identical conditions with
N719 dye gave JSC of 14.36 mA/cm2, VOC of 640 mV, and
ff of 0.71 yielding an overall energy conversion efficiency
of 6.5%. When compared to N719 sensitized solar cell,
BPFC-sensitized solar cell is expected to show lower power
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Figure 5: Frontier molecular orbitals of BPFC: (a) LUMO+4; (b) LUMO+3; (c) LUMO+2; (d) LUMO+1; (e) LUMO; (f) HOMO; (g)
HOMO−1; (h) HOMO−2; (i) HOMO−3; (j) HOMO−4.

Table 1: Detailed photovoltaic parameters of DSSCs.

Sensitizer JSC (mA/cm2) VOC (mV) ff Efficiency (%)

BPFC 11.52 566 0.72 4.6

N719 14.36 640 0.71 6.5

Short-circuit photocurrent density (JSC), open-circuit photovoltage (VOC),
fill factor (ff).

conversion efficiency due to lower JSC and lower IPCE of
BPFC relative to that of N719 Table 1.

3. Conclusions

The new sensitizer BPFC was carefully designed considering
the following (1) The alkylgroups (two n-butyl and two t-
butyl on each pyridyl of ancillary ligand) not only increase

the solubility of the sensitizer in organic solvents but also
serve as electron donating apart from inhibiting water
induced desorption of the sensitizer from the TiO2. (2)
Carbazole is a triarylamine equivalent which is known to
improve the efficiency of the sensitizer. (3) The biphenyl
group in Fluorene moiety serves as extended conjugation
for enhancing the molar extinction coefficient and provides
aromatic stability to the molecule. (4) The bipyridine dicar-
boxylic acid provides excellent anchoring of the complex
on to the TiO2 surface facilitating easy electron injection.
Thus, the multiple performance increasing features of the
BPFC sensitizer makes the ruthenium(II) complex unique
for DSSC application and showed solar-to-electric energy
conversion efficiency (η) 4.6%, while under similar fabrica-
tion and measurement conditions, standard N719 showed
6.5% efficiency. The new ruthenium(II) bipyridyl sensitizer
showed relatively high molar extinction coefficient. Upon
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Figure 7: Photocurrent action spectra of DSSC constructed based
on BPFC (—) and N719 (----) sensitizers.

sensitization with nano-crystalline TiO2, the dye showed
decreased film absorption ratios, whereas staining the TiO2

electrodes with freshly sonicated dye solutions showed
relatively increased film absorption ratios on TiO2 surface.
The lower solar-to-electrical energy conversion efficiency
could be result of lower IPCE value and lower film absorption
ratios. Design and development of super sensitizers with
similar high performance features but with less bulky nature
are under progress.
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Structural and electrical properties of polycrystalline CuGaSe2 thin films have been studied by changing the Ga/Cu ratio in the
films. CuGaSe2 thin films with various Ga/Cu ratio were grown over Mo-coated soda-lime glass substrates. With the increase of
Ga content in CuGaSe2, morphology of the films was found to deteriorate which is associated with the smaller grain size and the
appearance of impurity phases presumably due to the phase transition from the chalcopyrite structure to the defect-related phase
on the surface of the films. Properties of the Ga poor films were affected by the Cu rich secondary phases. Electrical properties of
the films were strongly influenced by the structural properties and degraded with increasing the Ga/Cu ratio in the film. Device
performances, fabricated with the corresponding CuGaSe2 films, were found to be correlated with the Ga/Cu ratio in the films and
consistent with the observed structural and electrical properties.

1. Introduction

Chalcopyrite Cu(In,Ga)Se2, abbreviated as CIGS, is one of
the most promising materials to realize high-efficiency, low-
cost thin film solar cell. Efficiency of 19.9% has already
been achieved for the CIGS-based solar cell [1]. As the
ideal CIGS bandgap for highest conversion efficiency is
speculated theoretically to be around 1.4 eV [2], CuGaSe2

(x = Ga/ In + Ga = 1.0) with a bandgap of 1.68 eV [3]
can be considered as a leading material to enable the highest
possible efficiency. Moreover, the large band gap makes the
CuGaSe2, an ideal absorber material for the top cell in a
photovoltaic tandem device together with CuInSe2 as the
bottom cell absorber [4]. However, so far, CuGaSe2 solar
cells with a CdS buffer have achieved efficiency of around
9.3% for thin film [5] and 9.7% for single crystal solar
cells [6]. Therefore, a better understanding of the material
properties of CuGaSe2 is needed to realize efficiency beyond
the current level. The electrical, optical, and microstructural

properties of CIGS films are dominated by the various
intrinsic defects originated from the off stoichiometry of
the film composition [7–9]. Moreover, deviation from the
ideal stoichiometry during growth of this material is reported
to contain some secondary phases preferably segregated
on the surface of the film. Particularly, formation of the
Cu(In,Ga)3Se5, Cu(In,Ga)2Se3.5, and so forth phases on
the surface of the slightly Cu-poor film (Ga/Cu-rich) and
Cu-Se related secondary phase in the Cu-rich film is a
commonly observed phenomenon in CIGS material grown
by various methods [10, 11] and reported to have significant
impact on the material properties as well as fabricated device
performances [12, 13]. Therefore, to achieve the optimized
material quality of CuGaSe2 material which is compatible for
highest possible efficiency, an extensive study of this material
with various compositions is indispensable. Although there
have been various studies reported regarding the effect of
composition over the properties of CIGS thin film, in case
of CuGaSe2, study of the film properties as well as solar
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cell performances in connection with the above mentioned
secondary phases are scarce specially due to the relatively
high defect formation energy of this defect in standard grown
CuGaSe2 films. In this paper, we have systematically varied
the Ga/Cu ratio in the CuGaSe2 absorber layer to study the
effect of Ga content on the electrical and structural properties
of the film. Also correlation between the performances of
the fabricated solar cells and various Ga/Cu ratios in the
absorber layer has been investigated.

2. Experimental

Polycrystalline CuGaSe2 thin films with the typical thickness
of 2 µm were grown over Mo-coated soda-lime glass (SLG)
substrates through a three-stage coevaporation process using
molecular beam epitaxy system [14]. Evaporation was done
at a base pressure of approximately 1 × 10−6 Pa from three
Knudsen cells (K-cells) that were the respective Cu, Ga, and
Se sources. Growth temperature of the first stage was kept
at 400◦C during coevaporation of Ga and Se. Temperature
was increased to 520◦C at the 2nd and 3rd stage when Cu,
Se and Ga, Se coevaporation was done, respectively. To get
the uniform composition of the films, substrate was kept
in constant rotation of 10 rpm during deposition. All the
samples were grown at the constant flux rate of Cu, Ga,
and Se. Typical deposition time for the 1st and 2nd stage
was 60 minutes and 25 minutes, respectively. The duration
of the 2nd stage was determined by the target Cu/Ga ratio
of 1.3 at the end of the 2nd stage. Finally 3rd stage growth
time determines the final Cu/Ga ratio in the growth CuGaSe2

film. By lengthening the duration of 3rd stage, we can reduce
the Cu/Ga ratio and vice versa. Thus, several CuGaSe2 films
with various Gu/Cu ratio have been fabricated by changing
the third stage growth time. After 3rd stage of the growth,
during the cooling of the substrate, Cu and Ga cell shutters
were closed; however Se cell remained open for 30 minutes to
irradiate Se flux to avoid reevaporation of Se from the surface
of the film. Thus all the films were considered to be grown in
sufficient Se environment.

Device fabrication was completed by chemical bath
deposition of CdS buffer layer and successive deposition
of RF-sputtered highly resistive i-ZnO, conductive n-type
Al : ZnO layers, and finally Al grids as front electrode by ther-
mal evaporation. The film thickness of the Mo, CdS, i-ZnO,
and Al : ZnO layers were typically 0.8 µm, 50 nm, 70 nm,
and 400 nm, respectively. For the electrical characterization,
CuGaSe2 was grown on SLG directly.

The composition of the grown CuGaSe2 films was
measured by electron probe microanalysis (EPMA) at 15 kV
of acceleration voltage. The structural properties of the films
were examined by scanning electron microscopy (SEM).
Electrical properties were studied by the van der Pauw Hall
measurement method at room temperature. The photo-
voltaic properties of the fabricated solar cells were analyzed
by ESS-1000 solar simulator at room temperature. Xe lamp
was used as light source to illuminate AM 1.5 sun light which
corresponds to the intensity of 100 mW/cm2.

3. Results and Discussions

3.1. Structural Properties. Microstructural properties of the
CuGaSe2 thin films were studied by scanning electron
microscope (SEM). Sample structure for this experiment was
considered as CuGaSe2/Mo/SLG. Figures 1(a)–1(d) show the
SEM images of the surface view of several CuGaSe2 thin films
grown with various Ga/Ca in the films. The amount of the
Ga/Cu ratio in the film strongly influences the morphology
and structure of the film including the grain size and shape
[15]. Films with near stoichiometric composition having
Ga/Cu = 1.05 show the best morphology with large uniform
grains as seen from Figure 1(c). No void or impurity phase
was seen on the surface of the film. With increasing the
Ga content in the film (Figure 1(b)), no apparent reduction
in grain size was observed. However, overall morphology
deteriorates. Some minor phase precipitates were observed at
grain boundary locations of the facet-like grains. For further
increase of the Ga content (e.g., Ga/Cu = 2.03), film was
found to be associated with smaller grains covered with
melted-like impurity phases as seen in Figure 1(a). With an
increase in the bulk Ga/Cu ratio (i.e., with a decrease of
Cu content) in the film above the stoichiometry, structural
modification occurs which starts from the surface of the film
directing along the depth of the film towards the substrates
[16]. Therefore, we believe impurity phases covering the
surface region of the Ga-rich films might originate from the
ordered defect compounds (e.g., CuGa3Se5) which is also
known as defect chalcopyrite.

General tendency of the grain size in the film being
smaller with increasing Ga/Cu ratio in our study is consistent
with the observation of various authors where they reported
that Cu-rich films usually are associated with larger grains
than that of Cu-poor films [17, 18]. Schlenker et al. [19]
calculated the activation energy for grain boundary motion
as a function of Cu content in the CIGS thin films. Higher
Cu contents lead to the lower activation energies and
therefore to the formation of larger grains. This calculation
explains our observation of smaller grains in Ga-rich films
as seen from the surface view of the films. On the contrary,
relatively smaller grain in the Cu-rich film with Ga/Cu =
0.89 can be explained by the formation of Cu2-xSe phases
between CuGaSe2 grains, that hinder the lateral growth
of the CuGaSe2 grains resulting in smaller grains [20].
Void appeared in the Cu-rich film can be attributed to the
difference of the growth rate between inherent CuGaSe2

grains and converting grains during the final stage of the film
growth.

To get the structural properties of the bulk of the films,
we have examined SEM images of the cross-sectional view
of the similar sets of the samples, as shown in Figures 2(a)–
2(d). Unlike the surface morphology and grain size, the
cross-sectional view was not significantly influenced by the
variation of Ga/Cu ratio in the films. Ordered columnar
grains, orientated with respect to Mo back contact, were
observed for the near stoichiometric film with Ga/Cu =
1.05. No significant change in grain size and orientation
was observed when Ga content in the film was increased.
However, some smaller grains were accumulated at the
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Figure 1: SEM images of the surface view of the as-grown CuGaSe2 thin films. Various CuGaSe2 layers were grown with changing Ga/Cu
ratio in the film (a) Ga/Cu = 2.04, (b) Ga/Cu = 1.45, (c) Ga/Cu = 1.05, and (d) Ga/Cu = 0.89.
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Figure 2: Cross-sectional SEM images of the as-grown CuGaSe2 thin films. Various CuGaSe2 layers were grown with changing Ga/Cu ratio
in the film (a) Ga/Cu = 2.04, (b) Ga/Cu = 1.45, (c) Ga/Cu = 1.05, and (d) Ga/Cu = 0.89.
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interface of Mo substrate and CuGaSe2 absorber. Again,
highly Cu-rich (Ga/Cu = 0.89) sample exhibits relative
smaller columnar grains associated with smaller grains on
the side of the Mo back contact.

We explain the above phenomenon as follows: in our
three-stage growth system, Cu and Se material were coevap-
orated at the 2nd stage of growth process. To get overall
improved electrical properties with larger grain size, Cu flux
was irradiated until Cu/Ga in the film becomes 1.3 at the
end of the 2nd stage [21]. Therefore, the columnar-grain
orientation and size along the depth towards the substrate
should be nominally similar up to second stage of the growth
process. However, according to the phase diagram, under this
Cu-rich condition, excess Cu can only be in form of Cu-Se
phase in Cu-Ga-Se system [22] that preferably segregates on
the surface of the film along the growth direction. According
to the Cu-Se binary phase diagram [22], Cu-Se can exist
as quasiliquid form at the growth temperature of ∼520◦C
at the 2nd stage. Therefore, finally, at the 3rd stage of the
growth procedure, when this quasiliquid phase is exposed
to the Ga and Se fluxes under the environment of sufficient
Se vapor pressure, it contributes to form the CuGaSe2 film
via several vapor-liquid-solid mechanisms [21, 23]. The
duration of the Ga and Se flux irradiation finally decides
overall Ga/Cu ratio in the film. For Ga-rich samples in our
study, the longer duration of Ga and Se flux assists excess
Ga and Se to incorporate into the solid system through the
formation of VCu and GaCu antisites defect which eventually
initiate structural transition at the near surface region. This
structural reformation produces defect chalcopyrite phase,
for example, CuGa3Se5 and so forth, starting from the
surface along the depth of the film. Therefore, surface of
the film should exhibit primarily the characteristic change
in grain size and morphology, while bulk of the film may
remain nearly identical as observed from the cross-sectional
view of the samples in this study. Then, relatively smaller
columnar grains, observed at the film with Ga/Cu = 0.89
(Cu/Ga ∼ 1.12), can be explained by the variation of growth
procedure where composition at the end of the 2nd stage may
exceed the threshold value of Cu/Ga = 1.3.

3.2. Electrical Properties. For the Hall effect measurement,
CuGaSe2 films were grown directly over SLG and cut into
5 × 5 mm2 of sizes. Indium was used as ohmic contact
electrode. Table 1 lists the majority carrier concentration and
the electrical resistivity of several CuGaSe2 films grown with
various Ga/Cu ratio in the film. The film with lower Ga/Cu
ratio (Cu at. % = 26.15 ) has the resistivity of 16.1Ω-cm
which increased up to value of 99.4Ω-cm when increasing
the Ga/Cu ratio to 2.04 (i.e., reducing the Cu content to 15
at. % ). The resistivity thus depends on the Ga/Cu ratio in
the film. Similarly the hole carrier concentration generally
decreases with increasing Ga/Cu ratio in the film.

The general tendency of the increasing of resistivity
and decreasing of hole carrier concentration with increasing
Ga/Cu ratio in our films can be explained by the structural

Table 1: Electrical properties of various CuGaSe2 thin films
having different Ga/Cu ratio in the film. Electrical properties were
determined by van der Pauw Hall measurement method at room
temperature. CuGaSe2 films were grown directly over SLG and cut
into 5× 5 mm2 of sizes, for the measurement.

Ga/Cu Resistivity (Ω-cm) Carrier concentration (cm−3)

0.89 88.5 5.8 × 1015

0.96 16.1 2.0 × 1016

1.05 16.3 1.5 × 1016

1.45 34.2 6.9 × 1015

2.04 99.4 6.0 × 1015

properties as studied by SEM images in Figures 1(a)–
1(d). The lowering of Cu content (i.e., increasing Ga/Cu
ratio) in the film resulted in smaller grain size which
is responsible for increased grain boundary in the film.
The carrier transport properties are greatly influenced by
the increased grain boundary in polycrystalline thin films
resulting in the increased resistivity and reduced free carrier
concentration [24]. These inferior structural properties are
primarily responsible for degraded electrical properties in
the Ga-rich films. Thus, poor electrical properties in the
film with smaller grain can explain the higher resistivity
and reduced carrier concentration in our Cu-rich film with
Ga/Cu = 0.89.

As we have mentioned earlier that decreasing of Cu
content in the film is associated with the VCu and GaCu

antisites type defects which are the building block of ordered
defect phase like CuGa3Se5, CuGa5Se8, and so forth. It is
reported that polycrystalline CuIn3Se5 is n-type material and
highly resistive with the resistivity of around ∼107 Ω-cm
and with lower carrier concentration [25]. Thus, taking into
account that Ga-rich samples in this study could be bilayer
structure of chalcopyrite and ordered defect phase, we can
consider that this defect phase is one of the reasons for
poor electrical properties of CuGaSe2 thin film when Ga/Cu
ratio was increased. Moreover, although we did not make a
systematic study of the effect of Na in our grown CuGaSe2

films, the increased amount of the diffused Na in the Ga-
rich film (due to longer deposition time) may segregate on
the surface of the film and drive to form Na-induced defect
phase which is based on defect-chalcopyrite structure similar
to that of CuGa3Se5 as proposed by Nadenau et al. [26].
Therefore, this defect phase may also affect the electrical
properties of the Ga-rich film.

3.3. Solar Cell Performances. To understand the effect of
Ga/Cu variation in the absorber layer, over the solar
cell performance, we have fabricated several CuGaSe2

based solar cell structure using the corresponding absorber
layer. The device structure becomes Al/Al : ZnO/i-ZnO/
CdS/CuGaSe2/Mo/SLG. Any segregated Cu-Se phase on the
surface of all the CuGaSe2 films was etched off with KCN
solution prior to the fabrication of following buffer layer;
therefore, the effect of surface Cu-rich phase can be discarded
over the solar cell performances. The resulting illuminated I-
V characteristic curves of the fabricated CuGaSe2 solar cells
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Figure 3: I-V characteristics of various CuGaSe2 thin film solar
cells measured by solar simulator under the illumination of AM1.5
which corresponds to the light intensity of 100 mW/cm2. The active
area of the cell was 0.465 cm2.

are shown in Figure 3. It is clear from the figure that all the
devices suffer from the higher series resistance as evident
from the slope of the higher voltage region of the curve.
However, the resistivity increases with increasing Ga/Cu ratio
in the film. Also the shunt resistance is lower for the device
fabricated with the CuGaSe2 absorber layer with higher
Ga/Cu ratio. The shunt resistance becomes higher with
reducing Ga/Cu ratio in the film. The higher series resistance
and reduced shunt resistance in the Ga-rich CuGaSe2 based
solar cell resulted in the lower fill factor in the I-V curve.
The poor junction properties of the Ga-rich solar cell as
evident from the illuminated I-V curve were also reflected
in the ideality factor of the junction. An increase in the
Ga/Cu ratio in the absorber layer was found to increase the
ideality factor of the solar cells as measured from the dark I-V
curve using a one diode model. The increased ideality factor
indicates the degradation of the junction properties of the
Ga-rich CuGaSe2 based solar cell associated with increased
recombination centers at the absorber-buffer junction. This
may arise from the formation of the junction with defect-rich
phase having poor electrical properties and the buffer layer.

The performance parameters of the fabricated solar cell
have been plotted in Figure 4. Open circuit voltage, Voc,
seems to be insensitive to the Ga/Cu ratio in the film, while
fill factor, FF, and short circuit current density, Jsc, were
significantly influenced by the Ga/Cu ratio. Improved FF
and Jsc in Cu-rich film can be explained by the improved
morphology and structural properties of the absorber
layer associated with improved electrical properties with
increasing Cu-content. This improved FF and Jsc resulted
in the increase of the cell efficiency when Ga/Cu ratio was
reduced up to the near stoichiometric composition (in this
study Ga/Cu = 0.96). When composition deviates from the
stoichiometry to more Cu-rich composition (more reduced
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Figure 4: Device parameter of various CuGaSe2 thin film solar cells
as a function of Ga/Cu ratio in the CuGaSe2 absorber layer.

Ga/Cu ratio), device performance starts to decrease mainly
due to the adverse effect of Cu-rich secondary phase in the
absorber layer. Thus, Ga/Cu ratio in CuGaSe2 film plays an
important role over the performance of solar cell.

4. Conclusion

The effects of Ga/Cu ratio on the properties of CuGaSe2 thin
films as well as on the solar cell performance were examined.
For higher Ga/Cu ratio, over all structural properties and
electrical properties of the CuGaSe2 thin films degraded
which deteriorates the solar cell performance fabricated with
the corresponding films. Possible origin of the degraded
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material properties of the Ga-rich films can be attributed to
the formation of the VCu and GaCu type defects which even-
tually forms Cu-poor defect related phase of inferior material
properties. On the contrary, material properties of the Ga-
poor (i.e., Cu-rich) samples are influenced by the formation
of Cu-Se related phase. Performance of the fabricated solar
cell based on the corresponding absorber layers was found
to be strongly correlated with the Ga/Cu ratio in the films.
Within the range of Ga/Cu ratio, examined in this study,
optimum Ga/Cu ratio close to the stoichiometry was found
to be preferable to get better material properties and device
performance as well.
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We have prepared a novel piperidine-donor-substituted perylene sensitizer, PK0002, and studied the photovoltaic performance
in dye-sensitized solar cells (DSSCs). Physical properties and photovoltaic performance of this new perylene derivative PK0002
are reported and compared with those of unsubstituted perylene sensitizer, PK0003. PK0002, when anchored to nanocrystalline
TiO2 films, achieves very efficient sensitization across the whole visible range extending up to 800 nm. The incident photon-to-
current conversion efficiency (IPCE) spectrum was consistent with the absorption spectrum and resulted in a high short-circuit
photocurrent density (Jsc) of 8.8 mA cm−2. PK0002 showed higher IPCE values than PK0003 in the 520–800 nm region. Under
standard AM 1.5 irradiation (100 mW cm−2) and using an electrolyte consisting of 0.6 M dimethylpropyl-imidazolium iodide,
0.05 M I2, 0.1 M LiI, and 0.5 M tert-butylpyridine in acetonitrile, a solar cell containing sensitizer PK0002 yielded a short-circuit
photocurrent density of 7.7 mA cm−2, an open-circuit photovoltage of 0.57 V, and a fill factor of 0.70, corresponding to an overall
conversion efficiency of 3.1%.

1. Introduction

Dye-sensitized solar cells (DSSCs) have been widely inves-
tigated because of their simple structure and potential for
low-cost production [1–3]. In this solar cell, a monolayer of
dyes is attached to the surface of nanocrystalline TiO2 film
to absorb solar light. The molecular design of dye-sensitizers
that can absorb visible light of all colors for nanocrystalline
oxide semiconductor solar cells is a challenging task as several
requirements have to be fulfilled by the dye which are very
difficult to be met simultaneously. Most of current research
concerns development of panchromatic sensitizers based
on organic dyes and transition metal complexes. Towards
this goal, a number of transition metal complexes are used
as effective sensitizers, due to their intense charge-transfer

absorption over the whole visible range and highly efficient
metal-to-ligand charge-transfer in a dye-sensitized solar cell
device. DSSCs with dyes based on ruthenium complexes have
achieved energy conversion efficiencies over 11% [4, 5]. In
recent years, there has been much effort in replacing the
ruthenium complexes with fully organic photosensitizers for
environmental reasons, lower cost, and the possibility to
obtain very high extinction coefficients, which could also
allow application in thinner solar cells as demanded in, for
example, solid-state DSSCs.

Derivatives of perylene have been widely applied in
various optical devices owing to their outstanding chemical,
thermal, and photochemical stability and nontoxicity [6–
12]. Several perylene dyes have been used as sensitizers
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in DSSCs, however, they exhibited very low overall power
conversion efficiencies [13–16]. Li and Edvinsson reported
diphenylamino-substituted perylene monoanhydrides as
sensitizers with power conversion efficiency 3.9% [17], later
on they reported 6.8% power conversion efficiency with new
perylene sensitizer bearing two thiophenol groups [18]. As
our research program in developing the new sensitizers [19],
herein, we present a novel piperidine-donor-substituted
perylene sensitizer (PK0002) and compare with unsubsti-
tuted perylene sensitizer (PK0003) as shown in Figure 1.

2. Experimental

2.1. General. Dehydrated DMF was purchased from Aldrich.
The synthesis of PK0003 [20] and compound 1 [20, 21]
was performed as reported in the literature. 1H NMR
was recorded using a JEOL JNM-ECX-400 spectrometer
(400 MHz) and the chemical shifts are referenced to internal
tetramethylsilane. Atmospheric pressure chemical ioniza-
tion (APCI)–HRMS was obtained on an Agilent LC/MSD
TOF spectrometer. Absorption and emission spectra were
obtained using Shimadzu UV-2400PC and RF-5300PC
spectrometers, respectively. Spectroscopic-grade CHCl3 was
purchased from Kanto Chemical. DFT calculations were
performed with a Gaussian03 package using B3LYP/6-31G.

Synthesis of 2. A mixture of compound 1 (100 mg,
0.170 mmol) and piperidine (0.30 mL, 3.6 mmol) in DMF
(10 mL) was refluxed under N2 for 3 h. The reaction mixture
turned from bright scarlet to deep blue in color. The
solvent was removed on a rotary evaporator. The resulting
residue was column chromatographed with silica gel and
chloroform, yielding a purple solid (69 mg, 61%). 1H NMR
(CDCl3): δ (ppm) = 8.61 (2H, m), 8.47 (1H, m), 8.40 (2H,
m), 8.33 (1H, m), 8.24 (1H, d, J = 8.7 Hz), 7.64 (1H, t, J
= 8.1 Hz), 7.58 (1H, d, J = 8.7 Hz), 7.44 (1H, dd, J = 8.7,
2.2 Hz), 7.20 (1H, d, J = 8.3 Hz), 7.02 (1H, d, J = 2.3 Hz), 3.19
(4H, br), 1.90 (4H, m), 1.73 (2H, br), 1.33 (9H, s), 1.30 (9H,
s). APCI-HRMS: calcd for C41H41N2O2 (MH+), 593.3163;
found: 593.3008.

Synthesis of PK0002. Crushed KOH pellets (1.5 g) were
added to a suspension of 2 (60 mg, 0.11 mmol) in t-butanol
(50 mL) and the mixture was vigrously refluxed with stirring
for 2 hrs (Scheme 1). The blue solid slowly dissolved and
the solution turned yellow. While hot, the reaction mixture
was cautiously poured into glacial acetic acid (100 mL) with
vigorous stirring. The deep blue color returned immediately
and a solid precipitated. The suspension was cooled and
chloroform was added to dissolve the solid. The organic
layer was washed 3 times with water, dried over anhydrous
sodium sulfate, stripped on a rotary evaporator and dried
overnight in a dessicator. The crude product was column
chromatographed on silica gel with chloroform, yielding a
purple solid (69 mg, 45%). 1H NMR (CDCl3): δ (ppm) =
8.24 (4H, m), 8.21 (1H, d, J = 8.2 Hz), 8.02 (1H, d, J =
7.8 Hz), 7.92 (1H, d, J = 8.2 Hz), 7.56 (1H, t, J = 7.8 Hz), 7.08
(1H, d, J = 8.2 Hz), 3.21 (4H, br), 1.91 (4H, m), 1.74 (2H,
m). APCI-HRMS: calcd for C27H20NO3 (MH+), 406.1438;
found: 406.1342.

2.2. Fabrication of Dye-Sensitized Solar Cell. A nanocrys-
talline TiO2 photoelectrodes of 20 μm thickness (area:
0.25 cm2) was prepared by screen-printing on conducting
glass as previously described [22]. The films were further
treated with 0.05 M TiCl4 and 0.1 M HCl aqueous solutions
before examination [23]. Coating of the TiO2 film was car-
ried out by immersing for 20 h in a sensitizer solution of 3×
10−4 M dichlorobezene solution. Deoxycholic acid (20 mM)
was added to the dye solution as a coadsorbent to prevent
aggregation of the dye molecules [24, 25]. Photovoltaic
measurements were performed in a two-electrode sandwich
cell configuration. The dye-deposited TiO2 film and a
platinum-coated conducting glass were used as the working
electrode and the counter electrode, respectively. The two
electrodes were separated by a surlyn spacer (40 μm thick)
and sealed by heating the polymer frame. The electrolytes
were composed of 0.6 M dimethylpropyl-imidazolium iodide
(DMPII), 0.05 M I2, and 0.1 M LiI in acetonitrile with
(0.5 M) or without tert-butylpyridine (TBP).

2.3. Photovoltaic Characterization. The working electrode
was illuminated through a conducting glass. The current-
voltage characteristics were measured using a solar simula-
tor (AM-1.5, 100 mW/cm2, WXS-155S-10: Wacom Denso
Co. Japan). Monochromatic incident photon-to-current
conversion efficiency (IPCE) for the solar cell, plotted as
a function of excitation wavelength, was recorded on a
CEP-2000 system (Bunkoh-Keiki Co. Ltd.). Incident photon-
to-current conversion efficiency (IPCE) at each incident
wavelength was calculated from (1), where Isc is the
photocurrent density at short circuit in mA cm−2 under
monochromatic irradiation, λ is the wavelength of incident
radiation in nm, and φ is the incident radiative flux in
mW cm−2

IPCE(λ) = 1240

(
ISC

λφ

)
. (1)
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Figure 2: Absorption, fluorescence, and excitation spectra of PK0003 (a) and PK0002 (b) in CHCl3.

3. Results and Discussion

3.1. Photophysical Properties. The absorption, excitation, and
fluorescence spectra for PK0003 and PK0002 are shown
in Figure 2, and the numerical data are summarized in
Table 1. The absorption maxima (λmax) of PK0003 and
PK0002 were observed at 489 nm and 544 nm, respectively.
Their molar absorption coefficients (ε) were calculated to be
1.0–1.6× 104 M−1 cm−1. The fluorescence emission maxima
(λflur) of PK0003 and PK0002 were observed at 543 nm
and 655 nm, respectively. It is noticed that on going from
PK0003 without a donor group to PK0002 with the donor
group, the structured absorption and fluorescence bands
become broader and are shifted to longer wavelengths, and

the Stokes shift becomes larger. These observations imply
that the more charge-transfer character is involved in the π-
π∗ transition of the donor-substituted PK0002. PK0003 and
PK0002 show a blue-shifted absorption when adsorbed onto
TiO2 (Figure 3). This effect is attributed to the ring opening
of the anhydride group on perylene to form two carboxylates,
providing interactions with the oxide surface.

To obtain an insight into the electron distribution and
relative energy level of PK0003 and PK0002 for better
understanding of the charge injection and dye regeneration
process, the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of
PK0003 and PK0002 were calculated with B3LYP/6-31G
implemented in a Gaussian-03 program package (Figure 4).
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Table 1: Physical properties of PK0003 and PK0002.

Compound
Absorption(a) Fluorescence(a) Absorption on TiO2 film IP E0-0 (c) LUMO(d)

λmax/nm ε × 10−4/M−1 cm−1 λex/nm(b) λfluor/nm(b) λmax/nm (eV) (eV) (eV)

PK0003 489 1.0 516 543 450 −5.88 2.07 −3.81

PK0002 544 1.6 580 655 500 −5.60 1.77 −3.83
(a)In CHCl3.
(b)At emission maximum.
(c)E0-0 values were estimated from the 5% intensity level of the absorption spectra on TiO2.
(d)Calculated from E∗(LUMO) = E(IP)− E0-0.

Table 2: The photovoltaic data of DSSCs based on PK0003 and PK0002.

Dye TBP Jsc [mA cm−2] Voc [V] F.F. Eff. [%]

PK0003 0 7.6 0.45 0.63 2.2

PK0003 0.5 M 4.1 0.56 0.69 1.6

PK0002 0 8.8 0.41 0.59 2.1

PK0002 0.5 M 7.7 0.57 0.70 3.1

A
bs

or
ba

n
ce

(a
.u

.)

Wavelength (nm)

400 500 600 700 800
0

0.2

0.4

0.6

0.8

1

PK0003
PK0002

Figure 3: Absorption spectra of PK0003- and PK0002-adsorbed
TiO2 film.

The HOMO and LUMO energies are –5.88 eV and –3.18 eV,
respectively, for PK0003. The corresponding energies for
PK0002 are –5.31 eV and –2.88 eV, respectively. These values
are positively shifted due to the introduction of the donor
moiety, piperidine, at the 9th position. The influence of the
introduction of the donor group is larger on the HOMO,
which is shifted by +0.57 eV, than on the LUMO, which is
shifted by +0.30 eV. Upon adsorption on the TiO2 surface,
the carboxylic anhydride group is believed to be cleaved to
become dicarboxylate. Therefore, the DFT calculations were
also conducted for disodium salts of the dicarboxylate as
models for the adsorbed molecules. The HOMO and LUMO
energies for PK0002 are –4.33 eV and –1.63 eV, respectively
[20]. The major effect is rise in energy of both of the HOMO

and LUMO. The effect is more pronounced for the LUMO,
resulting in an increase in the HOMO–LUMO gap from
2.43 eV for the anhydride to 2.70 eV for the dicarboxylate.
This result agrees with the blue-shifted absorption spectra of
PK0003 and PK0002 when adsorbed onto TiO2 (Figure 3).

The ionization potential (IP) of PK0003 and PK0002
bound to nanocrystalline TiO2 film was determined using
a photoemission yield spectrometer (Riken Keiki AC-3E).
The ground-state oxidation potential (IP) values of−5.88 eV
and −5.60 eV obtained for sensitizer PK0003 and PK0002,
respectively, were low enough for efficient regeneration of the
oxidized dye through reaction with iodide [26]. The excited-
state oxidation potential, LUMO, of sensitizers PK0003 and
PK0002 was estimated at −3.81 eV and −3.83 eV, respec-
tively, which lies above the conduction band edge (−4.2 eV)
[2] of nanocrystalline TiO2. Efficient electron injection into
the conduction band of TiO2 is therefore expected to occur
with both sensitizers PK0003 and PK0002.

3.2. Photovoltaic Performance. The photovoltaic properties
of the solar cells fabricated with these organic dyes were mea-
sured under simulated AM 1.5G irradiation (100 mW cm−2).
The open-circuit photovoltage (Voc), short-circuit pho-
tocurrent density (Jsc), fill factor (ff), and solar energy-to-
electricity conversion efficiencies (η) were listed in Table 2.
Figure 5 shows the photocurrent action spectra for the cells
with sensitizers PK0003 and PK0002 where the incident
photons-to-current conversion efficiency (IPCE) values are
plotted as a function of wavelength. PK0003 achieved
efficient sensitization of nanocrystalline TiO2 across the
whole visible range and displayed the highest IPCE value of
80% at around 450 nm. Under similar conditions, PK0002
showed higher IPCE values than PK0003 in the 520–800 nm
region. This result is consistent with the absorption spectra
of the sensitizers on the TiO2 surface (Figure 3). PK0002
shows the highest IPCE value of 70% at around 470 nm. One
possible explanation for this low IPCE value of sensitizer
PK0002 is the aggregation of sensitizer molecules on the
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Figure 5: Photocurrent action spectra (IPCE) of nanocrystalline
TiO2 film sensitized by PK0003 (blue line) and PK0002 (red line).
The redox electrolyte solution was a mixture of 0.6 M DMPII,
0.05 M I2, and 0.1 M LiI in acetonitrile.

TiO2 surface, which could not be completely suppressed by
addition of deoxycholic acid (DCA) as a coadsorbent.

Figure 6 shows photocurrent voltage curves of a
sandwich-type sealed solar cell based on PK0003 and
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Figure 6: Photocurrent voltage characteristics of a nanocrystalline
photoelectrochemical cell sensitized with the dye PK0003 and
PK0002 at AM 1.5 illuminations (light intensity: 100 mW cm−2).

PK0002 at standard AM 1.5 irradiation with using an
electrolyte of 0.6 M dimethylpropyl-imidazolium iodide
(DMPII), 0.05 M I2 and 0.1 M LiI in acetonitrile with
(0.5 M) or without tert-butylpyridine (TBP). PK0003 and
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PK0002-sensitized cell gave a short-circuit photocurrent
density (Jsc) of 7.6 mA cm−2 and 8.8 mA cm−2, and an overall
conversion efficiency (η) of 2.2% and 2.1%, respectively,
using electrolytes with no TBP. The short-circuit photocur-
rent density decreased by adding TBP in the electrolyte.
In contrast, the open-circuit voltage and the fill factor
increased significantly with the presence of TBP. TBP
probably adsorbed on the bare TiO2 surface and suppress
the recombination between the injected electrons and I3

−

ions [27]. As shown in Table 2, the solar cell sensitized
with PK0002 showed a photocurrent density of 7.7 mA cm−2,
an open-circuit potential of 0.57 V, and a fill factor of
0.70, corresponding to an overall conversion efficiency (η)
of 3.1% with the electrolyte containing 0.5 M TBP under
standard AM 1.5 irradiation (100 mW cm−2). Thus, this class
of piperidine-substituted perylene sensitizer serves as a basis
for further design of new potential sensitizers by introducing
suitable substituents on the perylene to improve the light
harvesting efficiency of the sensitizer.

4. Conclusion

We have synthesized a novel perylene derivative with a
piperidine donor substituent, PK0002, for dye-sensitized
solar cells. PK0002 achieved very efficient sensitization of
nanocrystalline TiO2 over the whole visible range extending
into the near-IR region (ca. 800 nm). The photovoltaic data
of this new sensitizer show 3.1% power conversion efficiency
under standard AM 1.5 irradiation (100 mW cm−2). Further
study will target the development of a high-performance
solar cell through modification of the electronic and steric
environments of the sensitizers on the basis of alteration of
the substituent on the perylene moiety.
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The photovoltaic performance of the heteroleptic H102 and HRD2 sensitizers was measured in DSSC and compared with that of
reference N719 under similar fabrication and evaluation conditions. The Dye-Sensitised TiO2 electrodes were prepared by staining
the electrodes in ethanol bath and 1/1 v/v acetonitrile/tert-butanol (binary liquid) mixture bath separately and the DSSCs based
on these sensitizers show that the change of dye bath from ethanol to the binary liquid mixture enhances the photocurrent action
spectrum and solar-to-electricity conversion efficiencies, (η). Using ethanol for sensitisation of TiO2 electrodes, the efficiencies
obtained for H102, HRD2 and N719 are 4.31%, 4.62%, and 5.46%, respectively, while in binary liquid mixture bath, the
corresponding values are enhanced to 5.89%, 4.87%, and 7.23%, respectively, under comparable conditions.

1. Introduction

Among organic photovoltaic cells Dye-Sensitised Solar Cells
(DSSCs) are known to be very promising due to their
high efficiency and low-cost technology for the conversion
of light energy into electricity [1–6]. The sensitizer is one
of the most important elements that influence the over-
all performance of the DSSC. Ruthenium(II) polypyridyl
complexes have wide applications as the most efficient
sensitizers, because of the intense metal-to-ligand charge
transfer (MLCT) transition exhibited in the visible region.
Another important advantage of ruthenium sensitizers is
their relative stability in oxidized and reduced forms and
the ease of tuning their spectral, photo-physical, and elec-
trochemical properties by bringing about structural changes
in the bipyridyl ligand [7–13]. The most efficient test
cell DSSC has been developed by Grätzel and cowork-
ers by employing cis-dithiocyanato bis(4,4′-dicarboxy-2,2′-
bipyridine)ruthenium(II) (known as N3 dye). The solar-
to-electricity conversion efficiency up to 11% has been

reached with N3 under AM 1.5 G on irradiation with a
nanostructured TiO2 electrode and iodine redox electrolyte
[14–17]. Usually anchoring ligands and ancillary ligands
are incorporated in the metal-complex sensitizers so that
anchoring ligands are responsible for grafting the dye on
the semiconductor surface and providing a medium for
electron injection from the excited state of the sensitizer
to the conduction band of the semiconductor, whereas
ancillary ligands have a scope for structural variations by
chemical modifications for tuning the overall properties of
the complexes. To ensure fast and efficient electron injection,
one of the energy levels of the dye, lowest unoccupied
molecular orbital (LUMO), must be higher than that of the
TiO2 conduction band edge. To generate the neutral dye
molecule, the highest occupied molecular orbital (HOMO)
must align below the oxidation potential of the redox media-
tor. An understanding of the relative positions of the energy
levels of the dye adsorbed on the semiconductor is useful
for explaining the efficiency of electron transfer from the
excited dye to the semiconductor and device performance.
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Modification of the dye is one of the strategies to improve
the performance of DSSCs. A possible way of finding new
metal-complex sensitizers with good conversion efficiencies
was investigated by attaching variety of π-conjugated group
to the ancillary ligand. Replacement of one of the H2dcbpy
anchoring ligands with a highly conjugated ancillary ligand
results in an increase of extinction coefficients and therefore
the photocurrent density of the DSSCs [9, 18–20]. As
a part of our continued program on synthesis of new
materials and their evaluation in DSSC performance, we
have synthesized various sensitizers especially extended π-
conjugated bipyridyl-based ruthenium(II) complexes for
efficient and long-term durability DSSCs [21–24]. We have
also demonstrated in our laboratory that extended π-
conjugation with styryl group on the ancillary bipyridine
increases the molar extinction coefficient of the ruthenium
sensitizer but reduces the solubility, whereas extension of
conjugation by directly electronically connecting the aryl
groups on the ancillary bipyridines increases solubility and
also improves overall photovoltaic performance of the DSSC
test cells significantly [25–27]. Effect of different dye baths
and dye-structures on the performance of dye sensitized solar
cells based on triphenylamine organic dyes has been reported
recently [28]. In this paper we report the photovoltaic studies
of three sensitizers in DSSCs, wherein we have employed
two different dye baths one in ethanol and the other is
a mixture of 1/1 v/v acetonitrile/tert-butanol mixture to
sensitise the TiO2 electrodes. Out of the various solvents,
the sensitizers exhibited high molar extinction coefficient
in both the solvent systems, which are considered for
staining the TiO2 electrodes. We have examined the sen-
sitizers HRD2 (cis-Ru(4,4′-bis(2,4,6-trimethylstyryl)-2,2′-
bipyridine-2,2′-bipyridine) (Ln) (NCS)2) and H102 (cis-
Ru(4,4′-dimesityl-2,2′-bipyridine)(Ln)(NCS)2), where Ln =
4,4′-dicarboxylic acid-2,2′-bipyridine) to study the influence
of dye baths on the photovoltaic performance of DSSCs and
the photovoltaic characteristics were compared with refer-
ence cell, N719 constructed under comparable conditions.

2. Results and Discussions

2.1. Synthesis. Synthetic route for the preparation of HRD2
and H102 sensitizers are shown in Scheme 1. The tetraethyl
2,2′-bipyridine-4,4′-diylbis(methylene)diphosphonate was
prepared in accordance to the reported procedure [21]
and the ancillary bipyridine ligand, 4,4′-bis(2,4,6-tri meth-
ylstyryl)-2,2′-bipyridine (L1) was prepped by reacting 2,4,6-
trimethylbenzaldehyde with phosphonate derivative under
Wittig conditions, while 4,4′-dimesityl-2,2′-bipyridine
(L2) was prepared from mesitylboronic acid and 4,4′-
dibromo-2,2′-bipyridine under palladium catalysed Suzuki
conditions. The reaction of the ligands (L1/L2) with
dichloro (p-cymene) ruthenium(II) dimer in presence of
refluxing DMF afforded chloro (p-cymene) ruthenium
bipyridyl complex intermediate, which on further reaction
with 2,2′-bipyridine-4,4′-dicarboxylic acid in presence of
excess NH4NCS resulted in formation of HRD2 and H102
complexes, respectively. The crude compounds were purified

on Sephadex LH 20 column chromatography. The use of
TBA was necessitated during the column purification of
HRD2 sensitizer that indicates its relatively lower solubility
in organic solvents. This is expected due to ethenyl spacer’s
introduction in dye molecule, which reduces the solubility as
compared to the corresponding analog with excluded ethenyl
spacers. N719 complex was synthesized in accordance to the
reported procedure.

2.1.1. Synthesis of 4,4′-bis-[2-(2,4,6-trimethyl-phenyl)-
vinyl]-[2,2′]-bipyridyl (L1). Sodium hydride 60% (184 mg,
7.625 mmol) was washed with dry hexane (3 times) and THF
(40 mL) was added. To this suspension a THF solution of
bipyridine diphosphonate (700 mg, 1.535 mmol) was added
and the resulting mixture was stirred at room temperature
for a period of 30 minutes. Then the 3,5 di-tert butyl
benzaldehyde (0.652 mL, 3.375 mmol) dissolved in THF
was added dropwise at room temperature with stirring. The
reaction mixture was refluxed for 12 hours and the mixture
was allowed to cool to room temperature and extracted with
DCM and evaporated. After drying and evaporation, the
residual was purified on silica gel column chromatography
using DCM-MeOH (9 : 1) as eluent. This compound was
characterized by NMR spectroscopy. White solid. yield 50%,
1HNMR (300 MHz, 25◦C, CDCl3) 2.35 (s, 18H), 6.58 (d,
1H), 6.62 (s, 4H), 7.25 (s, 2H), 7.31 (d, 1H), 8.63 (d, 2H),
8.71 (d, 2H). Chemical formula C32H32N2, ESIMS: Calcd for
M.wt 444, found: 444.

2.1.2. Synthesis of 4,4′-dimesityl-2,2′-bipyridine (L2). In a
25 mL one-necked round bottom flask equipped with a
condenser were placed mesityl boronic acid (250 mg,
1.528 mmol), barium hydroxide octa-hydrade (1.5 g,
4.77 mmol) and palladium tetrakis triphenyl phosphine
(146 mg, 0.127 mmol). The reaction flask was evacuated
and filled with nitrogen gas, then 1,4-dioxane/water (v/v,
3 : 1, 8 mL) and 4,4-dibromo-2,2′-bipyridine (200 mg,
0.636 mmol) were added. The reaction mixture was refluxed
for 24 hours under nitrogen gas and cooled to room tempera-
ture. The dioxane was removed and the contents were poured
into dichloromethane, the precipitate formed was removed
by filtration through filter paper and the organic layer was
washed with 1.0 M NaOH aqueous solution, and dried over
sodium sulphate. After rotoevaporation of dichloromethane
under a reduced pressure, the resulting residue was diluted
with a small quantity of methanol. The precipitate
formed was immediately filtrated, dried, and purified by
column chromatography on silica gel with dichlorometh-
ane/methanol mixture (9/1) as eluent to afford the ligand
L2. (329 mg, 55% yield); 1H NMR (in CDCl3) 2.10 (s, 6H),
2.38 (s, 3H), 6.99 (s, 2H), 7.16 (d, 1H), 8.31 (s, 1H), 8.72 (d,
1H); ESI-MASS: C28H28N2 (m + 1) = 393 (100%).

2.1.3. Synthesis of Ru(II) Complexes (Representative Pro-
cedure). Compound L1/L2 (0.902 mmol) and dichloro-
(p-cymene)-ruthenium(II) dimmer (276 mg, 0.451 mmol)
in DMF were heated at 60◦C for a period of 4 hours
under nitrogen in the dark. Subsequently, 4,4′-dicarboxylic
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Figure 1: Structures of new heteroleptic polypyridyl ruthenium(II) sensitizers.
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acid-2,2′-bipyridine (220 mg, 0.902 mmol) was added and
the reaction mixture was heated to 140◦C for another 4
hours. To the resulting dark green solution was added
solid NH4NCS (2.060 g, 22.06 mmol) and the reaction
mixture was further heated for 4 hours at 140◦C. After
rotoevaporation of DMF, water (250 mL) was added to get
precipitate. The purple solid was filtered off, washed with
water and ether, and then dried under vacuum. The crude
compound was dissolved in methanol and dichloromethane
and purified by column chromatography on Sephadex LH-
20 with methanol/dichloromethane (TBA methanol in case
of HRD2) mixture (3/2) as eluent to afford ruthenium
complexes (see Figure 1).

HRD2 (yield 65%); 1H-NMR (300 MHz, 25◦C, CD3OD) δ
[ppm]. 0.90 to 3.4 (m, 54H), 6.65 (d, 1H), 6.82 (d, 1H), 6.90
(s, 2H), 6.98 (s, 2H), 7.20 (d, 1H), 7.35 (d, 1H), 7.50 (d, 1H),

7.56 (d, 1H), 7.65 (d, 1H), 7.78 (d, 1H), 7.83 (d, 1H), 8.09 (d,
1H), 8.4 (s, 1H), 8.55 (s, 1H), 8.87 (s, 1H), 8.96 (s, 1H), 9.35
(d, 1H), 9.46 (d, 1H); ESI-MS: 1147.

H 102 (65% yield); 1HNMR (CDCl3 + CD3OD) δ [ppm].
1.90 (s, 3H), 2.07 (s, 3H), 2.23 (s, 3H), 2.26 (s, 3H), 2.31 (s,
3H), 2.40 (s, 3H), 6.91 (s, 1H), 6.97 (s, 1H), 6.99 (d, 1H), 7.08
(s, 1H), 7.55 (d, 1H), 7.67 (d, 1H), 7.78 (s, 1H), 7.90 (d, 1H),
8.00 (s, 1H), 8.15 (s, 1H), 8.31 (d, 1H), 9.79 (d, 1H), 8.89 (s,
1H), 9.02 (s, 1H), 9.58 (d, 1H); ESI-MASS: C42H36N6O4RuS2

(m + 1) = 853 (100%).

2.2. Electronic Absorption, Emission, and Electrochemi-
cal Properties. The electronic absorption spectra of the
equimolar solutions of 4,4′-bis(2,4,6-trimethylstyryl)-2,2′-
bipyridine (L1) shows increased light harvesting ability as
compared to 4,4′-dimesityl-2,2′-bipyridine (L2), which is
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Figure 2: Equimolar electronic absorption spectra of 4,4′-
bis(2,4,6-trimethylstyryl)-2,2′-bipyridine (L1) and 4,4′-dimesityl-
2,2′-bipyridine (L2) in CHCl3; (b) the absorption spectra of HRD2
in DMF; (c) normalized absorption spectra of HRD2 and H102
complexes in DMF.

expected due to extension of π-conjugation and is akin
to the molecular cosensitization for efficient panchromatic
DSSC sensitizers [29] (Figure 2(a)). In order to know the
tendency of these sensitizers at high concentrations of the
dye solutions employed for staining the TiO2 electrodes,
the absorption spectra of HRD2 recoded at 0.1 mM of dye
solution in DMF showed one charge transfer band in long
wavelength region with a weak shoulder type high-energy
band at 373 nm (Figure 2(b)). As compared to this, the
absorption pattern recorded after heating the dye solution
at around 50◦C was changed, in which a clear high-energy
band with bathochromic. Shift was observed (Figure 2(c)).
To explain the observation, the absorption studies carried
out with the ancillary ligands, L1 and L2 showed absorp-
tion bands at 286 and 311 nm, respectively, with a small

shoulder type band at 385 nm for L1, which was observed
disappearing on heating (Figure 2(b)). It seems that this
absorption band could be due to the presence of molecular
aggregation in L1, which was suppressed due to increased
solvation upon heating. Having similar oligophenyls in L1,
the absence of such phenomenon in the absorption spectrum
of H102 indicates that the presence of ethenyl spacers favours
aggregation. The disappearing of the band at 373 nm in
HRD2 complex on heating could be also probably due to
the presence of such aggregation. This indicates the necessity
of heating the dye solution of HRD2 before staining the
TiO2 electrodes and proceeding further to fabricate DSSC
cells.

The electrochemical properties of HRD2 and H102 dyes
scrutinized by cyclic voltammetry using an electrolyte of
tetrabutyl ammonium perchlorate (0.1 M in acetonitrile)
and ferrocene as an internal standard at 0.42 V versus SCE
[25–27]. The oxidation potentials for HRD2 and H102 sen-
sitizers were 0.80 and 0.816 V versus SCE, respectively, while
the reduction potentials were −0.758 and −0.94 V versus
SCE, respectively. The more positive potentials of these
sensitizers, relative to I−/I3

− redox couple in the electrolyte,
provide a large thermodynamic driving force for the regen-
eration of the dyes by iodide. The corresponding standard
potentials (φ0(S + /S∗)) for these sensitizers were −1.13 and
−1.019 V versus SCE are more negative (or higher in energy)
than the conduction band edge of TiO2 providing a ther-
modynamic driving force to inject electron from the dye to
TiO2.

Although HRD2 showed relatively increased molar
extinction coefficient as compared to H102, the molecular
diameter increases with increasing the π-conjugation length
affecting the solubility of sensitizers, which inturn influence
the molecular aggregation of dye molecules in solution. This
indirectly affects the packing densities of dye molecules on
TiO2 electrodes and thereby photovoltaic performance. In
order to see the influence of geometrical structure and the
type of dye bath on staining TiO2 electrodes, TiO2 films
of 7.0 μm thick (18 NRT layered) were stained in the dye
solutions of 0.3 mM concentration prepared separately in
ethanol and in the binary liquid mixture for a period of 16
hours under dark. Prior to the staining, the dye solutions
of HRD2 are heated at 50◦C for around 5 hours. The
absorption spectra of HRD2 and H102 sensitized TiO2

films were recorded and were compared with that of N719
(Figures 3(a) and 3(b)). The measurements indicate that the
dye molecules are anchored on TiO2 surface and the spectra
of mesoporous TiO2 films stained in ethanol bath seem to
be more or less similar in trend with those obtained using
the binary liquid mixture bath. But as compared to staining
in ethanol bath, the little increased film absorbance ratios
in the binary liquid mixture was initially thought of better
solubility of the complexes. To examine the influence of
different oligophenyl substitutions on solubility of HRD2
and H102 and their impact on film absorbance ratio, the
absorption measurements were performed as function of
wavelength in ethanol and in the binary liquid mixture. The
electronic equimolar absorption spectra recorded in ethanol
are similar in pattern as compared to those recorded in
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Figure 3: Absorption spectra of dye-sensitized 7.0 μm thick mesoporous titanium films (a) in ethanol bath; HRD2 (—), H102 (----), and
N719 (· · ··); (b) binary liquid mixture bath; HRD2 (· · ··), H102 (—), and N719 (----) (calculated error obtained in maximum absorbance
is ±2.5%).
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Figure 4: Film absorbance ratio versus normalized molar extinction coefficients of the sensitizers anchored on 7.0 μm thick mesoporous
titanium films (a) ethanol bath (b) 1/1 v/v acetonitrile/tert-butanol mixture bath (here the low-energy maximum absorbance of HRD2 and
H102 sensitizers are normalized relative to that of N719). An average of three film absorbencies of three different mesoporous TiO2 films
gave error below ±2.5%.

the binary liquid mixture indicating that these HRD2 and
H102 dyes are dissolving in both the solvent systems with
equal ease. It can be concluded from the above observation
that the slight disparity in the film absorbance ratio could not
be due to the difference in the solubility of these sensitizers.

To compare the anchoring pattern and surface mor-
phology of these dye sensitised TiO2 films, the absorbance
maxima of low-energy absorption bands of HRD2 and
H102 sensitizers are normalized by the corresponding
absorbance maxima of N719, while their molar extinction
coefficients are normalized by the molar extinction coef-
ficient of N719. Figure 4(a) shows the film absorbance
of dye sensitized TiO2 films stained in ethanol bath plot-
ted against the normalized molar extinction coefficients,
while Figure 4(b) corresponds to that obtained using the
binary liquid mixture bath. The hypothetical diagonal
line in both the plots is based on the calculated linear

relationship between the film absorbance and normal-
ized molar extinction coefficient of low-energy absorption
bands.

The film absorbance ratio of HRD2 and H102 sensitizers
falling below to the diagonal line indicates the lower packing
densities of these sensitizers on the TiO2 surface relative
to N719 sensitizer. The lowest packing density of these
sensitizers could be probably due to relatively increased
molecular diameter, since the measurements reported earlier
on the surface coverage of sensitizer on titania estimated
through ICP-OES analysis augment with the calculated
coverage of ruthenium(II) polypyridyl sensitizers. The film
absorbance versus molar absorptivities drawn by staining
the TiO2 films in ethanol bath and in the binary liquid
mixture bath are similar in trend and indicate that changing
the dye bath from ethanol to the binary liquid mixture for
loading of sensitizers on TiO2 surface has no significant
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Figure 5: Photocurrent action spectra of devices fabricated by staining TiO2 electrodes from dye baths (a) ethanol, (b) 1/1 v/v
acetonitrile/tert-butanol mixture bath (HRD2 (----), H102 (· · · · ·), and N719 (—)).

influence on packing densities of these HRD2 and H102
sensitizer molecules relative to N719. The differences that
have seen in these plots could be a result of substitution
of one of the bipyridyl moieties of N719 by different
ancillary bipyridyl ligands, 4,4′-bis(2,4,6-trimethylstyryl)-
2,2′-bipyridine and 4,4′-dimesityl-2,2′-bipyridine, in which
the intra π → π∗ transitions of these ancillary ligands
influence on their contribution for high/low-energy MLCT
absorption bands and also by the change in the structural
morphology of the sensitizers. Although the change of dye
bath from ethanol to the binary liquid mixture has not
shown any major influence on their film absorbance ratios
of HRD2 and H102 sensitizers, certainly the physical state of
these sensitizer molecules in ethanol and in the binary liquid
mixture are not to be the same as the recent reports reveal
that in the combination of liquid mixtures, few molecular
associations are influenced by hydrogen bonding through
dipole-dipole interactions [29]. We believe that the variation
in the solvents used in dye baths also influence on delivery
of the dye molecules and the pattern of dye molecules sitting
on the surface TiO2 during the anchoring phenomenon and
ultimately lead to influence the overall light to electricity
conversion efficiencies.

2.3. Photovoltaic Performance. The DSSCs were fabricated
using dye sensitized 0.54 cm2 TiO2 electrodes in combi-
nation with I−/I3

− redox couple electrolyte, (E01) con-
taining 0.05 M I2, 0.1 M LiI, 0.6 M 1,2-dimethyl-3-n-
propylimidazolium iodide, 0.5 M 4-tert-butylpyridine in
acetonitrile solvent. The fabrication of DSSC test cells
are followed in accordance to earlier reported procedure
[22]. Reference DSSCs were fabricated and evaluated under
identical conditions using N719 sensitizer. Incident photon-
to-current conversion efficiency spectra were measured using
illumination from a 150 W Xe lamp/grating monochromator
calibrated ithilicon photodiode (traceable (5% to NBS)). The
current-voltage characteristics of the cells were measured
using a xenon arc solar simulator (ELLSOL 1000, model

SVX 1450) with an AM 1.5 spectral filter, and the intensity
was adjusted to provide 1 Sun (100 mW cm−2) using a
calibrated GaAs solar cell. Based on I-V curve, the fill
factor (ff) is defined as ff = (Imax × Vmax)/(Isc × Voc),
where Imax and Vmax are photocurrent and photovoltage
for maximum power output (Pmax), Isc and Voc are the
short-circuit photocurrent and open-circuit photovoltage,
respectively. The overall energy conversion efficiency (η) is
defined as η = (Isc × Voc × ff)/Pin, where Pin is the power
of incident light. The incident photon-to-current conversion
efficiencies (IPCEs) of DSSCs constructed based on HRD2
and H102 sensitizers are plotted as function of excitation
wavelength and their IPCE spectra were compared with that
of N719 cell.

Figures 5(a) and 5(b) presents the typical photocurrent
action spectra of the DSSCs fabricated from TiO2 electrodes
sensitized by dye baths of ethanol and the binary liquid
mixture, respectively. The maximum IPCE observed for all
these dyes are within the spectral range of 450–600 nm.
With the combination of E01 as an electrolyte, the DSSCs
constructed based on H102 sensitizer exceeds IPCE values
of 60%. However, change of dye bath from ethanol to the
binary liquid mixture enhanced IPCE value up to 80%,
considering the light absorption and scattering loss by the
conducting glass, the maximum efficiency for absorbed
photon-to-collected electron conversion efficiency (APCEs)
of H102 sensitizer is almost close to unity. The enhancement
in IPCE value and the broadened IPCE spectra obtained with
change of dye bath suggests that the solvent composition is
also important to obtain high performance and particular
attention has to be paid to the molecular adsorption
morphology of dyes or and delivery of sensitizer molecules
on TiO2 electrodes for the best device efficiencies.

One of the factors responsible for this improvement in
IPCE spectra observed on changing the dye baths could be
initially thought of better solubility of these sensitizers in
the binary liquid mixture, in which acetonitrile has higher
dipole moment (3.92 D) as compared to ethanol (1.69 D).
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Figure 6: J-V characteristics of DSSC devices of HRD2 (----), H102 (· · · · ·), and N719 (—) fabricated by staining TiO2 electrodes from
dye bath (a) ethanol (b) 1/1 v/v acetonitrile/tert-butanol mixture measured under the irradiance of AM 1.5 G sunlight of 100 mW cm−2.

The other possibility could be relatively higher packing den-
sities of these sensitizer molecules on nanocrystalline TiO2

electrodes, when the binary liquid mixture was employed
as dye bath. But the absorption measurements of HRD2
and H102 sensitizers carried out separately in the binary
liquid mixture showed molar extinction coefficients more or
less similar to those obtained in ethanol medium indicating
negligible influence on solubility of these sensitizers. Even the
film absorbance of HRD2 and H102 sensitizers adsorbed on
TiO2 films plotted against the molar extinction coefficients
show a similar trend indicating similar packing densities
of these sensitizers on mesoporous TiO2 films irrespective
of the solvent employed in dye bath. This shows that the
improvement in IPCE could not be due to the difference in
the quantities of HRD2 and H102 sensitizers adsorbed on
TiO2 electrodes.

Figures 6(a) and 6(b) show Jsc-V curves of DSSC devices
recorded under irradiance of AM 1.5 G full sunlight. The
open-circuit photo voltages (Voc), short-circuit photocur-
rent densities (Jsc), fill factors (ff), and the corresponding
solar-to-electrical energy conversion efficiencies (η) for each
dye-sensitized solar cell are listed in Table 1. Keeping in mind
the importance of molecular-scale interface engineering,
CDCA was employed as coadsorbent (at molar ratio of
sensitizer/CDCA as1/3) in the staining solution to improve
the device efficiencies.

HRD2 and H102 sensitized solar cells yield overall
conversion efficiencies of 5.89 and 4.87%, respectively, in
binary liquid mixture, while they exhibited 4.31 and 4.62%,
respectively, in ethanol. Under comparable conditions, N719
sensitize solar cell gave 7.26% in binary liquid mixture, while
5.46% in ethanol. H102 sensitizer exhibited lower Jsc but
higher Voc values resulting in a net decrease in the efficiency
as compared to N719. But comparing sensitisation in ethanol
dye bath, cells constructed based on corresponding binary
liquid mixture dye bath sensitized TiO2 electrodes exhibited
higher Jsc and Voc and ultimately higher device efficiencies.
From the plots of film absorption versus molar absorptivities,
there is no much change in the film absorbance ratios,
but the overall increase in IPCE spectra of these sensitizers
enhance Jsc values. In case of HRD2 dye, the photovoltaic
characteristics of DSSCs, fabricated from TiO2 electrodes

Table 1: Detailed photovoltaic parameters of DSSCs fabricated
by TiO2 electrodes sensitized in (a) ethanol bath (b) 1/1 v/v
acetonitrile/tert-butanol mixture bath.

Sensitizer Jsc (mA/cm2) Voc (mV) ff η (%)

(a)
H102 9.38 0.63 0.73 4.31

HRD2 9.19 0.67 0.75 4.62

N719 11.15 0.70 0.70 5.46

(b)
H102 12.19 0.67 0.72 5.89

HRD2 9.53 0.69 0.74 4.87

N719 14.25 0.72 0.71 7.23

Short-circuit photocurrent density (Jsc), open-circuit photovoltage (Voc),
fill factor (ff). The electrolyte composition is as follows: E01: containing
0.05 M I2, 0.1 M LiI, 0.6 M 1,2-dimethyl-3-n-propylimidazolium iodide,
0.5 M 4-tert-butylpyridine in acetonitrile solvent.

sensitized in dye baths of the binary liquid mixture and
ethanol, are almost similar.

It is interesting to note that the higher efficiency (η) value
obtained for DSSC based on H102 dye, which has the lowest
light absorption capability relative to HRD2. The reason for
this could be the absence of π-conjugation and adoption
of suitable electron donors “three methyl groups at suitable
positions” in the ancillary ligand. We assume that the absence
of ethenyl spacers in H102 make the sensitizer free from cis
trans-isomerisation observed in HRD2, which may lead to
self-quenching and reducing η-value of the devices.

3. Conclusions

In summary, the influence of dye baths for staining the TiO2

electrodes was studied using HRD2 and H102 sensitizers
relative to the standard N719. Although more or less similar
absorption pattern with similar film absorption ratios on
TiO2 was observed, the change of dye bath from ethanol
to acetonitrile/tert-butanol 1/1 v/v mixture has shown
significant enhancement in photovoltaic performance. The
variation in the solvents used in dye baths has influence
on delivery of the dye molecules and the pattern of dye
molecules sitting on the surface TiO2 during the anchoring
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phenomenon and ultimately lead to influence the overall
light to electricity conversion efficiencies.
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A new high molar extinction coefficient organic-ruthenium(II) polypyridyl complex sensitizer (RD-Cou) that contains 2,2′,6,6′-
tetramethyl-9-thiophene-2-yl-2,3,5,6,6a,11c-hexahydro1H,4H-11oxa-3a-aza-benzoanthracene-10-one as extended π-conjugation
of ancillary bipyridine ligand, 4,4′-dicaboxy-2,2′:6′,2′′-bipyridine, and a thiocyanate ligand in its molecular structure has been
synthesized and completely characterized by CHN, Mass, 1H-NMR, UV-Vis, and fluorescence spectroscopies as well as cyclic
voltammetry. The new sensitizer was tested in dye-sensitized solar cells using a durable redox electrolyte and compared its
performance to that of standard sensitizer Z-907.

1. Introduction

The increasing demand for power supply as well as
environmental concern for the consumption of fossil fuel
have triggered a greater focus all over the world on renewable
energy sources over the past decades [1]. In this context, solar
energy appears to be very attractive alternate: covering 0.16%
of the earth with 10% efficient solar conversion systems
would provide power nearly twice the world’s consumption
rate of fossil energy [2]. For this reason, dye-sensitized solar
cells (DSSC) have emerged as one of the most promising
candidates because of its cost-effective manufacturing, a
respectable high efficiency and a remarkable stability under
the prolonged thermal and light soaking dual stress among
various photovoltaics [3–5]. A typical DSSC system consists
of a nanocrystalline semiconductor that adsorbs a sensitizer
on its surface, a Pt-counter electrode, and a redox mediator.
The photosensitizer plays a crucial role in achieving higher
photoconversion efficiency and has been actively studied
globally. A wide variety of sensitizers have been studied
for DSSC that includes various metal complexes, organic

molecules, porphyrins, and phthalocyanines and so forth
[6–9]. But only ruthenium-based sensitizers could have
marked their way towards commercialization because of
their high photoconversion efficiencies. The most successful
ruthenium charge transfer sensitizers employed in such cells
are bis(tetrabutylammonium)-cis-di(thiocyanato)-N,N′-bis
(4-carboxylato-4′-carboxylic acid-2,2′-bipyridine)rutheni-
um(II) (the N719 dye) and trithiocyanato 4,4′4′′-trica-
boxy-2,2′:6′,2′′-terpyridine ruthenium(II) (the black dye)
produced solar-energy-to-electricity conversion efficiencies
(η) of >11% [10–13]. The high efficiency of these complexes
are attributed to its suitable ground- and excited-state energy
levels with respect to the nanocrystalline TiO2 conduction
band energy and matching redox properties with the I−/I3

−

redox couple. However, the durability of these devices is very
low due to the leakage of volatile liquid redox electrolytes.
In order to improve the device durability, one has to replace
the liquid redox electrolyte with either quasisolid or solid
redox electrolyte. Gratzel and coworkers have designed an
alternative amphiphilic ruthenium(II) complex (Z-907) in
order to suit for quasisolid redox electrolytes [14, 15].
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Figure 1: Molecular structure of RD-Cou and Z-907.

In order to further improve the efficiency of DSSC
devices based ruthenium(II) sensitizers one has to improve
its near-IR absorption because of its absorption maxima
restricted at around 550 nm and more over the molar absorp-
tion coefficient of ruthenium(II) complexes are low causing
use of thicker TiO2 layers which further has disadvantage of
achieving higher open circuit potential. Hence, research to
find optimum ruthenium-based sensitizers has been focused
primarily on enhancing the molar absorption coefficient as
well as broadening of the metal-to-ligand charge transfer
band. For this reason, Gratzel and coworkers have increased
the molar extension coefficient of ruthenium(II) complexes
by introducing extended π-conjugation concept in the
molecular structure [16, 17]. We have also adopted the
same concept for increasing the molar extinction coefficient
and reported a few ruthenium(II) polypyridyl complexes
[18–20]. Thiophene-derived units are good candidates for
increasing the conjugation length of the ancillary ligand to
improve the light harvesting ability of a ruthenium complex
[21]. In surge, we have synthesized a new type of ruthenium
sensitizer consisting of a donor (hole transport) Coumarin
moiety bridged to the pyridyl groups by thiophene which
resulted in extended π-conjugation and broadening in the
metal-to-ligand charge transfer transition. The reason that
we have chosen Coumarin as an organic moiety is that it
has absorption in 450 nm region where ruthenium(II) has
minimum absorption and more over this class sensitizers
have already shown good efficiency in DSSC devices. It
is known in the literature that the introduction of donor
organic moiety in ruthenium(II) polypyridyl complexes can
enhance the spectral response and, therefore, conversion

efficiency of the DSSC based on it [22–24]. The bipyridine
carboxylic acid has been used as the anchoring media onto
nanocrystalline TiO2 surface and the thiocyanate ligands to
tune the redox properties of the ruthenium centre. Here
in this paper, we report the synthesis, characterization,
and photovoltaic studies of new ruthenium complex-based
supersensitizer RD-Cou as shown in Figure 1 and compare
its efficiency with that of Z-907.

2. Experimental

2.1. Synthesis. 4,4′-dicarboxylic acid-2,2′-bipyridine (Bpy-
acid), 4,4′-diethyl ester phosphonate-2,2′-bipyridine (Bpy-
phosphonate), and formyl coumarin (Cou-S-CHO) were
synthesized according to the procedures reported in the
literature [25, 26].

2.1.1. Synthesis of Bpy-Cou (L). The ligand Bpy-Cou (L)
was synthesized by using Wittig-Horner reaction [27]. NaH
(26 mg, 1.09 mmol) was added to a solution of Bpy-phos-
phonate (100 mg, 0.21 mmol) and Cou-S-CHO (196 mg,
0.48 mmol) in 150 mL of dry tetrahydrofuran (THF). The
resulting reaction mixture was refluxed overnight under
nitrogen atmosphere. The reaction mixture was allowed to
cool to room temperature and then filtered. The filtrate
is concentrated, and the obtained solid is washed with
methanol and dried to get the desired product in pure
form of 75% yield. Elemental analysis of Anal. Calcd. for
C60H58N4O4S2% (963): C, 74.81; H, 6.07; N, 5.82. Found:
C, 74.90; H, 6.05; N, 5.85.1H NMR (CDCl3): δ, ppm 9.08
(d, 2H), 8.6 (d, 2H), 8.4 (s, 2H), 7.9 (d, 2H), 7.7 (d, 2H),
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7.6 (s, 2H), 7.25 (d, 2H), 7.1 (d, 2H), 6.8 (s, 2H), 3.6 (m,
4H), 3.2 (m, 4H), 1.9–2.1 (m, 4H), 1.4 (m, 4H), 0.9–1.3 (s,
24H). ESI-MS: m/z 962 [M]+. UV/Vis., (ethanol): (λmax, ε
M−1 cm−1) = 473 (18,006).

2.1.2. Ru(L)(p-cymene)(Cl)2. A mixture of ligand Bpy-
Cou L (0.53 g, 1.25 mmol) and [Ru(Cl)2-(p-cymene)]2 was
dissolved in ethanol: chloroform (8 : 2 v/v) mixture. The
resultant reaction mixture was refluxed for 4 hours under
nitrogen atmosphere. Evaporation of the solvent under
reduced pressure afforded the pure complex as an orange
solid.

2.1.3. Synthesis of RD-Cou Dye. 4,4′-dicarboxylic acid-2,2′-
bipyridine (75 mg, 0.308 m mol) was dissolved in dry DMF
at 80◦C. To this DMF, solution of Ru(L)(p-cymene)(Cl)2

complex (350 mg, 0.154 mmol) was added. The reaction
mixture was refluxed under nitrogen atmosphere for 4 h
and then cools to 80◦C. To the reaction mixture was added
aqueous NH4NCS (362 mg, 4.77 mmol in 10 mL of H2O)
and then heated for further 2 h at 140◦C and cool to
room temperature. The solvent DMF was evaporated under
reduced pressure, and water was added. The resulting purple
solid was filtered and washed with water. The crude complex
was dissolved in basic methanol (with tetrabutylammonium
hydroxide (TBAOH)) and further purified on a Sephadex
LH-20 column with methanol as eluent. The main band was
collected, concentrated, and precipitated with dilute acidic
methanol to obtain pure desired complex. Elemental analysis
of Anal. Calcd. for C74H66N8O8RuS4% (1424.29): C, 62.21;
H, 4.94; N, 7.84. Found: C, 66.70; H, 5.03; N, 7.90. ESI-
MS (C90H109N9O8RuS4): m/z 1670 [M-2H]+ IR (KBr) cm−1:
3390, 2958, 2870, 2102, 1964, 1610, 1540, 1464, 1365, 1355,
1231, 1056, 879, 784, 696. 1HNMR(CD3OD): 9.08 (d, 4H),
8.67 (d, 4H), 8.16 (s, 2H), 7.70 (d, 2H), 7.25 (m, 6H), 7.00
(m, 4H), 6.96(d, 2H), 3.35 (s, 4H), 3.27 (s, 4H), 2.47 (s,
4H), 1.77 (s, 4H), 1.25 (m, 24H). UV/Vis (ethanol): (λmax,
εM−1 cm−1) = 498 (16,046), 384 (13,521).

2.2. Characterization Methods. UV-Vis spectra were mea-
sured in a 1 cm pathlength quartz cell using a Shimadzu
model 1700 spectrophotometer. Steady state fluorescence
spectra were recorded on a Spex model Fluoromax-3 spec-
trofluorometer using a 1 cm quartz cell. Solutions having
optical density at the wavelength of excitation (λex)∼0.11.
The 1H NMR spectra were recorded at 300 MHz on a Bruker
300 Avance NMR spectrometer with X-WIN NMR software.
The 1H spectra were referenced to tertramethylsilane. ESI
mass spectra were recorded on a Water Quattro Micro (Water
Inc, USA). The infrared spectra were recorded on a Thermo
Nicolet Nexus 670 FT-IR spectrophotometer. The spectra of
the solid samples were recorded by dispersing the sample
in Nujol mull or as KBr wafers. Cyclic and differential
pulse voltammetric measurements were performed on a
PC-controlled CH instruments model CHI 620C electro-
chemical analyzer. Cyclic voltammetric experiments were
performed on 1 mM dye solution in acetonitrile at scan rate
of 100 mV/s using 0.1 M tetrabutylammonium perchlorate

(TBAP) as supporting electrolyte. The working electrode is
glassy carbon, standard calomel electrode (SCE) is reference
electrode, and platinum wire is an auxiliary electrode.
After a cyclic voltammogram (CV) had been recorded,
ferrocene was added, and a second voltammogram was
measured. Thermogravimetric measurements were carried
out on a Mettler Toledo TGA/SDTA 851e instrument heating
rate at 10◦C min−1 with 10 mg of sample under nitrogen
atmosphere. DFT calculations were done for the ground-
state optimization of RD-Cou at B3LYP/6-31g(d) using
Gaussian 03 [28].

2.3. Device Fabrication. A screen-printed single- or double-
layer film of interconnected TiO2 particles was used as
mesoporous negative electrode. A 10 μm thick film of 20-
nm-sized TiO2 particles were first printed on the fluorine-
doped SnO2 (FTO) conducting glass electrode and further
coated by a 5-μm-thick second layer of 400-nm-sized
light scattering anatase particles. The detailed preparation
procedures of TiO2 nanocrystals, pastes for screen printing,
and nanostructured TiO2 film have been reported in the
literature procedure [29–31]. A cycloidal TiO2 electrode
(∼0.74 cm2) was stained by immersing it into a dye solution
containing RD-Cou or Z907 sensitizer (300 μM) in ethanol
solvent overnight. After washing with ethanol and drying
by air flow, a sandwich cell was prepared using the dye-
sensitized electrode and platinum-coated conducting glass
electrode as the counter electrode. The latter was prepared
by chemical deposition of platinum from 0.05 M hexachloro-
platinic acid. The two electrodes were placed on the top of
each other using a thin polyethylene film (50 μm thick) as
a spacer to form the electrolyte space. The empty cell was
tightly held, and edges were heated to 130◦C to seal the
two electrodes together. The active surface area of the TiO2

film electrode was ca. 0.74 cm2. The redox electrolyte was
introduced into the cell through a predrilled hole of the
counter electrode, which was later closed by a cover glass
to avoid the leakage of the electrolyte solution. The redox
electrolyte is ionic liquid electrolyte, and the composition
is 0.2 M I2, 0.5 M guanidinium thiocyanate (GuSCN), and
0.5 M N-methyl benzimidazole (NMB) in a 65/35 v/v%
mixture of 1-propyl-3-methylimidazolium iodide/1-Ethyl-3-
methyl-imidazolium tetracyanoborate [PMII/EMIB(CN)4]
(Z580) [15].

2.4. Photoelectrochemical Measurements. The photovoltaic
performance of the dye-sensitized nanocrystalline TiO2 cells
was determined using the simulator SOLARONIX SA SR-
IV unit Type 312. The spectral response was determined
by measuring the wavelength dependence of the incident
photon-to-current conversion efficiency (IPCE) using light
from a 100-W xenon lamp that was focused onto the
cell through a double monochromator. The current-voltage
characteristics were determined by applying an external
potential bias to the cell and measuring the photocurrent
using a Keithley model 2420 digital source meter, and a
1000-W xenon lamp was used as the irradiation source. The
spectral output of the lamp is set matched the AM 1.5 solar
spectrum in the region of 350–750 nm (mismatch 1.9%).
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Figure 2: Electronic absorption spectra of (···) Cou-S-CHO, (- - -)
Bpy-Cou (L), (—) RD-Cou, and (-.-.-) Z-907 in ethanol solvent.

3. Results and Discussion

3.1. Synthesis and Characterization. The details of the syn-
thetic strategy adopted for the synthesis of RD-Cou complex
is shown in Scheme 1, and Z-907 was synthesized according
to the literature method [14]. Both Bpy-phosphonate and
Cou-S-CHO were synthesized as per the reaction procedures
reported in the literature [23, 24]. The C=C double bond
was introduced at 4, 4′ positions of the bipyridine ligand,
starting from Bpy-phosphonate with Cou-S-CHO using
a Wittig-Horner reaction [27]. The ligand Bpy-Cou (L)
was completely characterized by using elemental analysis,
Mass, IR, and 1H NMR spectroscopies. Finally, the RD-Cou
complex was synthesized by refluxing p-cymene complex
and Bpy-Cou (L) in ethanol:chloroform mixture to get
the corresponding chlorocomplex. The chlorocomplex with
Bpy-acid and aq. ammonium thiocyanate refluxed in DMF
to get the desired complex after sephadex column purifi-
cation. The complex RD-Cou was completely characterized

by the elemental analysis, ESI-MS, IR, UV-Visible, and
fluorescence spectroscopies as well as cyclic voltammetry.
ESI-MS spectrum consists of a molecular ion peak at
1670 (m/z) which corresponds to the presence of a one TBA
molecule in its molecular structure.

Figure 2 shows the absorption spectra of Cou-S-CHO,
Bpy-Cou (L), RD-Cou, and Z-907 in ethanol, and the
corresponding data are presented in Table 1. The absorp-
tion maximum of coumarin in Cou-S-CHO is located at
470 nm. In Z-907, the absorption maximum at 540 nm
belongs to the metal-to-ligand charge-transfer transition in
singlet manifold (1MLCT). The absorption maximum of
RD-Cou is centered at 498 nm with a molar extinction
coefficient of 16,046 M−1cm−1. From Figure 1, it is clear that
the absorption of RD-Cou is very broad not like typical
ruthenium(II) polypyridyl complexes. This is due to the
presence of coumarin moiety in its molecular structure,
which absorbs at 470 nm. The absorption maxima of RD-
Cou is bathochromic shift (540 nm in Z-907 to 498 nm
in RD-Cou is hypsochromic) when compared to that of
the standard sensitizer Z-907. The absorption maximum
at 387 nm belongs to the intraligand π-π∗ transitions of
bipyridine ligand. Figure 2 depicts the absorption spectra
of RD-Cou adsorbed onto 6-μm-thick TiO2 film. The
absorption features of the ruthenium complex in solution
as well as when anchored onto TiO2 surface are identical
except for a slight red shift in the absorption maxima due
to the interaction of anchoring groups with the surface as
well as further broadening [32]. The emission spectra of RD-
Cou were measured in ethanol solvent at room temperature
and are shown in Figure 3. Excitation of lower energy
MLCT transition of RD-Cou sensitizer produces an emission
centered at 690 nm. The excited singlet state energy (E0-0)
of RD-Cou was calculated from the onset of absorption
spectrum and was found 1.65 eV. However, the emission of
RD-Cou sensitizer was quenched when adsorbed onto the
TiO2 film as a consequence of electron injection from the
excited state of Ru(II) into the conduction band of TiO2.
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Table 1: UV-visible emission and electrochemical data.

Sensitizer
λmax, nm,

ε(mol−1 cm−1)a λem, nmb E1/2 V versus SCEc

E0-0, eVd Eox
∗

Ox Red

RD-Cou 498 (16.046) 690 0.72 −1.05 −1.47 1.65 −0.93

Z-907 540 (10,040) 720 0.65 −0.98 −1.64 1.62 −1.02
aSolvent: ethanol, Error limits: λmax, ±1 nm, ε± 10%. bSolvent: ethanol, λmax, ±1 nm. cSolvent: DMF, Error limits: E1/2 ±0.03 V, 0.1 M TBAP. dError limits:
0.05 eV.

With a view to evaluate HOMO-LUMO levels of RD-
Cou, we have carried out the electrochemistry by adopting
the cyclic and differential pulse voltammetric techniques in
acetonitrile solvent using 0.1 M tetrabutylammonium per-
chlorate as supporting electrolyte and compared their data
with that of the standard sensitizer Z-907 in Table 1. When
the potential is scanned between 0 and 1.0 V, chemically
reversible redox waves with formal potentials at 0.65 and
0.72 V (versus SCE) were observed, which can be attributed
to the one-electron oxidation of ruthenium center in both
dyes. Compared to the standard Z-907 dye, the metal
center oxidation of RD-Cou is anodically shifted by 70 mV
indicating the electron-poor character of the new ligand as
a result of the insertion of Coumarin moiety on extended
π-conjugation. It also undergoes two reductions at −1.05
and 1.47 V, corresponding to the one electron reduction of
anchoring ligand. Furthermore, for a sensitizer in DSSC, the
LUMO energy level should be compatible with the conduc-
tion band edge energy of the TiO2 photoanode (0.80 V versus
SCE), and its HOMO should be sufficiently low in energy to
accept electrons from the I−/I−3 -based redox electrolyte (0.2 V
versus SCE). The excited oxidation potential of RD-Cou is
−0.93 V and that of standard sensitizer Z-907 is −1.02 V,
which is above the conduction band of TiO2. In Z-907, the
excited state oxidation potential is sufficiently higher than
that in RD-Cou, as a result electron injection into the TiO2

conduction band is more efficient, and it should lead to a
better conversion efficiency than RD-Cou.

To know the electronic distribution of RD-Cou sen-
sitizer, we performed DFT calculations of the electronic
ground state of RD-Cou sensitizer using mPW1PW91
method for the geometry optimization with LANL2DZ basis
function on Ru and 6–31 g(d) basis function on C, H, N, O
and S. As can be seen from the Figure 5, occupied orbitals
HOMO, HOMO-1 and HOMO-2, have the electron delocal-
ized over the Ru(II) metal and –NCS ligand. The LUMO,
LUMO+1, and LUMO+2 are π∗ orbitals delocalized over
the bipyridine carboxylic acid ligand facilitating electron
injection from the excited state of RD-Cou sensitizer to
the conduction band of TiO2. These results are in good
agreement with other ruthenium(II) polypyridyl complexes
reported in the literature [16, 17].

3.2. Photovoltaic Measurements. The performance of newly
synthesized RD-Cou as a sensitizer with a sandwitch-type
nanocrystalline TiO2 was determined from measurements
on photovoltaic cells using an ionic liquid redox electrolyte,
that is, 0.2 M I2, 0.5 M guanidinium thiocyanate (GuSCN),
and 0.5 M N-methyl benzimidazole (NMB) in a 65/35 v/v%
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Figure 3: Absorption (—) and emission spectra in ethanol and
absorption (- - -) spectra adsorbed onto a 6 μm thick TiO2 film of
RD-Cou.

mixture of 1-propyl-3-methylimidazolium iodide/1-Ethyl-3-
methyl-imidazolium tetracyanoborate [PMII/EMIB(CN)4]
(Z580) and compared its performance with that of standard
sensitizer Z-907 under similar test cell conditions. The
additive guanidinium thiocyanate in redox electrolyte is
to improve the Voc by reducing the dark current [33].
We assume that in our case, also guanidinium thiocyanate
in Z580 redox electrolyte is responsible for improve-
ment in Voc. 1-Ethyl-3-methylimidazolium tetracyanoborate
(EMIB(CN)4) is an ionic liquid of a low viscosity (19.8 cP
at 20◦C) and high chemical and thermal stability. By using
this redox electrolyte with this composition, Gratzel and
coworkers have observed an efficiency of 6.4% [15]. Figure 5
illustrates the photocurrent action spectra of RD-Cou
and Z-907, where the incident monochromatic photon-to-
current conversion efficiencies (IPCE) values are plotted as a
function of excitation wavelength. The IPCE was calculated
according to the following equation:

IPCE(%) = 1240

(
Jsc

λφ

)
× 100, (1)

where λ is the wavelength (nm), JSC is the photocurrent
density under short circuit conditions (mA/cm2), and φ is
the incident radiative flux (mW/cm2). We have observed
IPCE values of 60 and 68% using RD-Cou and Z-907
sensitizers, respectively. From Figure 4, it is clear that the
photocurrent action spectrum resembles the absorption
spectra except for a slight red shift by ca. 10 nm in both RD-
Cou and Z-907. The photoresponse of thin films displays a
broad spectral response covering the entire visible spectrum
up to 800 nm in both the sensitizers.
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Figure 5: Photocurrent action spectra of (brown line) RD-Cou and
(blue line) Z-907 using Z-580 redox electrolyte.

Table 2: Photovoltaic performance of RD-Cum and Z-907a.

Sensitizer Electrolyteb Jsc (mA/cm2)c Voc (mV)c ffc η(%)

RD-Cou Z580 8.80 650 0.68 4.24

Z-907 Z580 11.97 650 0.68 5.20
aPhotoelectrode: TiO2 (10 + 5 μm and 0.74 cm2); belectrolyte: 0.2 M
I2, 0.5 M guanidinium thiocyanate (GuSCN), and 0.5 M N-methyl ben-
zimidazole (NMB) in a 65/35 v/v% mixture of 1-propyl-3-methylimid-
azolium iodide/1-Ethyl-3-methyl-imidazolium tetracyanoborate [PMII/
EMIB(CN)4]. cError limits: Jsc: ±0.20 mA/cm2, Voc = ±30 mV, ff = ±0.03.

Figure 6 shows the photocurrent-voltage characteristics
of RD-Cou and Z-907 using Z-580 as redox electrolyte under
1.0 sun irradiation (1000 W/m2), and corresponding data are
shown in Table 2. The solar-energy-to-electricity conversion
efficiency (η), under white-light irradiation can be obtained
from the following equation:

η [%] = Jsc
[
Am−2

] ·VOC[V]× ff

I0[Wm−2]
× 100, (2)

where I0 is the photon flux (e.g., 1000 W m−2 for 1.0 sun), Jsc

is the short-circuit photocurrent density under irradiation,

0 0.1 0.2 0.3 0.4 0.5 0.6

Voltage (V)

0

2

4

6

8

10

12

C
u

rr
en

t
(m

A
/c

m
2
)

Figure 6: Current-voltage characteristics: (brown line) RD-Cou
and (blue line) Z-907 using Z-580 redox electrolyte.

Voc is the open-circuit voltage, and ff represents the fill
factor. We have observed an overall conversion efficiency of
4.24% under 1.0 sun irradiation (Jsc = 8.80 mA/cm2, VOC

= 650 mV, ff = 0.68) using RD-Cou as sensitizer. Under
similar test cell conditions, the device based on Z-907
sensitizer [Jsc = 11.97 mA cm−2, VOC = 650 mV, and ff =
0.68] shows a photovoltaic conversion efficiency of 5.20%.
The low efficiency of RD-Cou when compared with that
of standard sensitizer Z-907 is probably due to poor hole
transport property from coumarin moiety to Ru(II).

3.3. Thermal Studies. We have examined the thermal stability
of new ruthenium(II) polypyridyl sensitizer and compared
their thermal stability with that of the standard sensitizer
Z-907, using thermogravimetric analysis. Figure 7 shows the
thermal behavior of RD-Cou. From the Figure, it is clear
that the sensitizer RD-Cou is stable up to 220◦C. The initial
weight loss between 200 to 250◦C is attributed to the removal
of the carboxyl group. In contrast, the standard sensitizer Z-
907 is stable up to 200◦C.
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Figure 7: TG/DTG curves of RD-Cou with heating rate of
10◦C min−1 under nitrogen.

4. Conclusions

In conclusion, we have designed and synthesized a new
Coumarin-Ruthenium(II) polypyridyl complex having an
extended π-conjugation. The new complex was completely
characterized by elemental analysis, ESI-MS, IR, UV-Visible,
and fluorescence spectroscopies as well as cyclic voltamme-
try. The performance of new sensitizer was tested in dye-
sensitized solar cells using a durable redox electrolyte and
compared with that of standard sensitizer Z-907. The low
efficiency of device based on RD-Cou, when compared to
Z-907, is probably due to poor hole transport property from
coumarin moiety to Ru(II).
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We have fabricated bulk heterojunction organic solar cells using coumarin 6 (C6) as a small organic dye, for light harvesting and
electron donation, with fullerene derivative [6,6]-phenyl-C61 butyric acid methyl ester (PCBM), acting as an electron acceptor, by
spin-coating technique. We have investigated thermal annealing and blend concentration effects on light harvesting, photocurrent,
and performance parameters of the solar cells. In this work, we introduced an experimental method by which someone can easily
detect the variation in the contact between active layer and cathode due to thermal annealing after cathode deposition. We have
showed, in this work, unusual behavior of solar cell composed of small organic molecules under the influence of thermal annealing
at different conditions. This behavior seemed uncommon for polymer solar cells. We try from this work to understand device
physics and to locate a relationship between production parameters and performance parameters of the solar cell based on small
organic molecules.

1. Introduction

Organic solar cells have attracted much attention due to
their potential in low-cost solar energy harvesting, as well
as applications in flexible, light-weight, colorful, and large-
area devices [1]. With the discovery of efficient photo-
induced electron transfer from a conjugated polymer to
fullerene [2], the bulk heterojunction (BHJ) organic solar
cell has become one of the most successful device structures
developed in the field to date. By simply blending electron
donor with electron acceptor (fullerene) in organic solvents,
a self-assembling interpenetrating network can be obtained
using various coating technologies ranging from laboratory-
scale spin-coating or spray-coating to large-scale fabrication
technologies such as inkjet printing, doctor blading, gravure,
slot-die coating, and flexographic printing. The BHJ solar
cells performed with power conversion efficiency from solar
light into electrical energy of up to about 6.1% [3], and with
further progress, the efficiency reached about 6.8% [1].

To increase knowledge of material characteristics and
behavior for photovoltaic applications, new BHJ systems
should be studied. For significant improvements in organic
solar cell efficiencies, new donor/acceptor combinations
may be required to recognize and identify the photovoltaic
properties of materials used in solar cells. To construct a new
BHJ solar cell using low-molecular-weight compounds such
as coumarin dyes, it is better first to illustrate the advantages
of this kind of organic dyes. The coumarin dyes have a
pronounced light harvesting, and they have been used as
light absorbers (a third material) for photovoltaic devices
[4, 5]. The coumarin dyes have been used as photosensitizers
in Grätzel-type dye-sensitized solar cells [6, 7], as dopants
in polymer light emitting diodes (LEDs) [8, 9] and as lumi-
nescent solar concentrators applied upon solar cells [10, 11].
Novel iminocoumarin dyes having carboxyl and hydroxyl
anchoring groups onto the dyes skeletons have been designed
and synthesized by Kandavelu et al. [12] for application
of dye-sensitized nanocrystalline TiO2 solar cells. Fullerene



2 Advances in OptoElectronics

(C60)-based donor-acceptor polyads were synthesized by
Brites et al. [13], in which C60, as an acceptor material,
was covalently linked to some of coumarin dyes, as donor
materials, towards practical applications such as photovoltaic
devices for solar energy conversion. Coumarin 6 (C6) dye
with other organic dyes (oxazine 1 and Nile red) were used
by Meixner et al. [14] to manufacture wavelength-selective
field-effect phototransistors by employing dye-doped P3HT
as a semiconducting layer. Illuminating these transistors
with monochromatic light in the range of 400–700 nm
resulted in varying conductivities for certain wavelengths in
dependence on the particular dye. This effect is attributed to
the photogeneration of excitons on the dye molecules, which
are subsequently transferred to the conjugated polymer.

When selecting the donor and acceptor material pair for
photovoltaic application, one needs to consider their energy
levels. The highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of the
material pair need to match in such a way that exciton dis-
sociation (charge separation) will be favored at the interface
of the two materials. The conjugated C6 dye in combination
with the fullerene derivative [6, 6]-phenyl-C61 butyric acid
methyl ester (PCBM) shows a thermodynamically suitable
charge separation at the interface, after light absorption
by the sensitized C6 dye. The charge separation in the
C6:PCBM combination can occur as a result of decreasing
the electron affinity (higher LUMO) and ionization potential
(higher HOMO) of C6, as a donor, in comparison with
those of PCBM, as an acceptor, as shown in Figure 1
from [15, 16]. Therefore, the interfacial electric field of the
C6:PCBM binary drives charge separation, and the generated
electrons are transported by PCBM into the cathode (Al),
while the generated holes are transported by C6 into the
anode (indium-tin-oxide (ITO)). Hence, the C6 dye can
be used in a new BHJ solar cell for light harvesting and
electron donation in combination with PCBM molecules. In
a previous work [5], we used the C6 dye as a third material for
light harvesting included in the most common binary of the
solar cells, which are composed of poly(3-hexylthiophene)
(P3HT), as a donor, and PCBM, as an acceptor. The C6 dye
in the P3HT:PCBM binary showed a pronounced contri-
bution to optical absorption and photocurrent of the solar
cell.

Although the organic dyes have been extensively used
in dye-sensitized solar cells, there are few papers [17, 18]
concerning BHJ organic solar cells based on organic dyes as
donor materials. Among those few papers, there are fewer
papers, which have investigated thermal annealing [19] and
active layer concentration effects on solar cells based on small
organic molecules. Thermal annealing is one of the most
effective ways to realize high-power conversion efficiency
of the organic solar cells, since it results in the improved
nanoscale morphology, the increased crystallinity of active
layer, and the improved contact to the electron-collecting
electrode [20]. The effect of thermal annealing on solar cells
composed of small-organic molecules is different from effect
of thermal annealing on those composed of polymers. This
is because of the difference in the molecular structure of
the two materials. Many authors [21–23] stated that the
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Figure 1: Energy-level diagram of C6 dye (from [15]) and the rest
components of the solar cell (from [16]) relative to vacuum. The
figure shows the chemical structures of C6 and PCBM.

polymers, as an active material in solar cell, gradually influ-
enced under gradual increase in the annealing temperature,
during a specific range. This influence appeared as a large
redshift in the polymer absorption peak, which indicated
high organization in the polymer chains, as a large molecule,
under the influence of annealing temperature. While Sakai
et al. [19] stated that, the amorphous structure of the
alpha-sexithiophen, as a small-organic material, remained
after thermal annealing without change in a BHJ solar cell.
This means that, the thermal treatment did not change the
structure of the small organic compound, from amorphous
to crystalline. These results emphasize that, the effect of
thermal annealing on small organic solar cells is different
from the effect on polymer solar cells.

There is another important point in the subject of
thermal annealing effect on organic solar cells, especially
in case of small-organic solar cells. This point has not
been taken into account in the previous works, even in the
works concerning polymer solar cells. In the previous works,
thermal annealing was done either before cathode deposition
or after cathode deposition. It is well known that, thermal
annealing before cathode deposition induces change in
crystal structure of active layer, while thermal annealing after
cathode deposition induces the variation in crystal structure
and the variation in the contact between active layer and
cathode as well. Thermal annealing after cathode deposition
is dominant in the previous literatures, but this treatment
does not identify and distinguish between variation occur-
ring in crystal structure and that occurring in the contact
between active layer and cathode. This means that, someone
cannot distinguish which variation is more susceptible to
thermal annealing; variation in crystal structure or variation
in contact between active layer and cathode. So, we introduce
in the present work a solution for this problem. In this
regard, thermal annealing is carried out through subsequent
two annealing steps: annealing before cathode deposition
followed by annealing after cathode deposition. Thermal
annealing before cathode deposition is for ensuring and
stabilizing the variation in crystal structure of the active layer,
which can be detected by atomic force microscopy (AFM)
or optical absorption spectroscopy. Then, after stabilizing
variation in crystal structure (by annealing before cathode
deposition), thermal annealing after cathode deposition is
for investigating the variation which occurs in the contact
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Figure 2: AFM images of C6:PCBM (40 : 60 weight percentage)
blend film spin-coated onto microglass substrate.

between active layer and cathode, which can be detected via
photocurrent spectroscopy and/or current density-voltage
characteristics measurements of the solar cell.

2. Results and Discussion

2.1. Effect of Thermal Annealing. Before talking about effect
of thermal annealing on performance of the C6:PCBM
solar cell, we prefer, first, to investigate the interpenetrating
networks of the C6 dye and PCBM molecules in a BHJ blend.
The formation of BHJ by blending C6 dye as a donor material
with PCBM as an acceptor material and the resulting possible
efficient charge separation throughout the C6:PCBM blend
are verified through AFM images, as shown in Figure 2.

For understanding C6:PCBM device physics, we inves-
tigate the effect of thermal annealing on the performance
of this new solar cell. In general, thermal annealing of BHJ
solar cells is carried out either before cathode deposition [24]
or after cathode deposition [25]. The purpose of annealing
before cathode deposition is for removing any residual
solvent and for enhancing crystal structure of the active layer

[26], while thermal annealing after cathode deposition is
for improving the contact between active layer and cathode,
and therefore charge collection at the cathode is improved
[20]. In many literatures, annealing after cathode deposition
is dominant for enhancing crystal structure of active layer
and, also, for improving the contact between active layer and
cathode. However, if the annealing after cathode deposition
may damage the contact between active layer and cathode,
for some reason, the enhancement in crystal structure of the
active layer, gained by annealing, may not be distinguished.
In addition, if the annealing after cathode deposition may
impair crystal structure of the active layer, the enhancement,
gained by annealing, in the contact between active layer and
cathode may not be distinguished. So, we try in this work
to illustrate and differentiate between thermal annealing
affecting crystal structure of the active layer blend and
thermal annealing affecting the contact between active layer
and cathode.

First, the effect of thermal annealing on crystal structure
of the active layer is investigated through the effect of thermal
annealing before Al deposition on the optical absorption
of the C6:PCBM blend film. The optical absorption spec-
troscopy is an efficient tool for detecting the organization of
the molecules in crystalline domains as stated by Vanlaeke
et al. [22]. Thermal treatment of the C6:PCBM blend film
is carried out at different temperatures in the range of 40–
140◦C and at different annealing times (5 or 10 min) in a
glove box under nitrogen atmosphere. Figure 3 shows optical
absorption spectra of the C6:PCBM blend films before
and after thermal annealing (before Al deposition) in the
wavelength range of 250–800 nm. Before thermal treatment,
the C6 dye in the C6:PCBM blend film gives an eminent
absorption peak at a wavelength of 450 nm. After thermal
annealing at different temperatures beginning from 40◦C up
to 140◦C, the absorption peak of the C6 in the blend film
slightly redshifts to 454 nm under different annealing times.
The redshift of the C6 absorption peak caused by thermal
annealing is an indication of improvement in conjugation
length of the C6 molecules in the blend [27]. Thermal
annealing improves conjugation length of both polymers
as well as small organic molecules which are much more
likely to crystallize than the polymer in dye/polymer blend
photovoltaic cells, as stated by Dittmer et al. [28]. However
the improvement in the conjugation length of the C6 dye
is small as a result of small molecular weight and short
conjugation of the small molecule. The development of a
vibronic structure by thermal annealing can also be seen in
Figure 3 (as improvement in shoulder peak around 478 nm),
which is generally explained in semiconducting polymers by
a higher crystallization or ordering of intrachain interactions
[29]. The improvement in conjugation length means that the
alternation of single-double bonds between carbon atoms
through C6 molecules increases, and, therefore, the π-π∗

transition shifts to a lower energy. This tends to a decrease
in the energy gap of the C6 dye in the C6:PCBM blend
by thermal annealing. Therefore, the C6 absorbs a larger
amount of light photons, which have lower energy, and,
consequently, the generation of charge carriers increases
in the solar cell active layer. As shown in Figure 3, the
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Figure 3: Optical absorbance of C6:PCBM blend film before and
after thermal annealing at different temperatures and annealing
times.

contribution of PCBM molecules in the absorption of the
active layer blend occurs at a wavelength of approximately
332 nm. After thermal annealing the peak at 332 nm does not
show any change at any annealing conditions.

It is obviously observed from Figure 3 that, the effect
of thermal annealing on the C6:PCBM blend film, which
results in improving conjugation length of the C6 dye in
the blend, occurs at the lowest annealing temperature of the
investigated range. This is because the C6 dye is a small
organic molecule, which has small molecular weight and
short conjugation. So, the lowest annealing temperature in
the scanned range is sufficient to affect this small molecule.
As shown in Figure 3, with increasing annealing temperature
from 40 to 140◦C at various annealing times the optical
absorption of the C6:PCBM blend film does not change. This
indicates that the induced structure of the C6:PCBM blend
film by thermal annealing attains to a steady state under
lower annealing temperature and is not disturbed by further
increase in the annealing temperature, up to 140◦C. As an
indication, Kim et al. [23] stated that, there was no distinct
variation in the absorption spectra, when annealing temper-
ature upon active layer composed of poly(3-hexylthiophene)
(P3HT):PCBM blend rose above 100◦C, and the spectrum at
180◦C was very similar to that of 150◦C.

Second, the effect of thermal annealing on the contact
between C6:PCBM active layer and Al electrode is inves-
tigated through measurement of photocurrent and perfor-
mance parameters of the solar cells. Thermal treatment, in
this case, is carried out through subsequent two annealing
steps; first annealing step, which is carried out before Al
deposition at 100◦C for 10 min (preannealing), and second
annealing step, which is carried out after Al deposition at
various temperatures in the range of 50–160◦C for 4 min
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Figure 4: EQE spectra of the ITO/PEDOT:PSS/C6:PCBM/Al solar
cell under thermal treatment before Al deposition at 100◦C for
10 min (preannealing) and under subsequent treatments; prean-
nealing (at 100◦C for 10 min) followed by annealing after Al
deposition (postannealing) at different temperatures.

(postannealing) in a glove box under nitrogen atmosphere.
In this case, the preannealing step stabilizes the structure of
the active layer. Therefore, postannealing step governs the
variation in the contact between C6:PCBM active layer and
Al electrode. There is no reason for specifying the 100◦C
for 10 min as conditions for preannealing step, whereas the
structure of the C6:PCBM active layer is secured under
the whole investigated preannealing temperature range (40–
140◦C) without change, as shown from Figure 3.

Figure 4 shows the external quantum efficiency (EQE)
spectra of the ITO/poly(3,4-ethylene dioxythiophene)-
blend-poly(styrene sulfonate) (PEDOT:PSS)/C6:PCBM/Al
solar cell under preannealing alone and under subsequent
two treatments; preannealing (at 100◦C for 10 min) and
postannealing (at different temperatures in the range of
50–160◦C for 4 min) in the wavelength range from 300 to
700 nm. Without thermal annealing, no working device is
obtained. The EQE maximum peak of the C6:PCBM active
layer at about 475 nm relates to contribution of the C6 dye
to the photocurrent, while the dye absorbs light at about
454 nm, as shown in Figure 3. The EQE spectra of the inves-
tigated solar cell show a contribution of PCBM to the pho-
tocurrent at a wavelength of approximately 340 nm, while the
PCBM absorbs light at about 332 nm. As shown in Figure 4,
exclusive preannealing of the C6:PCBM active layer produces
a 7.1% as contribution of C6 dye to the photocurrent,
while postannealing at 50◦C preceded by preannealing
reduces the contribution of the C6 dye to 6.8%. By gradual
increase in postannealing temperature, the contribution of
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the C6 dye to the photocurrent gradually decreases to reach
4.4% at 160◦C. Although the structure of the C6 dye in
the blend is secured by preannealing step, the decrease in
contribution of the C6 dye to EQE spectra is attributed
to deterioration in the interface between C6:PCBM active
layer and Al electrode. This is because the damage in the
contact between active layer and cathode reduces charge
carrier transport and collection at the electrode and therefore
reduces the photocurrent and performance parameters of the
organic solar cell.

Current density/voltage (J/V) characteristics of the
devices under dark and under AM1.5 G white light illu-
mination (100 mW/cm2) are shown in Figure 5. Figures 6
and 7 show the variation in performance parameters, that
is, open circuit voltage (VOC), short-circuit current density
(JSC), fill factor (FF), and power conversion efficiency (PCE),
of the solar cell under preannealing and under preannealing
followed by postannealing with increasing postannealing
temperature from 50 to 160◦C. As shown in these figures, the
solar cell which is only preannealed has the best performance
parameters in comparison with the solar cell which is
postannealed during temperature range of 50–160◦C after
securing the internal structure of blend film by preannealing
treatment firstly. It is observed from Figures 6 and 7 that all
performance parameters of the C6:PCBM solar cell almost
decrease with increasing postannealing temperature from 50
to 160◦C. In general perception, theVOC is determined by the
energy difference between HOMO of the donor and LUMO
of the acceptor [16]. However, the decrease in theVOC may be
a result of energy level realignment at C6:PCBM/Al interface
due to postthermal annealing, as stated by Zhao et al. [20].
Sakai et al. [19], also, guessed that the variation in the contact
between active layer and electrode, due to postthermal
annealing, probably influenced the VOC value. The decrease
in FF, shown in Figure 6, is an indication of increasing series
resistance, which is produced in the solar cell due to the
damage in the interface between C6:PCBM active layer and
Al electrode, as a result of postannealing. The increase in
VOC at higher postannealing temperatures (140 and 160◦C)
may be attributed to a decrease in ohmic contact at the
interface between PCBM and Al electrode. The change in
ohmic contact at the interface may be a result of energy level
realignment due to postthermal annealing as stated by Zhao
et al. [20]. The ohmic contact is considered as a large series
resistance, and the change in this series resistance has strong
impact on the FF of the solar cell. Therefore, the observed
increase in the FF at higher postannealing temperatures is an
indication of the decreasing ohmic contact between PCBM
and Al electrode.

The JSC has direct dependence on the charge carrier
transport and electron collection at the cathode in the solar
cell. The generated electrons in the active layer transfer
and collect at the cathode due to influence of the cathode
work function. Therefore, the decrease in the JSC, as shown
in Figure 7, with increasing postannealing temperature is
attributed to disability of generated electrons in the active
layer to transfer and collect at Al electrode due to damage
in the interface between active layer and electrode. The
cause of damage in the contact between C6:PCBM active
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Figure 5: J/V characteristics of the ITO/PEDOT:PSS/C6:PCBM/Al
solar cell under thermal treatment conditions as those described in
Figure 4.

layer and Al electrode (due to postthermal annealing) is not
completely clear. In all probabilities, the C6 small organic dye
is responsible for this damage, but the damage mechanism
is not totally understood. However, this damage was seen
by the naked eye as small bubbles or blisters formed after
thermal annealing on the surface of the Al electrode. It was
observed that these bubbles were increased in their size and
density over active layer surface by increasing postannealing
temperature. These small bubbles were not found in the
preannealed solar cell.

From previous observations and discussion we can
conclude that, the internal structure of the C6:PCBM active
layer is induced by thermal annealing before Al deposition at
low annealing temperature and remains without change up
to 140◦C, while the contact between active layer and Al elec-
trode is destroyed by thermal annealing after Al deposition at
low annealing temperature and up to 160◦C. As a more elab-
orate indication of these results, optical absorption spectra
of the C6:PCBM blend film under subsequent two annealing
steps; annealing at 100◦C for 10 min (preannealing) followed
by annealing at various temperatures in the range of 50–
160◦C for 4 min (postannealing), (spectra not shown here)
do not show any variation in the absorption peaks of both
C6 dye and PCBM. This means that, postannealing step
does not alter the internal structure of the C6:PCBM blend
film, which stabilizes, firstly, by preannealing treatment.
Therefore, the deterioration in the measured photocurrent
and performance parameters of the solar cell is caused by
thermal annealing after Al deposition.
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2.2. Effect of Blend Concentration. After interesting behavior
of the BHJ C6:PCBM solar cell under the influence of
thermal annealing in last section, it is worthy now to investi-
gate the behavior of this new combination under variation
of blend concentration, for further understanding of new
BHJ solar cell. In this investigation, the C6:PCBM blend
concentration varies as 10, 20, 30, and 40 mg/mL, and the
optical absorption spectroscopy, photocurrent spectroscopy,
and J/V characteristics measurement are carried out and
discussed as below.

Optical absorption of the C6:PCBM blend films, spin-
coated onto ITO-glass substrates, as a function of blend
concentration is shown in Figure 8 in the wavelength range
of 250–600 nm. As shown from Figure 8, the absorption
of the C6:PCBM blend film gradually increases with grad-
ual increase in the blend concentration. The increase in
optical absorption is attributed to increase in the amounts
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Figure 8: Optical absorbance of C6:PCBM blend film at different
blend concentrations.

of absorber material in active layer by increasing their
concentration in the films. In this case, the active layer
captures large amounts of light photons from incident light.
The intensity of shoulder peak around 476 nm is less than
that of C6:PCBM blend film spin-coated onto microglass
substrates, as shown in Figure 3. This observation may
be attributed to vibronic structure of the C6 molecules,
which is influenced by interaction between electrons on the
surface of ITO-metal electrode and active layer. It is observed
from Figure 8 that, the absorption peaks of both C6 and
PCBM gradually redshift with increasing C6:PCBM blend
concentration. The absorption peaks of the C6 and PCBM in
the blend having the concentration of 10 mg/mL locate at 448
and 316 nm, respectively. With increasing C6:PCBM blend
concentration up to 40 mg/mL, the absorption peaks of the
C6 and PCBM redshift to 452 and 332 nm, respectively. The
observed redshift in the absorption of the C6:PCBM blend
film at constant annealing conditions is attributed to increase
in the conjugation length of both C6 and PCBM molecules
in the active layer blend, as a result of increasing blend
concentration. Hoppe et al. [30] revealed that the fullerene
cluster size and the average film thickness were increased
with higher concentration of the MDMO-PPV:PCBM solar
cell.

Figure 9 shows EQE spectra of the ITO/PEDOT:PSS/
C6:PCBM/Al solar cells under variation in active layer blend
concentration in the wavelength range of 300–700 nm. As
shown in this figure, the contribution of the C6 dye to the
photocurrent increases at a wavelength of 470 nm from 2.9%
to 8.1% after increasing C6:PCBM blend concentration from
10 to 30 mg/mL. Further increase in the blend concentration
up to 40 mg/mL reduces the contribution of the C6 dye
to 6.1% at 445 nm. In organic cells, the EQE depends on
optical absorption, exciton diffusion, exciton dissociation
into free carriers, charge transport, and charge collection at
electrodes. So, the increase in the photocurrent (from 2.9 to
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8.1%) with increasing C6:PCBM blend concentration (from
10 to 30 mg/mL) is attributed to two main reasons. First,
the increase in the C6:PCBM blend concentration increases
the optical absorption of the active layer, as shown from
Figure 8. The increase in light harvesting by solar cell active
layer tends to increase the generated charge carriers and
photocurrent. Second, the increase in the C6:PCBM blend
concentration increases the conjugation length of the blend
film (indicated from the redshift of C6:PCBM absorption
peak in Figure 8), which tends to improve charge carrier
transport and therefore tends to improve the photocurrent
and performance parameters of the solar cell. In general,
organic semiconductors are materials exhibiting low mobili-
ties, ranging between≈10−5 to 100 cm2/Vs [31]. This directly
limits active layer thickness of organic photovoltaic devices.
Beyond a certain thickness, charge carriers will not reach
the electrodes before recombination [32]. Therefore, the
decrease in the photocurrent, observed in Figure 9, of the
C6:PCBM solar cell having blend concentration of 40 mg/mL
is attributed to accumulation of active layer components at
higher concentrations, which restricts exciton diffusion and
charge carrier transfer into respective electrodes and there-
fore reduces the photocurrent and performance parameters
of the solar cell. Although the C6:PCBM blend having the
concentration of 40 mg/mL can produce excess of excitons
as a result of its high ability for light harvesting, most of
these excitons do not dissociate to charge carriers due to
large exciton diffusion length, which must be routed by these
excitons to dissociate at the interface between C6 and PCBM.
Therefore, the charge carrier generation and, consequently,
the photocurrent and performance parameters decrease in
the solar cell.

After analysis of J/V characteristics (shown in Figure 10),
one can easily detect that, the performance parameters of
the ITO/PEDOT:PSS/C6:PCBM/Al solar cells almost have
the same behavior of the EQE spectra under variation of

−0.1 0 0.1 0.2 0.3 0.4 0.5

−5

−4

−3

−2

−1

0

1

2

3

10 under illumination

under illumination
30 under dark

30 under illumination
40 under illumination

C
u

rr
en

t
de

n
si

ty
(m

A
/c

m
2
)

Applied voltage (V)

mg/mL

mg/mL
mg/mL

mg/mL

mg/mL

20

Figure 10: J/V characteristics of the ITO/PEDOT:PSS/C6:PCBM/
Al solar cell at different C6:PCBM blend concentrations.

the C6:PCBM blend concentration, as shown in Figures
11 and 12. Figure 11 shows the variation in VOC and
FF, while Figure 12 shows the variation in JSC and PCE
as a function of C6:PCBM blend concentration from 10
to 40 mg/mL. The variation in the JSC and, consequently,
PCE with C6:PCBM blend concentration agrees with the
variation in the EQE with blend concentration, for the same
reasons, whereas the light harvesting, exciton diffusion and
dissociation, and charge carrier transport are the factors
that govern the variation of JSC with C6:PCBM blend
concentration. At 30 mg/mL blend concentration, the film
absorbs reasonable amounts of light photons and, in the
same time, does not obstruct neither exciton diffusion
and dissociation nor charge carrier transfer into electrodes.
Therefore, the C6:PCBM solar cell with the blend concen-
tration of 30 mg/mL shows the highest value of the JSC

of the investigated solar cells. The variation in the VOC

with C6:PCBM blend concentration follows the variation
in the EQE and JSC with blend concentration, although the
difference between HOMO of the C6 and LUMO of the
PCBM does not change under variation of the C6:PCBM
blend concentration. The observed variation in the FF
strongly relates to the influence of series resistance in the
solar cell. As shown in Figure 11, the increase in blend con-
centration up to 20 mg/mL increases the FF up to 0.36, while
further increase in the blend concentration up to 40 mg/mL
reduces the FF to 0.34. The small observed increase in
the FF may be attributed to increase in the charge carrier
transport due to increase in the conjugation length and
size of PCBM clusters with increasing blend concentration.
The improved PCBM clusters in the C6:PCBM blend
efficiently transport the photogenerated mobile electrons by
means of percolated pathways to the respective electrode. The
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small decrease in the FF may be attributed to small increase
in the series resistance due to increase in C6 and PCBM
aggregates at higher concentrations. These aggregates reduce
charge carrier mobility, and therefore, the FF decreases in
the active layer. From Figures 11 and 12 in addition to
Figure 9, we can indicate that the best blend concentration
in the new C6:PCBM solar cell is the concentration of
30 mg/mL. The solar cell which has 30 mg/mL, as an active
layer concentration, produces 0.33 V as a VOC, 0.34 as a FF,
1.9 mA/cm2 as a JSC, and 0.22% as a PCE.

3. Experimental Section

3.1. Materials and Solutions. The C6 or [3-(2-benzothi-
azolyl)-7-(diethylamino)coumarin] conjugated dye (99%,
Sigma-Aldrich) and PCBM (99.2%, Frontier Carbon Cor-
poration, Japan) were used without further purification. The
C6:PCBM blend solutions with the composition of 40 : 60
weight percentage were prepared by dissolving the two
compounds (C6 dye and PCBM) in 1,2-dichlorobenzene
(Tokyo Chemical Industry Co. Ltd., Japan) with varying
blend concentration as 10, 20, 30, and 40 mg/mL. The
solutions were vigorously stirred for more than 24 h at room
temperature under nitrogen atmosphere in a glove box to
maximize mixing while avoiding touching the vial cap.

3.2. Film and Device Fabrication. For optical absorption
measurement, the C6:PCBM blend films with different
concentrations were prepared by spin-coating the solutions
onto clean ITO-glass substrates. For solar cell fabrication, the
ITO-glass substrates (∼10Ω/�) were sequentially cleaned
in an ultrasonic bath using acetone (twice) and methanol
(once), rinsed with deionized water, and finally dried in
flowing nitrogen. To increase the work function of the ITO
electrode and to improve the electrical connection between
ITO electrode and organic active layer, a layer of PEDOT:PSS
was spin-coated (2500 rpm) onto the ITO-glass substrates in
air and dried using a digitally controlled hotplate at 100◦C
for 10 min under nitrogen atmosphere in a glove box. On top
of insoluble PEDOT:PSS layer, the C6:PCBM blend solutions
with different concentrations were spin-coated (1000 rpm)
under nitrogen atmosphere. An approximately 100-nm-thick
Al electrode was thermally deposited onto the active layer
using a vacuum deposition system at a pressure of about 3
× 10−4 Pa through a shadow mask to obtain 25 identical cells
on one device with an active area of 3 × 3 mm2. The thermal
annealing of the solar cells was carried out before and after
Al deposition under nitrogen atmosphere in a glove box. The
use of nitrogen atmosphere during thermal treatment is for
suppressing the formation of carbonyl defects that reduces
the conjugation length of the active layer blend and thus
lowers the electrical conductivity of the active layer when
oxidized.

3.3. Measurements. The optical absorption spectroscopy of
C6:PCBM blend films with varying annealing temperature
and blend concentration was carried out using a JASCO
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Figure 11: Variation in VOC and FF with C6:PCBM blend con-
centration of the ITO/PEDOT:PSS/C6:PCBM/Al solar cell.
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Figure 12: Variation in JSC and PCE with C6:PCBM blend con-
centration of the ITO/PEDOT:PSS/C6:PCBM/Al solar cell.

V-570 ultraviolet/visible/near-infrared (UV/vis/NIR) spec-
trophotometer with incident light towards the coated side
of the films. The external quantum efficiency measurement
was performed for the devices with varying annealing
temperature and active layer concentration using a halogen
lamp and a monochromator. The J/V characteristics of
the devices under white light illumination were determined
using standard solar irradiation of 100 mW/cm2 (AM1.5)
with a JASCO CEP-25BX spectrophotometer J/V mea-
surement setup with a xenon lamp as the light source
and a computer-controlled voltage-current source meter
(Keithley 238) at 25◦C under nitrogen atmosphere. The J/V
characteristics were determined for many cells in one device,
and we considered the performance parameters of the best
solar cell in that device. All measurements were performed
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soon after preparation of the devices to avoid any change in
the photoelectric properties caused by aging. The external
quantum efficiency and performance parameter values in
this work did not consider the device degradation caused by
light and air.

4. Conclusions

For understanding and improving new C6:PCBM combi-
nation as a small organic solar cell, we have studied effect
of thermal annealing and blend concentration on light
harvesting, photocurrent, and performance parameters of
the solar cell. Thermal annealing in this work was carried
out for specifying and differentiating between annealing
affecting internal structure of the C6:PCBM blend film,
through treatment before Al deposition at 100◦C for 10 min,
and annealing affecting the contact between C6:PCBM active
layer and Al electrode, through consequent two annealing
steps; annealing after Al deposition at various temperatures
in the range of 50–160◦C for 4 min preceded by annealing
before Al deposition at 100◦C for 10 min. By optical absorp-
tion spectroscopy, we detected a redshift in C6 absorption
peak at 40◦C, as indication of increasing conjugation length
of the C6 dye in the blend. The internal structure of
the C6:PCBM blend film remained without change under
gradual increase in the annealing temperature up to 140◦C.
The deterioration in the contact between C6:PCBM active
layer and Al electrode, as a result of thermal annealing
after Al deposition in the temperature range of 50–160◦C
preceded by annealing before Al deposition (for stabilizing
and insuring the internal structure of the active layer blend
at 100◦C for 10 min), was observed through the decrease in
the photocurrent and performance parameters of the solar
cell. Therefore, the best thermal annealing conditions for the
C6:PCBM as a small organic solar cell was the annealing only
before Al deposition in the temperature range of 40–140◦C
for either 5 or 10 min. We showed in this paper that, the
effect of thermal annealing on the solar cells composed of
small organic molecules was different from effect of thermal
annealing on those composed of polymers, as commonly
stated in previous literatures. The increase in the C6:PCBM
blend concentration showed an increase in the conjugation
length accompanied by an increase in the optical absorption
of the blend film, which were the reasons for improving
charge carrier generation and transfer and therefore increas-
ing the photocurrent and device performance parameters
of the solar cell. The reduction in the photocurrent and
performance parameters of the C6:PCBM solar cell, due to
further increase in the blend concentration, was attributed
to reduced mobility of charge carriers, as a result of
increase in the aggregation of the materials in the active
layer.
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