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ABSTRACT

Energy harvesting is the process by which energy is derived from external
sources such as solar power, thermal energy, wind energy, captured, and stored for later
use. Photovoltaics is a method of generating electrical power by converting solar
radiation into direct current electricity using semiconductors. Photovoltaic (PV) energy
harvesting technology offers significant advantages over wired or solely batterypowered sensor solutions: virtually inexhaustible sources of power with little or no
adverse environmental effects.
In recent years new PV technologies have come to the forefront in energy
harvesting such as dye sensitized solar cells (DSSC) and organic photovoltaic solar
cells. The dye absorbs light much like chlorophyll does in plants. The plastic used in
organic solar cells has low production costs in high volumes. Combined with the
flexibility of organic molecules, organic solar cells are potentially cost-effective for
photovoltaic applications. Molecular engineering (e.g. changing the length and
functional group of polymers) can change the energy gap, which allows chemical
change in these materials. The optical absorption coefficient of organic molecules is
high, so a large amount of light can be absorbed with a small amount of materials.
However, the main disadvantages associated with organic photovoltaic cells are low
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efficiency, low stability and low strength compared to inorganic photovoltaic cells.
This study sought for the high performance DSSCs and organic photovoltaic solar cells
by synthesizing novel dyes and organic molecules.
For dye sensitized solar cells (DSSCs) that can be an economically viable
alternative to conventional inorganic solar cells, ruthenium-complexes are the most
efficient sensitizers identified thus far. Although Ru-complexes are the most efficient
sensitizers known so far, their use in large-scale applications is likely to be limited
because ruthenium metal is scarce and expensive, and careful, non-ecofriendly and
tricky purification steps are required in their syntheses. Thus, researchers have
examined metal-free organic dyes to take advantage of their simple synthesis, tunable
absorption spectrum, high molar extinction coefficients, and long-term stability. In this
study, metal-free organic dyes that can perform on par with organic-metal complex
dyes have been sought to enable the wide spread practical implementation of DSSCs.
We have rationally developed a DSSC that yields an unprecedented high photocurrent
density of 20.9 mA cm-2, reaching an efficiency of > 9% in full sunlight (AM 1.5G, 100
mWcm-2) without an antireflection layer. This good performance results from the
harmonization of the resonant multiple light scattering in the photoelectrode of the
hierarchically structured TiO2 aggregates (an average size of 660 nm) with the photon
absorption of the novel metal-free organic dye in the visible region. It enabled
enhanced light harvesting and charge collection. The device also displayed very good
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long-term stability when aged without a UV filter.
We also investigated the effect of different electrolyte using a cobalt redox
electrolyte [Co(III/II)(bpy)3](PF6)3/2 which induce high positive redox potential
because the cobalt complexes have several advantages over I3-/I- electrolyte. This was
accomplished by adopting molecular design of dye molecules. Novel dye contains two
hexyl moiety in p-conjugated bridge, which can prevent electron recombination and is
suitable for the cobalt polypyridine redox mediators. However, the current density was
decreased with the increase of the open circuit voltage because of the trade-off between
the open circuit voltage and the current density. When the photoelectrode thickness was
9 mm, the DSSC with cobalt compex electrolyte showed the best performance of
6.12 % efficiency while that of the N719 was 4.93 % and the same dye with I3-/Ielectrolyte showed photo conversion efficiency of 5.06 %. Thus it enables the possible
improvement with thinner device and less amount of the dye.
Organic solar cells (OSCs) have also attracted significant attentions due to
their potentials of the low-cost process and flexible applications. The performances of
solution processed OSCs using conjugated polymer as well as small molecules have
dramatically enhanced with power conversion efficiency (PCE) up to ~10.6% and ~9%,
respectively. In contrast, vacuum-deposited OSCs show relatively lower efficiency
although they have advantages in the reproducibility and the ease of controlling the
purity of materials through the sublimation. Among the vacuum-deposited OSCs,
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metal-phthalocyanine (M-Pc) compounds are widely used as donor materials due to the
high absorption coefficient in the visible and near-infrared region and good thermal
stability. However, M-Pc compounds show relatively low open circuit voltage (VOC)
due to the small difference between the highest occupied molecular orbital (HOMO)
level of M-Pc compounds and the lowest unoccupied molecular orbital (LUMO) level
of fullerene derivatives as well as low fill factor (FF) due to the difficulty in forming
charge transporting path in the co-deposited layer. Therefore, new donor materials have
been proposed to overcome the drawbacks of M-Pc compounds. In OSCs, thiazolebased D-A alternative copolymer donors have showed very promising performance,
while thiazole-based small molecules for OSCs relatively received less attention. We
found that simple thiazole unit had potential for high performance OSCs.

In this

study, we report novel electron donor molecules based on D-π-conjugated linker-A
structure with compact packing and intramolecular charge transfer characteristics for
efficient organic solar cells. The donor molecules that have the D-π-A structure
featuring an electron-rich triphenyl amine as the electron donor unit, dicyanovinylene
as the acceptor unit and π-conjugated linkers of thienothiophene, thiophene, and
thiazole units were synthesized. The π-conjugated linkers were carefully designed to
have the planar structure, efficient conjugation length, appropriate energy level and to
induce compact packing in the solid state. As a result, newly synthesized thiazole based
compound led to highly efficient organic solar cell with the PCE of 6.2% under AM
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1.5G illumination with the intensity of 100 mWcm-2.

Key words : Dye sensitized solar cells (DSSCs), Organic solar cells (OSCs),
Hierarchically structured TiO2 (HS-TiO2), Flexible DSSCs, Vacuum processed solar
cells.
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Chapter I

I-1 Introduction

I-1.1 DSSC fundamentals
It is clear that renewable energy sources, such as solar, water, wind and
geothermal energy, are essential for the development of a global society because of
environmental, political and economic problems associated with fossil fuels.[1,2] Among
the renewable energy sources, solar energy has the largest potential to resolve the
future global energy need.
Highly efficient dye sensitized solar cells (DSSC) have attracted significant
attention over the past two decades for their promise as economic alternatives to
conventional solar cells based on silicon.[3] Fig I.1.1 shows schematically the basic
architecture and operation principles of dye sensitized solar cell. Typically, a dyesensitized solar cell consists of transparent photo-electrode, wide band-gap
semiconductor, sensitizer, redox electrolyte, and counter electrode. The energy
conversion processes in DSSC can be explained as the following. Solar light is
harvested by dye molecules (S) adsorbed on the TiO2 and dye molecules form its
electronically excited state S*.
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S + hυ → S* (photoexcitation)
The dye molecules in the excited state can decay back to the ground state or inject
electrons into the conduction band of the TiO2.
S* → S + hυ’ (emission)
S* → S+ + e-CB (charge injection into the TiO2)
The injected electrons are transported toward TCO working electrode and then through
the external circuit to the counter electrode. The oxidized dye molecules are reduced
to the ground state by the donation from an electrolyte.
S+ + R → S + R+ (regeneration of S)
The electrons reaching the counter electrode reduce in turn the oxidized iodide.
R+ + e- (cathode) → R (regeneration of R+)
The back-electron transfer reaction from the conduction band of TiO2 to the oxidized
dyes or oxidized form of electrolyte can happen. (recombination)
e-CB + S+ → S
e-CB + R+ → R
The power conversion efficiency (η) is given by the following expression.

h=

Pmax Jsc × Voc × FF
=
Pin
Pin

Where, Pmax is the product of Jmax and Vmax, Jsc is short circuit current, Voc is open
circuit voltage which is determined by the difference between the electron quasi-Fermi
level in the TiO2 film under illumination condition and the redox potential of the redox
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couple in the electrolyte and the fill factor FF is defined as the ratio of JmaxVmax /
JscVoc.[4]
Dye sensitized solar cells have many components including substrate with the
transparent conducting oxide TCO layer, mesoporous TiO2 layer, metal based or metal
free dye, electrolyte solvent, redox mediator and a counter electrode. The requirements
for the TCO substrate are low sheet resistance (5~15 Ω/square) and a high transparency
to solar radiation in the visible-IR region. Both indium-doped tin oxide (In:SnO2, ITO)
and fluorine-doped tin oxide (F:SnO2, FTO) have been employed. Although indiumdoped tin oxide TCO is the most common substrate used in many optoelectronic
devices, the currently preferred TCO for DSSC application is fluorine-doped tin oxide
(F:SnO2) due to poor thermal stability of the ITO glass. Many wide band-gap oxide
semiconductors, such as TiO2, ZnO, SnO2, have been examined as photoelectrode for
DSSC application. The TiO2 has been widely employed because TiO2 is chemically
stable, non-toxic and readily available in vast quantities.[5] A key component of DSSC
is the sensitizer which absorbs light and injects electrons into the conduction band of
the oxide substrate. Some general principles for an efficient dye are as follows: 1) The
dye should have panchromatic absorption and high molar extinction coefficient for
efficient light harvesting. 2) The dye should have suitable HOMO, LUMO energy level
for efficient regeneration of the oxidized dye and efficient electron injection into the
conduction band of TiO2 film. 3) The dye should be hydrophobic to minimize charge
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recombination from the conduction band of TiO2 to oxidized form of electrolyte. 4)
The dye should not aggregate on the surface to avoid nonradiative decay of the excited
state to the ground state.[3] Currently, DSSCs including ruthenium(II)-polypyridyl
complexes show an overall power conversion efficiency (h) exceeding 11% under
simulated AM 1.5G irradiation.[6,7] Although Ru-complexes are the most efficient
sensitizers known so far, their use in large-scale applications is likely to be limited
because ruthenium metal is scarce and expensive, and careful, non-ecofriendly and
tricky purification steps are required in their syntheses. [8] Thus, metal-free organic dyes
have examined as alternative because of their simple synthesis, tunable absorption
spectrum, high molar extinction coefficients, and long-term stability.[3] The redox
mediator plays a very important role in DSSC by reducing the oxidized dye. In DSSC,
an iodide/triiodide redox couple is usually employed as an efficient electron mediator,
however the this redox system has some defects such as large dye regeneration
overpotential, competitive visible light absorption by triiodide and corrositivity on
most metals.[9~11] Therefore, efforts to find new redox mediator have been made.
Finally, the oxidized redox mediator should be reduced by the electrons flowing
through the external circuit passing through the counter electrode. The Pt as an
electrode material has been mostly employed because Pt shows excellent chemical
stability and very low overpotential for the triiodide reduction reaction.[5]

4

I-1.2 Organic solar cell fundamentals
Organic solar cells (OSCs) have attracted much attention in recent years, due
to their advantages such as easy fabrication, low cost, light weight and possibility of
flexible devices.[12] OSCs are commonly composed of an active layer of donor and
acceptor materials sandwiched between a hole transporting layer-modified ITO anode
and a low work function metal cathode.
The energy conversion processes in OSC can be explained as the following.
When a light irradiates the photoactive layer, the donor material absorbs photons and
then creates excitons. The excitons diffuse toward the donor-acceptor interfaces, where
they are dissociated into free holes and electrons. The driving force of exciton
dissociation is the energy level offset of LUMO and HOMO between the donor and
acceptor materials. The separated electrons and holes transport through the acceptor
and donor channels to cathode and anode respectively, and be collected by the
electrodes to form photocurrent and photovoltage, as shown in Figure I-1.2. The Jsc of
OSC depends on the light absorption of the active layer, efficiencies of exciton
diffusion to donor-acceptor interfaces and dissociation at the interfaces, charge
transport in the active layer, charge collection on the electrodes. Voc of OSC mainly
depends on the energy level difference between the LUMO level of the acceptor and
the HOMO level of the donor. FF is related to the series (Rs) and shunt resistance (Rsh)
of the devices. Generally, Rs consists of bulk resistance of the active layer and the
electrodes and contact resistance of every interface. Rsh denotes the current leakages
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from the edge of the cell or the pinholes and the traps in the film.[12~14]
The bilayer configuration of OSCs has been implemented by Tang,[15]
however the performance of this structure showed low values because of short exciton
diffusion length of organic donor materials (5~14nm) compared with the optical
absorption length (~100nm) and limitation by small area of charge-generating interface
between the donor and acceptor. To overcome this problem, the concept of a bulk
heterjunction (BHJ) structure was introduced by Yu et al.[16] By simple blending
process of donor and acceptor materials, an interpenetrating network with a large
donor-acceptor interfacial area can be achieved.

I-1.3 Objective
Organic molecule based solar cells have attracted considerable attention
during the last years as they offer the possibility of low-cost devices for conventional
solar cells. Among the components that make up solar cells, organic materials are key
point for highly efficient solar cell. The organic dye for DSSC has some design
principles such as panchromatic absorption, high molar extinction coefficient, suitable
energy level and aggregation resistance. Also, an important component of OSC is the
organic donor material and some general principles for designing an efficient donor
material are as follows: 1) Broad and strong absorption band in visible and near IR
region (small band-gap organic materials). 2) Suitable HOMO and LUMO energy level
for efficient exciton dissociation and high open circuit voltage. 3) High hole mobility
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to increase Jsc and FF. 4) High solubility for solution process. Following the general
principles to construct an efficient dye and organic donor material, we have
synthesized various functionalized metal-free organic dyes and organic donor
molecules.

7

Figure I-1.1 (a) Schematic structure and (b) Operation principle in dye sensitized solar
cell
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Figure I-1.2 Energy conversion processes in organic solar cell
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Chapter Ⅱ
Photon harvest enhancement via resonant multiple light
scattering

Ⅱ-1 Introduction

Ⅱ-1.1 Metal-free organic dyes for dye sensitized solar cell
Highly efficient dye sensitized solar cells (DSSC) based on organic
optoelectronic materials have attracted significant attention over the past two decades
for their promise as economic alternatives to conventional solar cells based on
silicon.[1~3] Sensitizers for DSSCs can be classified into two groups: ruthenium(II)polypyridyl complexes and metal-free organic donor-acceptor dyes. [4~15] The current
state-of-the-art DSSCs include ruthenium(II)-polypyridyl complexes as the additive
material, and display an overall power conversion efficiency (h) exceeding 11% with
an antireflection layer under simulated AM 1.5G irradiation; metal-to-ligand charge
transfer (MLCT) plays an important role in the light-harvesting process in these
devices. [5,6] Although Ru-complexes are the most efficient sensitizers known so far,
their use in large-scale applications is likely to be limited because ruthenium metal is
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scarce and expensive, and careful, non-ecofriendly and tricky purification steps are
required in their syntheses.[7] Thus, researchers have examined metal-free organic dyes
to take advantage of their simple synthesis, tunable absorption spectrum, high molar
extinction coefficients, and long-term stability. [4]
Generally, sensitizers are required to have broad absorption range to use
whole visible and some of the near-infrared region, high molar extinction coefficient to
enable efficient light harvesting, suitable energy level for efficient electron injection
into the anode and regeneration of the oxidized dye, good long-term stability, positive
charge localization on the donor part to minimize charge recombination between the
injected electrons and the resulting oxidized dye, hydrophobicity of dye to minimize
direct contact between the electrolyte and the anode and aggregation resistant to avoid
nonradiative decay of the excited state to the ground state. Following the general
principle to construct an efficient dye, various functionalized metal-free organic dyes
have been synthesized and characterized.[2]
One empirical but sound design principle for metal-free dyes is to synthesize
an electron donor-p-conjugated linker-electron acceptor (D-p-A) structure with an
attached group for anchoring to the TiO2 anode. (Figure Ⅱ-1) [11,12] Organic dyes with
a D-p-A architecture exhibit charge migration from the donor to the acceptor through
the p-bridge.[13] Charge transfer transitions of organic dyes generally have a higher
molar extinction coefficient in the visible region than the metal-ligand charge transition
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of ruthenium complexes.

[6,14]

Hence, organic dyes facilitate ultrafast interfacial

injection from the excited dye molecules to the TiO2 conduction band and slow the
recombination of the injected electrons in TiO2 via the oxidized molecules. [15]

Ⅱ-1.2 Hierarchically structured TiO2 spheres using an
electrostatic spray technique
The photoelectrode for DSSCs plays an important role in migration of
injected electrons to the electron collector. Nanocrystalline TiO2 (nc-TiO2) particles
have been generally used in DSSC photoelectrode. The nc-TiO2 particles improve the
dye adsorption and exciton generation because of large surface area caused by small
particle size (ca. 20nm in diameter). However, increased grain boundaries and defects
on the particle surface have a bad influence on performance of DSSCs due to electron
transport delay and undesirable charge recombination. The various TiO2 shapes have
been investigated as one- dimensional nanostructures such as nanofibers,[16]
nanowires,[17,

18]

nanotubes,[19,

20]

and nanorods.[21] Although 1-D nanostructured

materials provide a direct electron transport pathway, the resulting photocurrenet is
relatively lower than nc-TiO2 due to reduced surface area. Recently, several groups
have reported zero-dimensional hierarchically structured TiO2 (HS-TiO2) as efficient
morphologies for use in DSSCs.[22~25] The HS-TiO2 has many advantages of large
surface area for dye adsorption, fast electron transport, light scattering effect and better
14

penetration of electrolyte due to relatively large pores. To obtain hierarchically
structured TiO2 films, researchers have investigated various methods such as a sol-gel
method, solvothermal reactions and hydrolysis. However, these processes are not
practical for the large-scale production of DSSC modules. We prepared HS-TiO2
photoelectrode for DSSCs using an electrostatic spray technique. The electrostatic
spray method has been considered as an inexpensive and a simple process to make thin
films from a colloidal solution.[8] During the electrospray deposition known as
induction or conduction charging, the droplets can be charged of their atomization by
mechanical forces in the presence of electric field between the solution and the
depositing substrates.[26] The deposition efficiency of the charged droplets, which can
improve the adhesion between the materials and substrates.

Ⅱ-1.3 Research objective
Our approach to increasing the photon conversion efficiency is to improve the
light-harvesting capability of a photoelectrode film by utilizing optical enhancement
effects, which can be achieved by the harmonizing the light scattering in a
hierarchically structured TiO2 (HS-TiO2) electrode with the photon absorption
spectrum of the dye. Since polydisperse aggregates of TiO2 nanoparticles can produce
light scattering over a wide spectral range, resonant scattering inside a HS-TiO2
electrode can occur if the HS-TiO2 size is comparable to or greater than the wave
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length of the incident light.[8,10] Scattering can extend the photon path length within
an electrode film and attenuate the light transmittance. The probability that photons
interact with the dye molecules can be thus further increased by overlap between the
absorption spectrum of the dye and the resonant scattering wavelength. In this study,
we designed a novel metal-free dye with a broad and high intensity absorption
spectrum that was harmonized with HS-TiO2 aggregate size to achieve resonant
scattering. Also the efficiency and stability of DSSCs based on the novel dye were
investigated and compared with the respective properties of DSSCs based on the
popular

ruthenium(II)-polypyridine dye,

N719

(cis-bis(isothiocyanato)-bis(2,2’-

bipyridyl-4,4’-dicarboxylate) ruthenium (II) bis-tetra-n-butyl ammonium). Although
many chromophores have been used for the development of organic dyes suitable for
DSSCs, their stability is rarely reported.
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Figure Ⅱ-1 Design principle of an organic dye for DSSCs.
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Ⅱ-2 Experimental Section

Ⅱ-2.1 Materials
Tetrahydrofuran and toluene were used as a solvent after drying over calcium
hydride followed by distillation. All other reagents were used without further
purification. All reactions were carried out under an argon atmosphere.
JH-1 (scheme Ⅱ-2.1)
Thieno[3,2-b]thiophene (1) and tirbutyl(4-hexylthiophene-2-yl)stannane (3) were
synthesized according to established methods.[27,28] 4-(Diphenylamino)phenylboronic
acid was purchased from Aldrich.
JH-2 (scheme Ⅱ-2.2)
4-(bis(4-methoxyphenyl)amino)phenylboronic acid (6) was synthesized according to
established method.[29] 2, 5-dibromothieno[3,2-b]thiophene (2),

2, 5-bis(4-

hexylthiophene-2-yl)thieno[3,2-b]thiophene (4) and 2-(5-bromo-4-hexylthiophen-2yl)-5-(4-hexylthiophen-2-yl)thieno[3,2-b]thiophene (5) were prepared according to the
previous JH-1 procedure.

Ⅱ-2.2 Preparation of the HS-TiO2 electrodes
The HS-TiO2 was prepared according to the reported procedure.[8] The 10%
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(wt/v) P25 was dispersed in anhydrous ethanol using an ultra apex mill (Model UAM015, Kotobuki). The stabilized P25 dispersion was loaded into a plastic syringe
infusion pump (KD Scientific Model 220) connected to a high-voltage power supply
(BERTAN SERIES 205B). The solution was then electrosprayed directly onto the
conducting FTO glass (Pilkington, 7 W/sq). An electric field of 1.5 kV cm-1 was
applied between the metal orifice and the conducting substrate with a feed rate of 40
μL min-1. A motion control system governed by a microprocessor (Dasa Tech) was used
to control the nozzle and substrate during deposition to produce a uniformly thick film
over a large area.

Ⅱ-2.3 Device fabrication
After electrospray processing, the photoelectrode composed of HS-TiO2 was
pressed for 10 min at 80°C. Typical applied pressures were 10 MPa. The pressed
photoelectrode was then sintered at 500°C for 30 min under ambient condition. After
cooling the sintered photoelectrode, the HS-TiO2 films were immersed in aqueous
TiCl4 solution for 20 min at 80°C. The TiCl4-treated photoelectrodes were rinsed and
then sintered again at 500°C for 30 min. Finally, the TiO2 photoelectrode were soaked
in 0.3 mM N719 tert-butanol/acetonitrile (50/50 v/v) solution for 24 h or 0.3 mM JH-1
and JH-2 ethanolic solution for 12 h at room temperature. The counter electrode was
prepared by drop casting of 5 mM H2PtCl6 in isopropyl alcohol onto the washed FTO
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plates and then sintered at 400°C for 20 min under air condition. The dye-adsorbed
HS-TiO2 electrodes were rinsed with anhydrous ethanol and dried under a nitrogen
flow. The dye-adsorbed TiO2 electrodes were assembled and sealed along with the
counter electrode using a thermal adhesive film (Surlyn, Dupont 1702, 25μm-thick) as
a spacer to fabricate sandwich-type cells. The typical active area of a cell was 0.25 cm2.
The liquid electrolyte consisted of 0.65 M 1-butyl-3-methylimidazolium (BMII), 0.03
M iodine (I2), 0.1 M lithium iodide (LiI), and 0.5 M 4-tert-butylpyridine (TBP) in a
mixture of acetonitrile (ACN) and valeronitrile (VN) (85/15 v/v). The electrolyte
solution was introduced through a hole drilled through the counter electrode. Finally,
the holes were sealed with a hot-melt film and a cover glass.

Ⅱ-2.4 Measurement of UV-vis, Cyclic voltammetry and SEM
measurements
The absorption spectra were obtained using a diode array spectrophotometer
(Hewlett-Packard model HP 8453). The absorption spectra of the dyes adsorbed onto
TiO2 were measured using HS-TiO2 films. Each HS-TiO2 thin film for the UV-vis
spectra measurements was obtained by electrospraying the solution containing nc-TiO2
particles onto a FTO glass substrate, which was then sintered at 500°C for 30 min.
After cooling to 80°C, the transparent TiO2 electrodes were immersed in 0.3 mM N719
(Solaronix) in tert-butanol/acetonitrile (5:5, v/v) or 0.3 mM of JH-1 or JH-2 in ethanol
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with 1.5 mM DCA for 12h.
Cyclic voltammetry was performed using a Princeton Applied Research
Potentiostat /Galvanostat (Model 273A) in a three-electrode cell assembly consisting
of a glassy-carbon working electrode, a platinum wire counter electrode, and an
Ag/AgNO3 reference electrode. The measurements were carried out in a JH-1/CH2Cl2
or

JH-2/CH2Cl2

solution

(1mM)

with

0.1M

tetra-n-butylammonium

hexafluorophosphate (TBAPF6) as the supporting electrolyte at a scan rate of 100mV/s.
Morphological observations were performed using scanning electron microscopy
(SEM, Hitachi 4200 microscopy). The samples were coated with platinum in an E-103
ion sputter coater.

Ⅱ-2.5 Photovoltaic measurements
The photovoltaic measurements of the DSSCs employed an AM 1.5 solar
simulator with a 450W Xe lamp. The intensity of the simulated light was calibrated
using a Si reference solar cell equipped with a BK7 filter. The photovoltaic
characteristics of the DSSCs were obtained by applying an external potential bias to
the cells and measuring the generated photocurrent using a Keithley Model 2400
Source Meter. The IPCEs were measured as functions of the wavelength from 350 to
800nm using a specially designed IPCE system for DSSCs (PV Measurement, Inc.). A
75W Xe lamp was used as the light source for generating a monochromatic beam.
21

Calibration was performed using a NIST-calibrated Si photodiode as the standard. The
IPCE values were collected at a low chopping speed of 5 Hz. Stability measurements
were performed in a simulator at 60 °C under illumination of 100 mW cm-2. A halogen
lamp was used as the light source for the stability test. The temperature was controlled
using a thermocouple and cooling fan in an adiabatic chamber.

Ⅱ-2.6 Intensity-modulated photocurrent spectroscopy (IMPS)
and intensity-modulated photovoltage spectroscopy (IMVS)
The electron transport time and electron recombination lifetime were
measured by intensity-modulated photocurrent spectroscopy (IMPS) and intensitymodulated photovoltage spectroscopy (IMVS). A diode laser with variable power and
modulation control (Coherent Lab, 40 mW, 446 nm) was used as the light source.
Illumination was always incident on working electrode side of the solar cell. The light
intensity was measured using a calibrated Si photodiode. IMVS was performed under
open-circuit conditions. The output of the solar cell was connected directly to a
frequency response analyzer (Schlumberger-Solartron SI 1260). IMPS measurements
were performed by connecting the solar cell via a potentiostat amplifier (EG&G PAR
273) to the frequency response analyzer. During the IMPS and IMVS measurements,
the cell was illuminated with sinusoidally modulated light having a small AC
component (10% or less of the DC component).
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Ⅱ-2.7 Details of chemical synthesis
a) JH-1 synthesis (scheme Ⅱ-2.1)
Synthesis of 2, 5-dibromothieno[3,2-b]thiophene (2)
N-Bromosuccinimide (NBS) (2.198 g, 12.35 mM) was added to a solution of
thieno[3,2-b]thiophene (866 mg, 6.175 mM), in dichloromethane (20 mL) and acetic
acid (10 mL) under an argon atmosphere. The solution was stirred for 4h at 25 °C, and
then the reaction mixture was poured into a 5% sodium bicarbonate aqueous solution
(400 mL) and the organic layer was washed with water (3 × 200 mL). The organic
layer was dried over anhydrous MgSO4 and the solvent was removed under reduced
pressure (yield 90%). 1H NMR (CDCl3, 300MHz) : d 7.18 (s, 2H).
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C NMR

(CDCl3,300MHz) : d 138.5, 122.0, 113.8. MS : m/z = 298.

Synthesis of 2, 5-bis(4-Hexylthiophene-2-yl)thieno[3,2-b]thiophene (4)
Pd(pph3)4 (583.21 mg, 0.5047 mM) was added to a mixture of compound 2 (1.504 g,
5.047 mM) and tributyl(4-hexylthiophene-2-yl) stannane (5.078 g, 11.1034 mM) in
anhydrous toluene (40 mL) under argon atmosphere. The solution was stirred for 24h
at 110 °C in a round flask. The reaction mixture was diluted with dichloromethane (100
mL) and washed with water (3 × 200 mL). The organic layer was dried over anhydrous
Na2SO4 and the solvent was removed under reduced pressure. The residue was purified
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with column chromatography (hexane : dichloromethane = 4 : 1) to afford yield of 82%.
1

H NMR (CDCl3, 300MHz) : d 7.25 (s, 2H), 7.03 (s, 2H), 6.82 (s, 2H), 2.59 (t, 4H),

1.64 (m, 4H), 1.33 (m, 12H), 0.90 (m, 6H).
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C NMR (CDCl3, 300MHz) : d 144.5,

139.4, 138.5, 137.5, 125.5, 119.7, 115.7, 31.9, 30.8, 30.6, 29.2, 22.9, 14.3. MS : m/z
=472 .

Synthesis

of

2-(5-Bromo-4-hexylthiophen-2-yl)-5-(4-hexylthiophen-2-

yl)thieno[3,2-b]thiophene (5)
N-Bromosuccinimide (NBS) (0.738 g, 4.147 mM) was added to a solution of
compound 4 (1.959 g, 4.147 mM), in dichloromethane (20 mL) and acetic acid (10
mL) under an argon atmosphere. The solution was stirred overnight at 25 °C, and then
the reaction mixture was added to 5% sodium bicarbonate aqueous solution (400 mL)
and the organic layer was washed with water (3 × 200 mL). The organic layer was
dried over anhydrous MgSO4 and the solvent was removed under reduced pressure.
The residue was purified with column chromatography (petroleum ether) to afford
yield of 39%. 1H NMR (CDCl3, 300MHz) : d 7.26 (s, 1H), 7.18 (s, 1H), 7.05 (s, 1H),
6.89 (s, 1H), 6.84 (s, 1H), 2.58 (t, 4H), 1.66 (m, 4H), 1.36 (m, 12H), 0.94 (m, 6H). 13C
NMR (CDCl3, 300MHz) : d 144.5, 143.3, 139.8, 138.6, 137.1, 125.6, 124.9, 124.8,
119.8, 115.9, 115.8, 108.4, 31.9, 31.8, 30.7, 30.6, 29.8, 29.2, 29.1, 22.8, 14.3. MS : m/z
=552.
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Synthesis of 4-(3-Hexyl-5-(5-(4-hexylthiophen-2-yl)thieno[3,2-b]thiophen-2yl)thiophen-2-yl)-N,N-diphenylaniline (6)
To

a

stirred

solution

of

compound

5

(392

mg,

0.71

mM)

and

4-

(diphenylamino)phenylboronic acid (246.3 mg, 0.852 mM) in anhydrous THF (60 mL)
were added 2N potassium carbonate aqueous solution (30 mL) and Pd(pph3)4 (82.05
mg, 0.071 mM) under an argon atmosphere. The solution was stirred for 24h at 79 °C
in a round flask. The reaction mixture was added to water and stirred for 1h. The
mixture was extracted with dichloromethane, washed with brine and water, and dried
over anhydrous MgSO4. The residue was purified with column chromatography
(hexane : dichloromethane = 5:1). Yield 75%. 1H NMR (CDCl3, 300MHz) : d 7.31~
7.26 (m, 6H), 7.16~ 7.13 (m, 4H), 7.10~ 7.03 (m, 8H), 6.82 (s, 1H), 2.61 (t, 4H), 1.63
(m, 4H), 1.32 (m, 12H), 0.88 (m, 6H). 13C NMR (CDCl3, 300MHz) : d 147.7, 139.4,
139.3, 138.4, 137.5, 135.0, 134.5, 130.0, 129.6, 128.1, 127.7, 126.8, 126.6, 125.4,
124.9, 123.4, 123.2, 119.6, 115.7, 115.4, 31.9, 31.1, 30.7, 30.6, 29.9, 29.4, 29.1, 22.8,
14.3. MS : m/z =715.

Synthesis

of

5-(5-(5-(4-(Diphenylamino)phenyl)-4-hexylthiophen-2-

yl)thieno[3,2-b]thiophen-2-yl)-3-hexylthiophene-2-carbaldehyde (7)
Compound 6 was dissolved in 40 mL DMF and treated dropwise with POCl3 (0.09 mL,
1.014 mM) at -40°C under an argon atmosphere. The mixture was warmed to 60 °C
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and stirred for 12h in a round flask. The reaction mixture was added to 1M sodium
acetate aqueous solution (100 mL) and stirred for 1h. The mixture was extracted with
dichloromethane, washed with brine and water, and dried over anhydrous Na2SO4. The
residue was purified with column chromatography (hexane : dichloromethane = 1:1).
Yield 44%. 1H NMR (CDCl3, 300MHz) : d 10.03 (s, 1H), 7.48 (s, 1H), 7.36~ 7.30 (m,
6H), 7.21~ 7.17 (m, 4H), 7.17~ 7.09 (m, 7H), 2.97 (t, 2H), 2.70 (t, 2H), 1.70 (m, 4H),
1.35 (m, 12H), 0.94 (m, 6H).

13

C NMR (CDCl3, 300MHz) : d 181.4, 154.0, 147.5,

147.4, 146.3, 141.3, 139.3, 138.3, 138.1, 137.1, 135.8, 134.4, 129.8, 129.4, 127.0,
126.3, 124.8, 123.3, 122.9, 118.1, 115.0, 31.7, 31.6, 31.4, 30.9, 29.2, 29.1, 28.9, 22.6,
14.1. MS : m/z =743.

Synthesis

of

(E)-2-cyano-3-(5-(5-(5-(4-(diphenylamino)phenyl)-4-

hexylthiophen-2-yl)thieno[3,2-b]thiophen-2-yl)-3-hexylthiophen-2-yl)acrylic acid (8)
30 mL acetonitrile solution of compound 7 (117 mg, 0.157 mM), cyanoacetic acid
(26.7 mg, 0.314 mM) and piperidine (0.1 mL) was refluxed for 12h under an argon
atmosphere. The residue was filtered and washed with petroleum ether and acetonitrile
several times. Yield 80%. 1H NMR (CDCl3, 300MHz) : d 9.83 (s, 1H), 8.32 (s, 1H),
7.45 (s, 1H), 7.31~ 7.26 (m, 6H), 7.16~ 7.13 (m, 4H), 7.10~ 7.03 (m, 7H), 3.24 (m,
2H), 2.77 (t, 2H), 2.65 (t, 2H), 1.91 (m, 2H), 1.65 (m, 4H), 1.31 (m, 8H), 0.88 (m, 6H).
13

C NMR (CDCl3, 300MHz) : d 153.33, 153.31, 147.7, 147.5, 143.3, 141.0, 140.3,
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139.4, 138.6, 138.0, 137.5, 134.7, 130.0, 129.6, 127.9, 127.0, 125.6, 125.0, 123.5,
123.1, 117.9, 115.2, 44.7, 31.9, 31.3, 31.1, 29.9, 29.4, 29.3, 29.1, 22.8, 14.3. MS : m/z
=810.

b) JH-2 synthesis (scheme Ⅱ-2.2)
4-(3-hexyl-5-(5-(4-hexylthiophen-2-yl)thieno[3,2-b]thiophen-2-yl)thiophen-2-yl)N,N-bis(4-methoxyphenyl)aniline (7)
To a stirred solution of compound 5 (199 mg, 0.36 mmol) and compound 6 (188.56
mg, 0.54 mmol) in anhydrous THF (60 mL) were added 2N potassium carbonate
aqueous solution (30 mL) and Pd(pph3)4 (62.4 mg, 0.054 mmol) under an argon
atmosphere. The solution was stirred for 24h at 79 °C in a round flask. The reaction
mixture was added to water and then extracted with dichloromethane. After that, the
mixture washed with brine and water, and dried over anhydrous MgSO4. The residue
was purified with column chromatography (hexane : dichloromethane = 1:1). Yield
71%.

1

H NMR (CDCl3, 300MHz) : d 7.25 (d, 2H), 7.22 (s, 2H), 7.09 (d, 4H), 7.05 (s,

1H), 7.03 (s, 1H), 6.92 (d, 2H), 6.84 (d, 4H), 6.82 (s, 1H), 3.81 (s, 6H), 2.6 (m, 4H),
1.63 (m, 4H), 1.3 (m, 12H), 0.88 (m, 6H). 13C NMR (CDCl3, 300MHz) : d 155.7, 152.9,
146.3, 144.3, 141.5, 138.5, 137.4, 136.1, 134.4, 129.9, 129.2, 127.7, 126.2, 125.3,
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122.3, 119.5, 115.6, 115.3, 114.8, 112.2, 55.6, 35.1, 33.9, 31.9, 30.7, 30.5, 29.4, 29.2,
22.8, 14.3. MS : m/z = 775.

5-(5-(5-(4-(bis(4-methoxyphenyl)amino)phenyl)-4-hexylthiophen-2-yl)thieno[3,2b]thiophen-2-yl)-3-hexylthiophene-2-carbaldehyde (8)
Compound 7 was dissolved in 30 mL DMF and treated dropwise with POCl3 (0.068
mL, 0.7653 mmol) at -40 °C under an argon atmosphere. The mixture was warmed to
65 °C and stirred for 24h in a round flask. The reaction mixture was added to 1M
sodium acetate aqueous solution (100 mL) and stirred for 1h. The mixture was
extracted with dichloromethane, washed with brine and water, and dried over
anhydrous Na2SO4. The residue was purified with column chromatography (hexane :
ethyl acetate = 4:1). Yield 66%. 1H NMR (CDCl3, 300MHz) : d 9.99 (s, 1H), 7.46 (s,
1H), 7.25 (d, 2H), 7.2 (s, 2H), 7.1 (d, 4H), 7.07 (s, 1H), 6.92 (d, 2H), 6.84 (d, 4H), 3.81
(s, 6H), 2.93 (t, 2H), 2.63 (t, 2H), 1.66 (m, 4H), 1.3 (m, 12H), 0.88 (m, 6H). 13C NMR
(CDCl3, 300MHz) : d 181.6, 156.3, 154.2, 148.5, 146.5, 141.6, 140.7, 139.1, 138.7,
138.4, 137.1, 135.9, 134.2, 129.8, 127.3, 127.1, 126.4, 125.7, 119.8, 118.3, 115.0, 55.7,
31.9, 31.8, 31.6, 31.1, 29.4, 29.2, 28.8, 22.8, 14.4. MS : m/z = 803.
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(E)-3-(5-(5-(5-(4-(bis(4-methoxyphenyl)amino)phenyl)-4-hexylthiophen-2yl)thieno[3,2-b]thiophen-2-yl)-3-hexylthiophen-2-yl)-2-cyanoacrylic acid (9)
Compound 8 (136 mg, 0.169 mmol) was dissolved in 30ml acetonitrile and then
added cyanoacetic acid (28.74 mg, 0.3338 mmol) and piperidine (0.1 mL). The
solution was refluxed for 12h under an argon atmosphere. The residue was filtered and
washed with petroleum ether and acetonitrile several times. Yield 81%. 1H NMR
(CDCl3, 300MHz) : d 9.5 (s, 1H), 8.3 (s, 1H), 7.44 (s, 1H), 7.24 (d, 2H), 7.09 (m, 6H),
7.06 (s, 1H), 6.93 (d, 2H), 6.86 (d, 4H), 3.81 (s, 6H), 2.77 (t, 2H), 2.63 (t, 2H), 1.7 (m,
4H), 1.3 (m, 12H), 0.88 (m, 6H). 13C NMR (CDCl3, 300MHz) : d 156.1, 152.6, 148.2,
142.7, 140.5, 138.8, 138.2, 137.2, 134.2, 129.9, 129.2, 127.6, 127.1, 126.6, 125.6,
120.3, 119.6, 119.1, 115.4, 115.3, 114.6, 114.1, 103.7, 55.5, 31.7, 30.9, 30.4, 30.3, 29.2,
29.1, 28.9, 22.6, 14.2. MS : m/z = 870.
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Scheme Ⅱ-2.1 Synthesis route of JH-1
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Scheme Ⅱ-2.2 Synthesis route of JH-2
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Figure Ⅱ-2.1 1H NMR spectra of JH-1
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Figure Ⅱ-2.2 13C NMR spectra of JH-1
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Figure Ⅱ-2.3 1H NMR spectra of JH-2
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Figure Ⅱ-2.4 13C NMR spectra of JH-2
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Ⅱ-3 Results and discussion
Figure Ⅱ-3.1 shows the molecular structures of the synthesized organic dyes,
3-(5-(5-(5-(4-(diphenylamino)phenyl)-4-hexylthiophene-2-yl)thieno[3,2-b]thiophene2-yl)-3-hexylthiophene-2-yl)-2-cyanoacetic acid (denoted JH-1), (E)-3-(5-(5-(5-(4(bis(4-methoxyphenyl)amino)phenyl)-4-hexylthiophen-2-yl)thieno[3,2-b]thiophen-2yl)-3-hexylthiophen-2-yl)-2-cyanoacrylic acid, (denoted JH-2) and the structure of
N719. The triphenyl amine functions as a strong electron donor group in the push-pull
structure that stabilizes the resonance of the oxidized dyes, as well as in the nonplanar
structure that prevents self-quenching due to aggregation.[30] The large triphenyl amine
moiety promotes rapid dye regeneration due to its spatial configuration.[31] The JH-2
dye has additional methoxy substitute in triphenylamine moiety as electron donor to
extend spectral response. Because JH-2 sensitizers are expected to show broad and
intense light absorption than JH-1, the combination of JH-2 and polydisperse HS-TiO2
aggregates will maximize light harvesting and generate more photocurrent. The pconjugated linker is composed of 3-hexyl thiophenes and a planar fused thiophene ring
that increases the conjugation length to broaden the absorption spectrum and increase
the molar extinction coefficient. The long alkyl chains on the thiophene rings prevent
charge recombination of the injected electrons or dye aggregation.[15] Figure Ⅱ-3.2
shows UV/vis absorption spectra of JH-1, JH-2 and N719 in ethanol. The absorption
spectra of JH-1 and JH-2 included strong peaks at 450nm and 461nm respectably,
36

Figure Ⅱ-3.1 Molecular structures of (a) N719, (b) JH-1 and (c) JH-2
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which are due to of π-π* transitions of the conjugated molecule. The molar
extinction coefficients (e) of JH-1 and JH-2 were 49890 M-1 cm-1 at 450 nm and 50390
M-1 cm-1 at 461 nm in ethanol, respectively, nearly three times the value of N719 (e
=14958 M-1 cm-1 ). A high molar extinction coefficient is highly desirable as it enables
the use of thinner nanocrystallite TiO2 layers, thereby facilitating charge collection
while maintaining the light-harvesting capabilities and photocurrent generation in the
DSSCs.[32] Decreasing the film thickness also augments the open-circuit photovoltage
of the cell by reducing the dark current.[33] The JH-1 showed blue-shifted absorption
maxima compared to the JH-2 sensitizer. This red-shifted absorption spectrum of JH-2
is due to additional methoxy substitution in triphenylamine, which shift HOMO level
more positively and leading to narrow optical bandgap of JH-2 sensitizer. This
phenomenon is consistent with other published results.[34]
The molecular orbital energy level of sensitizers were investigated by
measuring oxidation potential of the sensitizers using cyclic voltammetry method in
CH2Cl2 containing 0.1 M of tetrabutyl ammonium hexafluorophosphate (TBA(PF6))
with scan rate of 0.1 V/s. Figure Ⅱ-3.3 and Table Ⅱ-3.1 show cyclic voltammgram
and electrochemical properties of JH-1 and JH-2 sensitizers. The measured HOMO
level of JH-1 and JH-2 is -5.54 eV and -5.45 eV, respectively. It is interesting to note
that the HOMO level of JH-2 sensitizer shifted positively by ~ 0.1 eV due to of
destabilization of HOMO caused by methoxy substitution.[34] The HOMO level of the
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Figure Ⅱ-3.2 Absorption spectra of N719 (black, dashed), JH-1 (blue, solid), and JH2 (red, solid) dye in ethanol
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dye was sufficiently more negative than the iodine/tri-iodide redox potential (-4.9 eV,
corresponding to 0.44 eV vs NHE, the normal hydrogen electrode),[35] leading to rapid
dye regeneration and limiting charge recombination between the oxidized dye
molecules and the electrons photoinjected into the titania film. The electron-rich triphenyl amine moiety lifted the HOMO level whereas the thienothiophene and
thiophene units conjugated with the acceptor unit adjusted the LUMO level to a
suitable value. The oxidized dyes formed after electron injection into the conduction
band of TiO2 could thermodynamically accept electrons from I- to provide a driving
force sufficient for efficient regeneration of the neutral sensitizer state.[33] The LUMO
level of the novel dye was sufficiently more positive (-3.21 eV for JH-1 and -3.20 eV
for JH-2) than the conduction band energy level of TiO2 (-4.01 eV), thereby facilitating
efficient charge injection from the LUMO level of the dye to the conduction band of
TiO2 and regeneration of the oxidized dye was readily achieved.
Figure Ⅱ-3.4 shows the incident photon-to-electron conversion efficiency
(IPCE) spectra of synthesized sensitizers obtained with HS-TiO2 photoelectrode. The
IPCE spectra of JH-1 and JH-2 sensitizer showed superior quantum yield in visible
range of 400 nm ~ 600 nm than N719 sensitizer. This high quantum yield was due to
structural features of JH-1 and JH-2 sensitizers; increased conjugation length and
molecular planarity resulting from thiophene and fused thiophene rings in πconjugation linker. Interestingly, JH-2 sensitizer that contains additional methoxy
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Figure Ⅱ-3.3 Cyclic voltammogram showing the first scans of the cathodic and
anodic polarization of JH-1 at a scan rate of 100 mV/s. The electrolyte was 0.1 M L-1
TBAPF6 (tetra-n-butylammonium hexafluorophosphate) / CH2Cl2 containing 1 mM L-1
of the dye
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Table Ⅱ-3.1. Electrochemical Characteristics of N719, JH-1, and JH-2 sensitizers
Dyes

lmax / nm

N719

529

JH-1
JH-2

emax / M-

EHOMO / eV

ELUMO / eV

Ebandgap / eV

14958

-5.6

-3.0

2.6

450

49891

-5.54

-3.21

2.33

461

50385

-5.45

-3.20

2.25

cm-1

1
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substitution showed red-shifted quantum efficiency than that of JH-1 sensitizer. This
result is attributed to lower band-gap of JH-2 sensitizer, which is consistent with
UV/vis absorption spectra, as mentioned above. This high and broad IPCE values
favored light-harvesting and, therefore, photocurrent generation.
Figure Ⅱ-3.5 compares the photovoltaic characteristics of the JH-1, JH-2 and
N719 DSSCs based on HS-TiO2 electrodes. The measured open-circuit photovoltage
(Voc), short-circuit photocurrent density (Jsc), fill factor (ff), and solar-to-electric
conversion efficiency (h) of theses solar cells are listed in Table Ⅱ-3.2. The solar-toelectric conversion efficiencies of the JH-1 dye (9.18%) and JH-2 dye (9.42%) with
HS-TiO2 electrode was particularly promising for DSSCs based on a metal-free organic
dye, considering that the DSSC was prepared without an antireflective layer. Under
AM 1.5G 100 mW/cm2 illumination, the JH-2 sensitized solar cells gave a JSC of 21.62
mA/cm2, a VOC of 0.691 V and a FF of 0.631, corresponding to a power conversion
efficiency of 9.42%. The JH-1 sensitized solar cells yielded a JSC of 20.9 mA/cm2, a
VOC of 0.687 V and a FF of 0.639, corresponding to a power conversion efficiency of
9.18%. And the N719 sensitized solar cells yielded a JSC of 19.5 mA/cm2, a VOC of
0.767 V and a FF of 0.654, corresponding to a power conversion efficiency of 9.77%.
Note that the Voc and ff of the JH-1 and JH-2 based DSSCs are lower than the values of
the N719 based DSSCs (767 mV and 65.4%); however, the short-circuit current
densities of the JH-1 and JH-2 based solar cell are surprisingly higher than that of the
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N719 solar cell. To the best of our knowledge, this is the highest photocurrent density
reported thus far, for both metal-based and metal-free dyes. This high photocurrent
density was ascribed not only to the JH-1 and JH-2 dye characteristics, including the
broad absorption spectrum, the high molar extinction coefficient, and appropriate
energy level matching between the LUMO of the dye and the conduction band of
TiO2,[36] but also to the resonant multiple light scattering from the HS-TiO2 electrode,
discussed further below. The JH-2 sensitized solar cell exhibited higher photocurrent
density compared to the JH-1 sensitized solar cells because of enhanced spectral
response in IPCE.
Most DSSC photoelectrodes use nanocrystalline (nc-) TiO2 particles because
small nc-TiO2 particles enhance dye adsorption and exciton generation due to their
large surface areas; however, small particles do not always provide the best
performance because they increase the number of grain boundaries and defects on the
particle surfaces, which can delay electron transport, as revealed by the electron
diffusion coefficient measurements. Typically, polydisperse aggregates increase the
irregularities in the film assembly resulting in light scattering over a broad spectral
range.[8~10] The HS-TiO2 electrode was prepared by electro-spraying nc-TiO2 particles,
21 nm in diameter. The electrosprayed nc-TiO2 particles formed larger filled-spheres
rather than hollow spheres due to the ultrafast evaporation of the solvent, which had a
relatively high vapor pressure, at the surfaces of the uniformly sized fine droplets
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Figure Ⅱ-3.4 The IPCE spectra of N719 (black, dashed), JH-1 (blue, solid), and JH-2
(red, solid) sensitized solar cells
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Figure Ⅱ-3.5 J-V curves of the N719 (black, dashed), JH-1 (blue, solid), and JH-2
(red, solid) sensitized solar cells with HS-TiO2 photoelectrodes. The photoelectrodes
thickness is 11 μm
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Table Ⅱ-3.2 Photovoltaic properties of the DSSCs using TiCl4-treated HS-TiO2
photoelectrode with a film thickness of 11 mm
Sensitizer

VOC ( V )

JSC ( mA cm-2 )

FF

EFF ( % )

N719

0.767

19.5

0.654

9.77

JH-1

0.687

20.9

0.639

9.18

JH-2

0.691

21.62

0.631

9.42
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containing TiO2 nanoparticles. Figure Ⅱ-3.6 shows a schematic figure of the resonant
light scattering process and an SEM image of the HS-TiO2 electrode consisting of
polydisperse aggregates with an average size of 660 nm, which scatters most of the
light in the visible range and can potentially lead to light trap formation for optical
confinement.[36,37] Light scattering in nc-TiO2 electrode was negligible because of its
small size (~21nm). This effect was apparent in a comparison of the performances of
two N719-based solar cells, one with the HS-TiO2 electrode and the other with an ncTiO2 electrode (Table Ⅱ-3.3). The Voc values of the N719-based solar cells were
similar and the fill factor (ff) of nc-TiO2 electrode was slightly higher than that of the
HS-TiO2 electrode, but the photocurrent density was higher in the HS-TiO2 solar cell
(19.5 mA cm-2 compared to 16.1 mA cm-2 for the nc-TiO2). The JH-1 based solar cells
yielded remarkably higher photocurrent density for the HS-TiO2 cell (20.9 mA cm-2)
compared to the nc-TiO2 cell (14.2 mA cm-2). Although enhanced electron diffusion in
HS-TiO2 partly contributed to the increase of photocurrent density, this effect is
expected to be the same in the N-719 based solar cells. The increased amount of JSC in
the HS-TiO2 system compared to the nc-TiO2 system for JH-1 based DSSCs was much
larger (44% increase of 6.45 mA cm-2) than the increase in the N719-based DSSCs
(21% increase of 3.4 mA cm-2). The lateral scattering which was not possible in the
IPCE measurement also helped the photon harvesting. [38] Other DSSCs did not utilize
the photon absorption via resonant multiple light scattering, hence the Jsc values were
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more similar to the values calculated from the IPCE measurements whereas they are
quite different. This was also evident in our study that nc-TiO2 DSSC, which did not
display resonant multiple light scattering, yielded a Jsc value of 16.1 mA cm-2 for the
N719-based cell, similar to (or lower than) the values reported in the literature. [39~45]
The VOC of liquid junction DSSCs is determined by the energy difference
between the quasi-Fermi level of the titania and the potential of redox couple in
electrolyte. [1] However, the perturbation of VOC could be caused by 1) a change of the
interfacial recombination between injected electron in TiO2 conduction bane and
oxidized species in liquid electrolyte and 2) shifting the conduction band edge of TiO2.
We investigated the electron recombination lifetime and charge transport properties
using Intensity-Modulated Photovoltage Spectroscopy (IMVS) and IntensityModulated Photocurrent Spectroscopy (IMPS) with synthesized JH-1 and JH-2 dyes.
Figure Ⅱ-3.7(a) show electron recombination lifetime as a function of incident photon
flux obtained with JH-1, JH-2 and N719 sensitized solar cells. The apparent
recombination lifetime of organic sensitizers JH-1 and JH-2 is ~ 10 times and ~ 5 times
shorter than that of N719 sensitized solar cells. Interestingly, the JH-2 sensitized solar
cells exhibited ~ 2 folds slower electron recombination than JH-1 sensitized solar cells.
This long electron recombination lifetime of JH-2 sensitizer may indicate the effect of
additional

methoxy

moiety,

which

retards

electron

recombination

at

dye/TiO2/electrolyte interfaces due to spatial hindrance. [34] The VOC of N719, JH-2 and
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Figure Ⅱ-3.6 A schematic figure of the resonant multiple light scattering and SEM
image of a TiO2 electrode made of polydisperse aggregates (HS-TiO2)
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Table Ⅱ-3.3 Photovoltaic parameters of the DSSCs based on the JH-1 and N719 dyes
(all TiO2 electrodes were 12 mm thick)
Jsc/mA cm-2

Voc/mV

ff (%)

h (%)

HS-TiO2

20.9

0.687

63.88

9.18

nc-TiO2

14.5

0.680

65.20

6.40

HS-TiO2

19.5

0.767

65.40

9.77

nc-TiO2

16.1

0.773

66.75

8.30

Dye
JH-1
N719
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JH-1 is 0.767 V, 0.691 V and 0.687 V, respectively. This decrease of VOC tendency
coincides with electron recombination lifetime tendency. Figure Ⅱ-3.7(b) is the plot
of electron diffusion coefficients of N719, JH-1 and JH-2 sensitized solar cells as
function of light intensity. The diffusion coefficients of dye sensitized solar cells
determine charge collection efficiency, which is related to the degree of TiO2
interparticle connectivity. The measured diffusion coefficients of JH-1, JH-2 and N719
sensitized solar cells are similar because the photoelectrodes are composed of same
size of HS-TiO2. Therefore, the organic sensitizers of JH-1 and JH-2 exhibited lower
charge collection efficiency than that of N719 sensitizer due to their fast recombination
kinetics. However, the photocurrent density of JH-1 and JH-2 sensitized solar cells was
higher than N719 sensitized solar cells. The photocurrent density of solar cells can be
calculated from the IPCE spectrum according to Eq 1,

Eq 1.
Where q, F(λ) and r(λ) are electron charge, incident photon flux, and incident light loss
in the light absorption and reflection by conducting glass, respectively. The IPCE
depend on the light harvesting efficiency (hLH), the charge injection efficiency (hINJ),
and the charge collection efficiency (hCOL). The molar extinction coefficient of JH-1
and JH-2 sensitizer is ~ 3 times higher than N719 sensitizer. This higher extinction
coefficient is more efficient for light absorption because HS-TiO2 aggregates in
photoelectrode extent the path of incident light by optical scattering effect. Also, the
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size distribution of secondary aggregates in HS-TiO2 photoelectrode is polydisperse,
which indicated broad range of incident light can be extended by scattering within
photoelectrode. Therefore, the combination of JH-1 and JH-2 sensitizers and HS-TiO2
photoelectrode show higher photocurrent density than N719 sensitizer due to its higher
light harvesting efficiency in spite of lower charge collection efficiency of JH-1 and
JH-2 sensitizers. Although the high photocurrent density of JH-1 sensitized solar cells,
the conversion of incident light to electricity is still limited up to 600 nm. As we
discussed above, substitution of methoxy moieties in donor can extend absorption
spectrum about 20 nm without any loss of extinction coefficient. This extended
absorption spectrum of JH-2 sensitized photoelectrode could generate more electron
than JH-1 sensitized cells.
The long-term stability of any new photovoltaic technology is just as
important

as

the

photon

conversion

efficiency

for

practical

large

scale

applications.[33,46] Although there are lots of papers about newly designed organic
sensitizers, many of them missed long-term stability properties of the dyes. We
measured the long-term stability of assembled cells composed of HS-TiO2, sensitizers,
and liquid-based electrolyte under the illumination of 100 mW/cm2 for 800 h. Figure
Ⅱ-3.8 shows the accelerated testing results of N719, JH-1 and JH-2 sensitizers. The
efficiency of N719-sensitized cells decayed faster than JH-1 and JH-2 sensitized cells.
This strong attenuation of N719-sensitized cells is might due to loss of absorbed dye
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from TiO2 to electrolyte.[1] However, JH-1 and JH-2 sensitized cell showed superior
performance over 600 h. This rigid performance may arise from hydrophobic alkyl
moieties in both JH-1 and JH-2 sensitizers. These hydrophobic alkyl chains can
prevent water from approaching the JH-1 or JH-2 sensitized TiO2 surface, so they
impede dissolve of absorbed dye to electrolyte and keep the surface chemically stable.
The power conversion efficiencies of N719, JH-1 and JH-2 sensitized cells after 800 h
are 5.27% (54% of its initial efficiency), 7.44% (81% of its initial efficiency) and
7.75% (82% of its initial efficiency), respectively.
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Figure Ⅱ-3.7 Electron recombination lifetime (a) and diffusion coefficient (b) of JH-1,
JH-2, and N719 sensitized cells with 8μm of HS-TiO2 photoelectrode as function of
incident photon flux
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Figure Ⅱ-3.8 Long-term stability of JH-1, JH-2, and N719-sensitized cells aged under
illumination of 100 mW/cm2 at 60ºC without UV filter
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Ⅱ-4 Conclusion
In summary, we have set a new bench mark for DSSC performances by
fabricating a very efficient device with a high photocurrent and good stability. This
benchmark was accomplished by harmonizing the absorption spectrum of the dye with
the average size of the aggregates in the TiO2 electrode. The resultant resonant multiple
scattering enhanced the light harvesting efficiency and charge collection yield. The
high and robust photovoltaic performances (with an initial efficiency of 9.18 % and an
efficiency of 7.44% after 800 h of irradiation with a light intensity of 100 mW cm-2) of
the JH-1 DSSC and (with an initial efficiency of 9.42 % and an efficiency of 7.75%
after 800 h of irradiation with a light intensity of 100 mW cm-2), which were prepared
without an antireflecting layer, demonstrated the promise of this novel sensitizer for
large scale applications. Our results should stimulate further investigations into novel
dyes with similar structures, high efficiencies, and good stabilities, and we expect that
our method may be readily applicable to other DSSC systems.
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Chapter Ⅲ
Metal-free Organic Dye based Flexible Dye Sensitized
Solar Cell using Cobalt Redox Electrolytes
Ⅲ-1 Introduction

Ⅲ-1.1 Flexible dye sensitized solar cell
Highly efficient dye-sensitized solar cells (DSSCs) have attracted significant
attention during recent decades because of low cost process and their potential to
overcome the increasing global energy problems.[1~3] Especially, flexible DSSCs have
the potential to use a wide range of commercial applications in the mobile and
wearable electronic industries because of their flexibility, lightweight and roll-to-roll
processability.[4,5] Despite these advantages, flexible DSSCs have made little progress
compared to conventional rigid DSSCs for the past few years. Flexible DSSCs have
some challenges such as (1) Fabrication of TiO2 films on plastic substrates for working
electrode through low temperature process; (2) poor stability of the devices due to
penetration of oxygen and moisture.[5] The main challenge associated with the
fabrication of flexible DSSCs is to reduce the processing temperature. In the past,
several methods have been developed to fabricate nanocrystalline TiO2 films without
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thermal sintering and organic binders, including doctor blading coating, electrophoretic
deposition[6~10] and spray coating[11~12]. Additional processes of deposited TiO2 films to
improve interparticle and film-substrate connectivity have also been developed,
including UV/ozone treatment,

[13]

microwave sintering,[14] mechanical compression[15]

and chemical sintering.[16] Despite all these efforts, however, much lower cell
efficiencies have been obtained from plastic based DSSCs than those on glass
substrates. The major reason for this low efficiency is poor interparticle connectivity
among the TiO2 particles due to absence of a thermal sintering process.
We recently prepared hierarchically structured TiO2 (HS-TiO2) photoelectrode
on a flexible ITO-PEN substrate using an electrostatic spray method with a binder-free
TiO2 deposition. All processes were performed under room-temperature condition and
the HS-TiO2 film formed by electrospray method had a large surface area and a highly
porous structure. As a result, the N719 based HS-TiO2 cell using post-treatments, such
as compression and TTB treatment, have yielded high power conversion efficiency of
5.57% under 100mW cm-1, AM 1.5 global illumination.[17]

Ⅲ-1.2 Cobalt redox electrolyte
A dye-sensitized solar cell consists of transparent photo-electrode, wide bandgap semiconductor, sensitizer, redox electrolyte, and counter electrode. To date, the
redox electrolyte has generally been composed of the triiodide/iodide (I3-/I-) redox
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couple, which has been particularly successful in DSSCs because of slow
recombination, fast dye regeneration and rapid diffusion. However, the triiodide/iodide
redox system has some defects such as (1) large dye regeneration overpotential which
limits the open circuit voltage; (2) competitive visible light absorption by triiodide; (3)
corrositivity on most metals and sealing materials.[18~20] Therefore, great efforts have
been dedicated to resolve above-mentioned problems through non-corrosive redox
mediators such as a polypyridyl cobalt (Ⅱ/Ⅲ) complex, ferrocene/ferrocenium
(FeCp2+/0), (SCN)2/SCN- couple and (SeCN)3-/SeCN- redox couple. [21,22] Among the
non-corrosive redox couples, a polypyridyl cobalt (Ⅱ/Ⅲ) complex has widely used as
promising alternative redox shuttles. Cobalt complexes have several advantages
compared with the I3-/I- couple. The first is weak visible light absorption of cobalt
electrolyte. Secondly, they can adjust redox potential by structure modification, thus
maximizing the photovoltage. Finally, the spin change from cobalt (Ⅲ) to cobalt (Ⅱ)
produces large inner-sphere reorganization energy of approximately 1 eV. This barrier
results in slow electron self-exchange kinetics and as a result it induces slow
recombination kinetics at TiO2 electrodes.[21] Gräzel and co-workers showed power
conversion efficiency over 12% by employing a synthesized donor-π-bridge-acceptor
zinc porphyrin dye as a sensitizer (YD2-o-C8) and [Co(bpy)3]3+/2+(B(CN)4)3/2.[23] They
also reported power conversion efficiency exceeding 10% at 100mW cm-2 by using
Y123 organic dye and newly designed [Co(bpy-pz)2]3+/2+(PF6)3/2 as redox mediator.[24]
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Wang et.al. displayed power conversion efficiency of 9.4% at 100mW cm-2 based on
C229 organic dye in conjunction with the tris(1,10-phenanthroline)cobalt(Ⅱ/Ⅲ) redox
shuttle.[25]

Ⅲ-1.3 Research objective
In our previous study of dye-sensitized solar cell, we showed that organic dye
(JH-1) with a donor-π-conjugated linker-acceptor molecular configuration yields
unprecedented high photocurrent density of 20.9 mA cm-2, reaching an efficiency of
9.18% in full sunlight.[26] Here, we paid attention to very high photocurrent density of
JH-1 organic dye with HS-TiO2 photoelectrode because the N-719 sensitized flexible
DSSCs generally had low short circuit current (Jsc) and efficiencies caused by low
molar extinction coefficient of N719 and low light harvesting efficiency due to nonstructured TiO2 layer. One way to overcome this limitation is by using metal-free
organic dyes that exhibit high molar extinction coefficients and easy control of the
absorption wavelength. Also, by using e-sprayed HS-TiO2 polydisperse aggregates,
higher light harvesting efficiency can be obtained by additional light scattering.
Another way of increasing power conversion efficiency is raising open circuit voltage
(Voc), which can be attained by lowering the redox potential of the electrolyte as a
result of using cobalt electrolyte. If high photocurrent characteristic of JH-1 combines
with increased photovoltage by high oxidation potential of cobalt redox couples and
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the HS-TiO2 film formed by electrospray method, the overall conversion efficiency
will show an exceedingly high value.
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Ⅲ-2 Experimental Section

Ⅲ-2.1 Synthesis
All reagents used without further purification and all reactions were carried
out under argon atmosphere. JH-1 was prepared according to a method that had
previously

been

successfully

applied

in

the

highly

efficient

DSSCs.[26]

[Co(bpy)3]3+/2+(PF6)3/2[27] and [Co(bpy-pz)2]3+/2+(PF6)3/2[24] were synthesized according
to the corresponding literature methods.

Ⅲ-2.2 Preparation of the HS-TiO2 electrodes
The HS-TiO2 was prepared according to the reported procedure.[12, 29] The
10% (wt/v) P25 was dispersed in anhydrous ethanol using an ultra apex mill (Model
UAM-015, Kotobuki). The stabilized P25 dispersion was loaded into a plastic syringe
infusion pump (KD Scientific Model 220) connected to a high-voltage power supply
(BERTAN SERIES 205B). The solution was then electrosprayed directly onto the
conducting ITO-PEN film (Peccell, 13 Ω/sq, 200 μm, 10 cm ×10 cm). An electric field
of 1.5 kV cm–1 was applied between the metal orifice and the conducting substrate with
a feed rate of 40 μL min–1. A motion control system governed by a microprocessor
(Dasa Tech) was used to control the nozzle and substrate during deposition to produce
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a uniformly thick film over a large area.

Ⅲ-2.3 Device Fabrication
After electrospray processing, the as-sprayed HS-TiO2 flexible photoelectrode
was pressed for 10 min. Typical applied pressures were 10 MPa. The pressed
photoelectrode was then immersed in a purified 0.3 mM JH-1 EtOH containing 1.5
mM DCA (deoxycholic acid; as co-adsorbent) solution for 24 h at room temperature.
The counter electrode was prepared by washing a Pt/Ti-sputtered PEN film with
anhydrous ethanol, followed by cleaning in an ultrasonic bath containing IPA for 20
min. The dye-adsorbed HS-TiO2 electrodes were rinsed with anhydrous ethanol and
dried under a nitrogen flow. The dye-adsorbed TiO2 electrodes were assembled and
sealed along with the counter electrode using a thermal adhesive film (Surlyn, Dupont
1702, 60 μm thick) as a spacer to fabricate sandwich-type cells. The typical active area
of a cell was 0.25 cm2. The iodide-based liquid electrolyte consisted of 0.65 M 1-butyl3-methylimidazolium (BMII), 0.03 M iodine (I2), 0.1 M lithium iodide (LiI), and 0.5
M 4-tert-butylpyridine (TBP) in a mixture of acetonitrile (ACN) and valeronitrile (VN)
(85/15 v/v). The cobalt-based liquid electrolyte consisted of 0.22 M [Co(bpy-pz)2]2+ ,
0.05 M [Co(bpy-pz)2]3+ , 0.1 M LiClO4, and 0.2 M 4-tert-butylpyridine in acetonitrile.
An electrolyte solution was injected through a predrilled hole in the counter electrode.
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Ⅲ-2.4 Characterization of the flexible DSSCs
The absorption spectra were obtained using a diode array spectrophotometer
(Hewlett-Packard model HP 8453). Cyclic voltammetry was performed using a
Princeton Applied Research Potentiostat /Galvanostat (Model 273A) in a threeelectrode cell assembly consisting of a glassy-carbon working electrode, a platinum
wire counter electrode, and an Ag/AgNO3 reference electrode. The measurements were
carried out in a JH-1/CH2Cl2 solution (1mM) with 0.1M tetra-n-butylammonium
hexafluorophosphate (TBAPF6) as the supporting electrolyte at a scan rate of 100mV/s.
The photovoltaic measurements of the DSSCs employed an AM 1.5 solar
simulator with a 450W Xe lamp. The intensity of the simulated light was calibrated
using a Si reference solar cell equipped with a BK7 filter. The photovoltaic
characteristics of the DSSCs were obtained by applying an external potential bias to
the cells and measuring the generated photocurrent using a Keithley Model 2400
Source Meter. The IPCEs were measured as functions of the wavelength from 350 to
800nm using a specially designed IPCE system for DSSCs (PV Measurement, Inc.). A
75W Xe lamp was used as the light source for generating a monochromatic beam.
Calibration was performed using a NIST-calibrated Si photodiode as the standard. The
IPCE values were collected at a low chopping speed of 5 Hz.
The electrical impedance spectra were measured using an impedance analyzer
(Solatron 1260) under an open-circuit potential and AM 1.5 full sun illumination (100
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mW cm−2), over the frequency range 0.1–105 Hz. The magnitude of the alternative
signal was 10 mV. The impedance parameters were determined by fitting the
impedance spectra using Z-plot software.
The electron recombination lifetime were measured by intensity-modulated
photovoltage spectroscopy (IMVS). A diode laser with variable power and modulation
control (Coherent Lab, 40 mW, 446 nm) was used as the light source. Illumination was
always incident on working electrode side of the solar cell. The light intensity was
measured using a calibrated Si photodiode. IMVS was performed under open-circuit
conditions. The output of the solar cell was connected directly to a frequency response
analyzer (Schlumberger-Solartron SI 1260). During the IMVS measurements, the cell
was illuminated with sinusoidally modulated light having a small AC component (10%
or less of the DC component).
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Ⅲ-3 Results and discussion
We reported highly efficient metal-free organic dye (JH-1) based solar cells
with HS-TiO2 photoelectrode made by electrostatic spray process. This high
performance was ascribed to well-designed organic dye and resonant multiple light
scattering from the HS-TiO2 electrode.[26] Also, we showed efficient flexible DSSCs
with HS-TiO2 photoelectrode on ITO-PEN substrate using electrospray method without
organic binder.[17] Meanwhile, Hagfeldt et al reported that the performances of devices
such as mass transport and recombination lifetime were affected significantly by steric
properties of dyes. Especially, they found that insulating butoxyl chain on synthesized
dye retarded recombination between electron in TiO2 conduction band and cobalt redox
mediators.[28] Figure Ⅲ-3.1 shows the molecular structures of synthesized organic
dyes, denoted as JH-1, [Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 and [Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2
complexes. As shown in Figure Ⅲ-3.1, JH-1 dye contains two hexyl chains in pconjugated bridge, which can prevent recombination and aggregation. As a result, we
suggest that the combination of JH-1 dye, HS-TiO2 photoelectrode made by
electrospray process and cobalt redox electrolyte is very useful way to raise power
conversion efficiency of flexible DSSC by high photocurrent of JH-1 dye adsorbed on
HS-TiO2 photoelectrode and increase of photovoltage by using cobalt redox couples
with high oxidation potential.
The HOMO level of JH-1 was found to 1.04V by measuring oxidation potential
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Figure Ⅲ-3.1. Chemical structures of (a) JH-1 dye (b) [Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 (c)
[Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2.
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using a cyclic voltammetry. (Figure Ⅲ-3.2) According to previous work, the redox
potentials of [Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 and [Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2 complexes
were determined as 0.56V and 0.82V versus NHE, respectively.[24] In a recent
publication it was found that although the difference in the oxidation potential between
the Y123 dye and the [Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2 redox couple was only 0.23V, the
dye regeneration yield was 93%[24] and a driving force of 0.25V of [Co(Ⅲ/Ⅱ)(bpypz)3](PF6)3/2 redox couple was sufficient to regenerate more than 80% of the oxidized
dye molecules, using the triphenylamine-based organic dye D35.[29] These results
indicate that our JH-1 / cobalt redox system are also sufficient to regenerate oxidized
JH-1 dye molecules because the difference in the oxidation potential between the JH-1
and [Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 redox couple is 0.48V and between the JH-1 and
[Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2 redox couple is 0.22V.
Figure Ⅲ-3.3(a) shows the photovoltaic characteristics of the flexible DSSCs
employing 9 μm HS-TiO2 electrodes, the JH-1 dye, and the redox electrolytes under a
light intensity 100 mW cm-2. The photocurrent-voltage characteristics of these solar
cells are listed in Table Ⅲ-3.1. The I-/I3- redox system with N719 gave a photocurrent
density (Jsc) of 9.11mA cm-2, an open circuit voltage (Voc) of 0.748V and a fill factor
(FF) of 72.72%, yielding a power conversion efficiency of 4.93%. Under the same
condition, the JH-1 based solar cell resulted in Jsc of 10.41 mA cm-2, Voc of 0.69V and a
FF of 70.41%, yielding a power conversion efficiency of 5.06%. Note that the Voc and
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FF of the JH-1 DSSC are lower than the values of N719 DSSC; however, the short
circuit current density of the JH-1 dye solar cell was higher than that of the N719 solar
cell, which resulted in a increased overall power conversion efficiency over the N719
system. The lower VOC of JH-1 with iodine electrolyte than that of N719 with iodine
electrolyte is due to fast recombination process of JH-1 dye, which was calculated by
IMVS measurement as shown in figure Ⅲ-3.4. Surprisingly, not only the Jsc of JH-1
DSSCs with iodine redox electrolyte, but also that of JH-1/cobalt redox electrolytes
showed higher values than N719 DSSC with iodine electrolyte. This high photocurrent
density was ascribed to resonant multiple light scattering from the HS-TiO2 electrode
as well as JH-1 dye characteristics.[26]
For the cobalt electrolytes, we could obtain better power conversion efficiencies
than iodine redox complex although the Jsc of JH-1 DSSCs with cobalt redox
electrolytes is lower than that with iodine electrolyte. This result was ascribed to high
Voc values caused by using cobalt redox electrolytes which have lower redox potential
than I3-/I-. As a result, we achieved the best power conversion efficiency of 6.12% with
JH-1 dye and [Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2 redox system. The JH-1 DSSC with
[Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2 redox electrolyte had similar values of Jsc and FF
compared to that of [Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 redox couple; however, Voc of the JH-1
DSSC with [Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2 redox was higher than that of the JH-1 DSSC
with [Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 redox couple. This result could be explained by positive
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oxidation potential of [Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 redox couple.
The difference between the photocurrents generated by dyes and electrolytes
was investigated by measuring the incident photon-to-current conversion efficiency
(IPCE). Figure Ⅲ-3.3(b) shows the IPCE spectra of the flexible DSSCs employing 9
μm HS-TiO2 electrodes. The IPCE spectra of JH-1 dye shows superior quantum yield
in whole visible range of 350 nm ~600 nm than N719 dye due to higher molar
extinction coefficient of JH-1 dye. Interestingly, the IPCE was decreased for the JH1/electrolytes in order with increasing redox potential. These results were consistent
with the photocurrent density values listed in Table Ⅲ-3.1. The IPCE depends on the
light harvesting efficiency (ηLHE), the electron injection efficiency (ηINJ), the
regeneration efficiency (ηREG) and the collection efficiency (ηCOL), [29] see eqn (1)
IPCE = ηLHE ηINJ ηREG ηCOL

(1)

The light harvesting, electron injection and electron collection efficiencies are related
to the amount of dye adsorbed onto the TiO2, the fraction of photons absorbed by the
dye that are converted into conduction band electrons and the degree of TiO2
interparticle connectivity, therefore ηLHE, ηINJ and ηCOL of JH-1 DSSCs could be
assumed the same because fabricated JH-1 DSSCs was used by same dye and TiO2
electrode. Also, the electron recombination lifetime of JH-1 DSSCs associated with
ηCOL was measured by intensity-modulated photovoltage spectroscopy (IMVS), which
showed similar values (Figure Ⅲ-3.4). As a result, the difference of IPCE value is
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Figure Ⅲ-3.3. (a) I-V curves of the flexible DSSCs employing 9 μm HS-TiO2
electrodes, employing N719 / I3-/I- (solid line), JH-1 / I3-/I- (long dash line), JH-1 /
[Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 (short dash line), JH-1 / [Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2 (dotted
line) under a light intensity 100 mW cm-2 (b) The IPCE spectra of the DSSCs.
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Table Ⅲ-3.1. Photovoltaic properties of the DSSCs using HS-TiO2 photoelectrode
with a film thickness of 9 mm

Sensitizer / electrolytes

VOC ( V )

N719 (I3-/I-)

0.748

JH-1 (I3-/I-)
JH-1 ([Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2)
JH-1 ([Co(Ⅲ/Ⅱ)(bpypz)3](PF6)3/2)

JSC ( mA cm-

FF (%)

EFF ( % )

9.11

72.72

4.93

0.69

10.41

70.41

5.06

0.808

9.47

69.1

5.29

0.953

9.17

70.02

6.12
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2

)

affected by the regeneration efficiency which is attributed to differences between
HOMO level of JH-1 dye and redox potential of electrolytes.
One disadvantage of the relatively bulky cobalt complexes compared to iodine
redox electrolyte is the slow mass transport through the mesoporous electrode. [21] the
mass transport in DSSCs employing cobalt redox electrolytes was investigated by
measuring photocurrent transients using a large modulation, on/off, of the incident light
under illumination as shown in Figure Ⅲ-3.5. Interestingly, mass transport of cobalt
redox couple is no longer a problem at our system (JH-1 dye / HS-TiO2 system). After
maximum in photocurrent was observed when the light is switched on, the decrease in
photocurrent didn’t happen in all the samples we made. To retain maximum
photocurrent is ascribed to the effect of large pore volumes of HS-TiO2 prepared by
electrospray. We reported that pore volumes of HS-TiO2 were larger than those of
commonly used nanocrystalline-TiO2. The HS-TiO2 based photoelectrodes with larger
pore volumes provide better penetration of electrolytes and better electrolyte
diffusion.[30]
In order to further understand of mass transport limitation in JH-1/redox
electrolyte systems, electrochemical impedance spectroscopy (EIS) analysis was
performed under 1 sun illumination. Generally, EIS spectra showed three semicircles in
Nyquist plot; the impedance of counter electrode at high frequency range (RPT, in the
kHz range, left semicircle), the impedance of TiO2/dye/electrolyte interface at middle
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frequency range (RAN, in the 10 ~ 100 Hz range, middle semicircle), and the impedance
of diffusion of electrolyte at low frequency range (RD, in the mHz range, right
semicircle).[31] As shown in Figure Ⅲ-3.6, only two semicircles, RPT and RAN, were
observed in the measured frequency range. The fitted parameters are summarized in
Table Ⅲ-3.2. The arcs at low frequency (RD) correspond to diffusion within the
electrolyte were never found in JH-1/cobalt redox mediator. This result also supported
that JH-1 with HS-TiO2 photoelectrode has no limitation of mass transport for cobalt
redox mediators.
The results discussed above refer to DSSCs with a HS-TiO2 film thickness of 9
μm. This optimum thickness of HS-TiO2 photoelectrode was determined by measuring
the solar cell performances as a function of the thickness, from 3 μm to 12 μm, as
shown in Figure Ⅲ-3.7 and Figure Ⅲ-3.8. The thickness was easily controlled by
adjusting the electrospray deposition time and thickness of samples was measured
using a surface profiler. The photocurrent densities and power conversion efficiencies
of samples increased with increasing HS-TiO2 film thickness and reached highest
values at 9 μm because the total amount of adsorbed dye increase with the thickness of
photoelectrode. However, beyond 9 μm, the photocurrent densities and power
conversion efficiencies decreased because of charge transport limitation due to
recombination. The enlargement in film thickness will increase the charge
recombination rate and the transport time, and can deteriorate pore filling of the
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electrode by the electrolyte or dye, thus decreasing the charge collection efficiency.[17]
On the other hand, the open circuit voltages of samples were constant over the range of
measured thickness and fill factors decreased with increasing HS-TiO2 film thickness.
The decrease in the fill factor is caused by an increase in the resistance of the HS-TiO2
film. As a result, the best power conversion efficiency were obtained at JH-1 /
[Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 redox system with 9 μm HS-TiO2 photoelectrode.

83

12

-2

Jsc (mA cm )

10
8
6
4
2
0
0

2

4

6

Time (s)
Figure Ⅲ-3.5. Plots of current transients of DSSCs employing N719 / I3-/I- (solid line),
JH-1 / I3-/I- (long dash line), JH-1 / [Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 (short dash line), JH-1 /
[Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2 (dotted line) under a light intensity 100 mW cm-2.
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Figure Ⅲ-3.6. Nyquist plots of electrochemical impedance spectroscopy (EIS)
analysis employing N719 / I3-/I- (circle), JH-1 / I3-/I- (square), JH-1 /
[Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 (diamond), JH-1 / [Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2 (triangle).
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Figure Ⅲ-3.7. Plots of Jsc and Voc of DSSCs prepared with various HS-TiO2 film
thickness employing N719 / I3-/I- (circle), JH-1 / I3-/I- (square), JH-1 /
[Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 (diamond), JH-1 / [Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2 (triangle)
under a light intensity 100 mW cm-2.
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Figure Ⅲ-3.8. Plots of FF and PCE of DSSCs prepared with various HS-TiO2 film
thickness employing N719 / I3-/I- (circle), JH-1 / I3-/I- (square), JH-1 /
[Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 (diamond), JH-1 / [Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2 (triangle)
under a light intensity 100 mW cm-2.
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Table Ⅲ-3.2. RPT and RAN values derived from EIS measurements
Sensitizer / electrolytes

RPT (Ω cm2)

RAN (Ω cm2)

N719 (I3-/I-)

3.539

5.701

JH-1 (I3-/I-)

3.532

12.81

JH-1 ([Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2)

29.67

12.41

JH-1 ([Co(Ⅲ/Ⅱ)(bpy-pz)3](PF6)3/2)

33.81

13.44
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Ⅲ-4 Conclusion
To summarize, we have fabricated new flexible DSSCs with organic dye,
cobalt redox electrolyte and HS-TiO2 photoelectrode at room temperature. Fabricated
flexible DSSCs showed high photocurrent density by using JH-1 organic dye with high
molar

extinction

coefficient

and

high

open

circuit

voltage

due

to

[Co(Ⅲ/Ⅱ)(bpy)3](PF6)3/2 redox electrolyte with high positive redox potential. Also,
HS-TiO2 photoelectrode using an electrostatic spray method was made of room
temperature process and binder-free TiO2 dispersion and induced resonant multiple
light scattering effect and enhanced interparticle connectivity. By optimizing the
thickness of the HS-TiO2 photoelectrode, the conversion efficiency of the flexible
DSSCs obtained a value of 6.12% under 1 sun illumination (100mW cm-2).
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Chapter Ⅳ
Vacuum-evaporated Organic Solar Cells with High
Efficiency of 6.2%
Ⅳ-1 Introduction

Ⅳ-1.1 Vacuum-evaporated organic solar cell
Organic solar cells (OSCs) have attracted significant attentions due to their
potentials of the low-cost process and flexible applications.[1,

2]

Recently, the

performances of solution processed OSCs using conjugated polymer as well as small
molecules have dramatically enhanced with power conversion efficiency (PCE) up to
~10.6% and ~9%, respectively.[3,

4]

In contrast, vacuum-deposited OSCs show

relatively lower efficiency although they have advantages in the reproducibility and the
ease of controlling the purity of materials through the sublimation.[5-9]
Among

the

vacuum-deposited

OSCs,

metal-phthalocyanine

(M-Pc)

compounds are widely used as donor materials due to the high absorption coefficient in
the visible and near-infrared region and good thermal stability.[10-13] However, M-Pc
compounds show relatively low open circuit voltage (VOC) due to the small difference
between the highest occupied molecular orbital (HOMO) level of M-Pc compounds
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and the lowest unoccupied molecular orbital (LUMO) level of fullerene derivatives as
well as low fill factor (FF) due to the difficulty in forming charge transporting path in
the co-deposited layer.[10, 11] Therefore, new donor materials have been proposed to
overcome the drawbacks of M-Pc compounds. A series of 2,2’-dicyanovinylene (DCV)
acceptor–oligothiophene donor (A-D-A) are also used due to good transport properties
and high VOC with the PCE of ~6.9%.[9, 14] Recently, a series of donor-acceptor (D-A)
structure incorporating arylamines as the electron donating parts and various electron
accepting moieties such as 2,1,3-benzothiadiazole, pyrimidine, and dicyanovinylene
were proposed.[6,

15, 16]

This combination showed high photovoltaic performance

through D-A molecular structure with highly polar character and coplanar
conformation. Hence the PCE could reach 6.6%. Therefore, it is quite obvious that the
properties of donor materials critically affect device performances and the efficiency of
the OSCs using small molecules can be improved with well-designed donor materials.
Currently, a popular strategy for highly efficient organic solar cells is through
the synthesis of organic compounds composed of push-pull structure. This approach
can produce high-performance donor materials with strong and broad absorption,
suitable HOMO/LUMO energy levels and strong intra- and inter-molecular interaction.
The triphenylamine (TPA) unit among electron donating moieties has been widely used
as metal-free organic sensitizers of DSSCs[17] and semiconducting small molecules of
OSCs[18, 19] because TPA-containing molecules have excellent stability, good electron
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donating property, high hole-transporting ability, stabilizing property of the separated
hole from an exciton and good solubility. [18, 22] Also, thiazole unit has been used as
electron-accepting compound due to its electron withdrawing nitrogen of imine and a
structural similarity to thiophene. Organic compounds containing various thiazole
derivatives, such as bithiazole, thiazolothiazole and benzobisthiazole, have been
introduced in OLEDs, OFETs and OSCs.[20] In OSCs, thiazole-based D-A alternative
copolymer donors have showed very promising performance, while thiazole-based
small molecules for OSCs relatively received less attention.[20]

Ⅳ-1.2 Research objective
In this paper, we report novel electron donor molecules based on D-πconjugated linker-A structure with compact packing and intramolecular charge transfer
characteristics for efficient organic solar cells. The donor molecules that have the D-πA structure featuring an electron-rich triphenyl amine as the electron donor unit,
dicyanovinylene as the acceptor unit and π-conjugated linkers of thienothiophene,
thiophene, and thiazole units were synthesized. The π-conjugated linkers were
carefully designed to have the planar structure, efficient conjugation length,
appropriate energy level and to induce compact packing in the solid state. As a result,
newly synthesized thiazole based compound led to highly efficient organic solar cell
with the PCE of 6.2% under AM 1.5G illumination with the intensity of 100 mWcm-2.
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Ⅳ-2 Experimental Section

Ⅳ-2.1 Materials
All reagents used without further purification and tetrahydrofuran and toluene
were used as a solvent after it was dried over calcium hydride followed by distillation.
All reactions were carried out under argon atmosphere. Thieno[3,2-b]thiophene (1) and
2-bromothieno[3,2-b]thiophene (2) were synthesized according to the corresponding
literature methods. 4-(diphenylamino)phenylboronic acid (3) and 5-bromothiophene-2carbaldehyde (6) were purchased from Aldrich. 2-bromothiazole-5-carbaldehyde (9)
was purchased from Alfa Aesar.

Ⅳ-2.2 Device Fabrication
The 150 nm-thick ITO coated glass substrate was cleaned with acetone and
isopropyl alcohol, and exposed to UV-O3 for 10 min before use. All the materials were
thermally evaporated at a base pressure of < 10-8 Torr without breaking the vacuum.
The evaporation rate was 0.1~0.5 Å/s for organic layer and 4 Å/s for metal. The active
area of each device was 4 mm2 and more than four devices were fabricated to average
the cell performance. After evaporation, the devices were encapsulated using an epoxy
resin with glass cans in an N2 environment.
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Ⅳ-2.3 Device Characterization
The UV-vis absorption spectra of the films were recorded with a VARIAN
Cary 5000 UV-vis spectrophotometer. The current density-voltage (J-V) characteristics
were measured under AM 1.5G solar simulator illumination (Newport, 91160A), and
recorded using a Keithley 237 source measurement unit. The light intensity was
calibrated using a standard Si-solar cell (NREL). In the IPCE set up, a 1000 W Xe
lamp was used with a monochromator and its intensity was calibrated with a Si
photodiode.

Ⅳ-2.4 Details of Chemical Synthesis (Scheme Ⅳ-2.1)
N,N-diphenyl-4-(thieno[3,2-b]thiophene-2-yl)aniline (4)
To a stirred solution of compound 2 (757.826 mg, 3.4585 mmol) and 4(diphenylamino)phenylboronic acid (1 g, 3.4585 mmol) in anhydrous THF (60 ml)
were added 2 N potassium carbonate aqueous solution (30 ml) and Pd(PPh3)4 (399.65
mg, 0.34585 mmol) under argon atmosphere. The solution was stirred 24 h at 79 ℃ in
a round flask. The reaction mixture was added to water and stirred for 1 h. The mixture
was extracted with dichloromethane, washed with brine and water, and dried over
anhydrous MgSO4. The residue was purified by column chromatography (hexane :
dichloromethane = 4:1). Yield 71%. 1H NMR (CDCl3, 400MHz) : δ 7.48 (d, 1H), 7.46
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(d, 1H), 7.38 (s, 1H), 7.27 (m, 6H), 7.14 (d, 2H), 7.11 (d, 2H), 7.06 (m, 4H). 13C NMR
(CDCl3, 300MHz) : δ 147.4, 130.5, 130.4, 128.4, 127.6, 125.5, 124.3, 123.6, 122.5,
120.7, 118.5, 115.5, 113.2. MS : m/z = 383.

2-((5-bromothiophene-2-yl)methylene)malononitrile (7)
Malononitrile (1.037 g, 15.702 mmol) and β-alanine (28.1 mg, 0.3155 mmol) was
added to a solution of compound 6 (1 g, 5.234 mmol) in dichloroethane (25 ml) and
ethanol (25 ml) under argon atmosphere. The solution was stirred 16 h at 85℃ in a
round flask. After cooling to room temperature, the reaction solution was separated by
decantation and then the solvent removed under reduced pressure. The crude product
was purified by recrystallization from ethanol to give brown crystals 7. Yield 72%. 1H
NMR (CDCl3, 400MHz) : δ 7.72 (s, 1H), 7.47 (d, 1H), 7.21 (d, 1H). 13C NMR (CDCl3,
300MHz) : δ 139.9, 133.1, 130.7, 126.6, 113.6, 113.0, 78.6. MS m/z = 240.

2-((2-bromothiazol-6-yl)methylene)malononitrile (10)
Malononitrile (1.03 g, 15.6 mmol) and β-alanine (28 mg, 0.3144 mmol) was added to a
solution of compound 9 (1 g, 5.2 mmol) in dichloroethane (25 ml) and ethanol (25 ml)
under argon atmosphere. The solution was stirred 16 h at 85 ℃ in a round flask. After
cooling to room temperature, the reaction solution was separated by decantation and
then the solvent removed under reduced pressure. The crude product was purified by
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recrystallization from ethanol to give brown crystals 10. Yield 68%. 1H NMR (CDCl3,
300MHz) : δ 8.08 (s, 1H), 7.91 (s, 1H). 13C NMR (CDCl3, 300MHz) : δ 152.5, 148.0,
146.7, 134.4, 112.6, 82.9. MS m/z = 241.

2-((5-(5-(4-(diphenylamino)phenyl)thieno[3,2-b]thiophen-2-yl)thiophen-2yl)methylene)malononitrile (8)
Under argon atmosphere, n-butyllithium (0.492 ml, 1.23 mmol) was dropwise added to
the solution of compound 4 (393 mg, 1.025 mmol) in THF (30 ml) at -78 ℃. After
stirring for 2 h, trimetyltin chloride solution (1.0 M in THF) (1.23 ml, 1.23 mmol) was
injected into the reaction mixture at a time. The reaction mixture was stirred at -78 ℃
for 2 h and then the solution was stirred 24 h at 25 ℃. After that, the reaction mixture
was poured into the water and extracted with dichloromethane. The organic phase was
wash by water twice, dried over anhydrous Na2SO4 and the solvent removed under
reduced pressure to afford compound 5.
A solution of 5 (523 mg, 0.956 mmol) and 7 (228.6 mg, 0.956 mmol) in toluene (30
ml) was degassed with argon for ten minutes followed by the addition of Pd(PPh3)4
(110.5 mg, 0.0956 mmol). The reaction mixture was stirred at 135 ℃ for 24 h. After
reaction, the reaction mixture was cooled to ambient temperature and then was poured
into the water followed by the extraction with dichloromethane. The organic phase was
wash by water twice and dried over anhydrous Na2SO4. The residue was purified by
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column chromatography (hexane : dichloromethane = 1:1). Yield 77%. : 1H NMR
(CDCl3, 400MHz) : δ 7.71 (s, 1H), 7.6 (d, 1H), 7.55 (s, 1H), 7.45 (d, 2H), 7.34 (s, 1H),
7.26 (m, 5H), 7.12 (d, 4H), 7.06 (m, 4H). 13C NMR (CDCl3, 400MHz) : δ 149.8, 148.3,
147.1, 142.0, 140.1, 138.7, 135.3, 133.3, 129.4, 127.4, 126.7, 124.9, 124.2, 123.6,
122.9, 119.6, 114.3, 114.0, 113.5, 75.7. MS : m/z = 541.

2-((2-(5-(4-(diphenylamino)phenyl)thieno[3,2-b]thiophen-2-yl)thiazol-5yl)methylene)malononitrile (11)
Under argon atmosphere, n-butyllithium (0.706 ml, 1.7644 mmol) was dropwise added
to the solution of compound 4 (615 mg, 1.604 mmol) in THF (30 ml) at -78 ℃. After
stirring for 2 h, trimetyltin chloride solution (1.0 M in THF) (1.7644 ml, 1.7644 mmol)
was injected into the reaction mixture at a time. The reaction mixture was stirred at 78 ℃ for 2 h and then the solution was stirred 24 h at 25 ℃. After that, the reaction
mixture was poured into the water and extracted with dichloromethane. The organic
phase was wash by water twice, dried over anhydrous Na2SO4 and the solvent removed
under reduced pressure to afford compound 5.
A solution of 5 (805 mg, 1.47 mmol) and 10 (352.92 mg, 1.47 mmol) in toluene (30
ml) was degassed with argon for ten minutes followed by the addition of Pd(PPh3)4
(169.86 mg, 0.147 mmol). The reaction mixture was stirred at 135 ℃ for 24 h. After
reaction, the reaction mixture was cooled to ambient temperature and then was poured
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into the water followed by the extraction with dichloromethane. The organic phase was
wash by water twice and dried over anhydrous Na2SO4. The residue was purified by
column chromatography (dichloromethane). Yield 65%. 1H NMR (CDCl3, 400MHz) :
δ 8.17 (s, 1H), 7.89 (s, 1H), 7.87 (s, 1H), 7.47 (d, 2H), 7.4 (s, 1H), 7.27 (m, 4H), 7.12
(d, 4H), 7.07 (m, 4H).

13

C NMR (CDCl3, 400MHz) : δ 155.1, 151.8, 148.7, 148.3,

147.0, 145.2, 129.7, 129.5, 129.4, 127.0, 126.8, 125.0, 124.9, 123.7, 122.8, 122.6,
114.2, 113.5, 77.2. MS m/z = 542.
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Scheme Ⅳ-2.1 Synthetic procedures of DTTh and DTTz
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Ⅳ-3 Results and discussion
Figure Ⅳ-3.1 shows the molecular structures of the synthesized electron
donor

molecules,

2-((5-(5-(4-(diphenylamino)phenyl)thieno[3,2-b]thiophen-2-

yl)thiophen-2-yl)methylene)malononitrile and 2-((2-(5-(4-(diphenylamino)phenyl)
-thieno[3,2-b]thiophen-2-yl)thiazol-5-yl)methylene)malononitrile (denoted as DTTh
and DTTz, respectively). Triphenylamine was used as electron donor group because of
the strong electron donating property.[21,

22]

The π-conjugated linker of DTTh is

composed of a planar thieno[3,2-b]thiophene and thiophene ring that increase the
conjugated length to broaden the absorption spectrum and induce compact crystal
packing. The thiazole unit of DTTz is introduced to lower HOMO level of the
molecule further to increase the VOC.
The materials are thermally stable with the decomposition onset temperatures
of 446℃ and 425℃ for DTTh and DTTz, respectively (See Figure Ⅳ-3.2). The
melting temperature of DTTz (301℃) is much higher than DTTh (245℃) as shown in
Figure Ⅳ-3.2, indicating stronger intermolecular interaction in the solid state for
DTTz with thiazole unit than DTTh with thiophene unit.
The HOMO levels of DTTh and DTTz measured by the cyclic voltammetry
are -5.51eV and -5.57eV, respectively, as shown in Figure Ⅳ-3.3. DTTz bearing
thiazole unit has a little lower HOMO level and is expected to have higher VOC than
DTTh.[23]
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Figure Ⅳ-3.3 Cycle voltammetry data of DTTh and DTTz molecules
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Figure Ⅳ -3.4a displays the absorption spectra of DTTh and DTTz in
chloroform solution and vacuum-evaporated films. Both compounds show two broad
absorption bands in the wavelength region of 300-750 nm. The absorption bands
observed at longer wavelengths attribute to intramolecular charge transfer transition
and the absorption bands observed at shorter wavelengths result from the π- π*
transition.[22] The absorption peaks of DTTz in chloroform solution is red-shifted by
about 10 nm from those of DTTh due to the stronger intramolecular charge transfer
interaction by electron withdrawing nature of the thiazole unit. In solid films, the π- π*
transition bands of two small molecules are significantly red-shifted by about 15 nm,
likely due to the intermolecular interactions of the molecules in the solid state. The
transition band of the intramolecular charge transfer in the DTTh film shows only
spectral broadening without the band shift to a longer wavelength region. This is likely
due to bulky and nonplanar triphenyl amine unit, which may impede the intermolecular
packing in the solid film. In contrast, the band of DTTz shows spectral broadening and
a slight blue-shift from 537 nm to 532 nm, indicating that thiazole unit of DTTz can
affect the intermolecular packing more than the triphenyl amine unit in the solid
film. [22] Figure Ⅳ-3.4b shows the absorption spectra of co-deposited film of DTTh:C70
and DTTz:C70 as well as the simulated homogeneous mixture of DTTh/C70 and
DTTz/C70. The simulated absorption curve was obtained by the separate measurement
of the absorption coefficient of DTTh, DTTz and C70 followed by the weighted average
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of the absorption coefficients, assuming a homogeneous mixture of the constituent
materials with no interaction.[10] Interestingly, extra absorption peaks appear at the
wavelength of 565 nm when DTTh and DTTz are co-deposited with C70 compared to
the simulated curves. Moreover, the film of DTTz:C70 is more red-shifted than
DTTh:C70. These facts might originate from better intermolecular packing of the DTTz
molecules.[24]
Figure Ⅳ-3.5a represents the current density-voltage (J-V) characteristics of
the OSCs, consisting of ITO/MoO3 (10 nm)/donor (5 nm)/donor:C70 (50 nm)/C70 (5
nm)/BCP (8 nm)/ Al where DTTh or DTTz was used as the donor. The composition of
the co-deposited layer of donor:C70 was experimentally optimized with 1:1 vol.% (See
Figure Ⅳ-3.6 and Figure Ⅳ-3.7) and the solar cell performances are summarized in
Table Ⅳ-3.2. The solar cell with the DTTz donor showed the VOC of 0.95 V, the short
circuit current density (JSC) of 12.01 mAcm-2 and the FF of 0.5, resulting in the PCE of
6.2%. The solar cell with the DTTh exhibited a little lower power efficiency of 5.4%
due to the lower VOC and JSC but a little higher FF than DTTz. The higher VOC in the
DTTz based OSC than DTTh can be understood from the lower HOMO level of DTTz.
The difference of VOC between two solar cells is close to the difference of the HOMO
levels measured by the cyclic voltammetry. The higher Jsc of DTTz originated from
the higher absorption coefficient than DTTh in the co-deposited layers (Figure Ⅳ3.4b), which results in higher external quantum efficiency in the whole range of
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Figure Ⅳ-3.4 (a) The normalized absorption spectra of DTTh and DTTz in
chloroform solution and vacuum-evaporated on the glass. (b) The normalized
absorption spectra of co-deposited film (DTTh:C70 and DTTz:C70) and simulated data
assuming homogeneous mixture (0.5αDTTh+0.5αC70 and 0.5αDTTz+0.5αC70)
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Figure Ⅳ-3.5 (a) The current density-voltage (J-V) characteristics of DTTh and DTTz
based solar cells. The device structures are ITO/MoO3 (10 nm)/donor (5 nm)/donor:C70
(1:1 vol.%, 50 nm)/C70 (5 nm)/BCP (8 nm)/Al where the donor is DTTh or DTTz. (b)
The IPCE data from each device
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Figure Ⅳ-3.6 (a) The J-V characteristics and (b) IPCE data of DTTh:C70 based
devices with different D:A ratio
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Figure Ⅳ-3.7 (a) The J-V characteristics and (b) IPCE data of DTTz:C70 based
devices with different D:A ratio
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Table Ⅳ-3.1 The absorption spectra and electrochemical properties of DTTh and
DTTz
λabs sol
[nm]

λabs sol
[nm]

λabs sol
[nm]

EHOMO a)
[eV]

ELUMO
[eV]

Ebandgap b)
[eV]

DTTh

366, 528

381, 530

387, 533
(565)

-5.51

-3.48

2.03

DTTz

373, 537

387, 532

388, 535
(565)

-5.57

-3.58

1.99

Compound

a)

Evaluated by cyclic voltammetry; b)Evaluated from the onset of the absorption spectra

in chloroform solution

Table Ⅳ-3.2 The solar cell performance of DTTh and DTTz based solar cells under
AM 1.5G illumination at an the intensity of 100 mWcm-2
RSa)

PCE

JSC

VOC

[%]

[mAcm-2]

[V]

DTTh

5.41 ± 0.05

11.04 ± 0.06

0.87 ± 0.02

0.57 ± 0.01

3.29 ± 0.01

DTTz

6.20 ± 0.17

12.01 ± 0.13

0.95 ± 0.00

0.54 ± 0.01

4.75 ± 0.03

a)

FF

[Ωcm2]

The series resistance is obtained by fitting the dark J-V curve with the Shockley

diode equation
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spectrum as shown in Figure Ⅳ-3.4b.
The difference in FF‘s between DTTh and DTTz based OSCs can be
understood based on the electrical properties of the co-deposited layers. series
resistance (RS) was obtained by fitting the dark J-V curves with the Shockley diode
equation as shown in Table Ⅳ-3.2. When DTTh is used as the donor material, RS is
3.29 Ωcm2 and it is increased to 4.75 Ωcm2 in the DTTz based OSC, meaning that the
difference is related to the electrical properties in the co-deposited layer. The electron
and hole mobilities of the donor:C70 mixed films were extracted from the hole and
electron only devices which have the structures of ITO/MoO3 (5 nm)/donor or
donor:C70 (1:1, 100 nm)/MoO3 (10 nm)/Al and Al (80 nm)/C70 or donor:C70 (1:1, 100
nm)/LiF (1 nm)/Al, respectively. Figure Ⅳ-3.8 a, b shows the J-V characteristics of
the electron and hole only devices. The experimental data (symbols) were fitted very
well with the space charge limited current (solid lines). The zero-field electron mobility
(μ0) of the intrinsic C70 is 1.11 × 10-3 cm2V-1s-1 (See Table Ⅳ-3.3), which is in good
agreement with the reported value. [7]

When C70 is co-deposited with DTTh and

DTTz, the electron mobilities did not significantly change and were on the order of 103

cm2V-1s-1, which indicates that electrons can be efficiently transported although donor

molecules are mixed with C70. In contrast, the hole mobility μ0 of intrinsic DTTh and
DTTz were 3.46 × 10-6 cm2V-1s-1 and 1.43 × 10-7 cm2V-1s-1, respectively, which are
significantly lower than electron mobility of C70. Interestingly, the hole mobilities were
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increaed 4 times to 1.43 × 10-5 cm2V-1s-1 for DTTh:C70 and 37 times to 5.26 × 10-6
cm2V-1s-1 for DTTz:C70. The hole mobility in the DTTz:C70 film is lower than the
DTTh:C70 , leading to the lower FF in the DTTz:C70 based solar cell than the
DTTh:C70 based solar cell.

The increased hole mobility in the co-deposited films

compared to the intrinsic donor films was also observed in the system of boron
subphthalocyanine chloride (SubPc) co-deposited with C60, which was explained due to
increased crystallinity of SubPc with the addition of C60, resulting in the increase of the
hole mobility.[10] In this work, the additional absorption peaks in the longer wavelength
were observed for both donors in the co-deposited film and the film of DTTz:C70
shows more red-shifted and more enhanced absorption. In addition, the hole mobility
of DTTz:C70 is more enhanced than the one of DTTh:C70 as compared with the devices
using intrinsic layers. These facts indicate that DTTz molecules show better
intermolecular packing than DTTh molecules when C70 is co-evaporated.

As a result,

the adoption of thiazole in conjugated backbone facilitate intramolecular charge
transfer characteristics and intermolecular packing of co-evaporated film as well as
lower HOMO level due to inherent electron withdrawing property, resulting in high
open circuit voltage, high short circuit current and high power conversion efficiency.
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Figure Ⅳ-3.8 The J-V characteristics of (a) hole-only device and (b) electron-only
device. Solid lines are the fitted curves using SCLC model
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Table Ⅳ-3.3 Hole and electron mobility extracted from the J-V characteristics of only
devices using SCLC model
Hole

Electron
β

μ0

0.5

0.5

μ0

β

2

[cm /V0.5]

2

[cm /Vs]

[cm /V ]

[cm /Vs]

DTTh

3.46 × 10-6

3.93 × 10-3

-

DTTz

-7

-3

0.5

1.43 × 10

7.63 × 10

-

-

-

1.11 × 10-3

-2.14 × 10-3

DTTh:C70

1.43 × 10-5

2.89 × 10-3

1.02 × 10-3

-2.01 × 10-3

DTTz:C70

5.26 × 10-6

3.48 × 10-3

1.89 × 10-3

-2.92 × 10-3

C70

121

Ⅳ-4 Conclusion
In conclusion, we obtained vacuum deposited organic solar cell with high
power conversion efficiency utilizing newly designed small molecules which have very
simple structure and short synthetic routes. We have successfully synthersized new Dπ-conjugated linker-A type donor molecules (DTTh and DTTz) with compact packing
and intramolecular charge transfer characteristics for efficient organic solar cells. They
are composed of triphenyl amine as the donor moiety, dicyanovinylene as the acceptor
unit, and thienothiophene, thiophene and thiazole units as the linker units. Vacuum
processed solar cells based on the donor molecules exhibited the PCEs of 5.4 and 6.2%
under AM 1.5G illumination with the intensity of 100 mWcm-2.
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Chapter Ⅴ
Conclusion

In conclusion, we obtained dye sensitized solar cell and vacuum deposited
organic solar cell with high power conversion efficiency utilizing newly designed small
molecules which have very simple structure and short synthetic routes. we have set a
new bench mark for DSSC performances by fabricating a very efficient device with a
high photocurrent and good stability. This benchmark was accomplished by
harmonizing the absorption spectrum of the dye with the average size of the aggregates
in the TiO2 electrode. The resultant resonant multiple scattering enhanced the light
harvesting efficiency and charge collection yield. The high and robust photovoltaic
performances (with an initial efficiency of 9.18 % and an efficiency of 7.44% after 800
h of irradiation with a light intensity of 100 mW cm-2) of the JH-1 DSSC and (with an
initial efficiency of 9.42 % and an efficiency of 7.75% after 800 h of irradiation with a
light intensity of 100 mW cm-2) demonstrated the promise of this novel sensitizer for
large scale applications. Also, we have fabricated flexible DSSCs with JH-1 organic
dye, cobalt redox electrolyte and HS-TiO2 photoelectrode at room temperature.
Fabricated flexible DSSCs showed high photocurrent density and high open circuit
voltage. HS-TiO2 photoelectrode using an electrostatic spray method was made of
room temperature process and binder-free TiO2 dispersion and induced resonant
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multiple light scattering effect and enhanced interparticle connectivity. By optimizing
the thickness of the HS-TiO2 photoelectrode, the power conversion efficiency of the
flexible DSSCs obtained a value of 6.12% under 1 sun illumination (100mW cm-2).
Finally, we have successfully synthersized new D-π-conjugated linker-A type donor
molecules (DTTh and DTTz) with compact packing and intramolecular charge transfer
characteristics for efficient organic solar cells. Vacuum processed solar cells based on
the newly synthesized donor molecules exhibited the PCEs of 5.4 and 6.2% under AM
1.5G illumination with the intensity of 100 mWcm-2. Our results should stimulate
further investigations into novel dyes and small donor molecules with similar
structures, high efficiencies, and good stabilities, and we expect that our method may
be readily applicable to other DSSC and OSC system.

128

국문요약

염료 감응 태양전지와 유기 태양전지는 전통적인 태양전지에
비해 저비용의 소자를 만들 수 있기 때문에 지난 수십년동안 많은
관심을 받아왔다. 우리는 AM1.5G기준에서 광전류 밀도 20mAcm-2
이상 소자 효율 9% 이상의 고효율의 소자를 만들었다. 또한 합성한
유기 염료와 코발트 전해질 그리고 HS-TiO2가 올려진 ITO-PEN
기판을 사용하여 플렉시블 염료 감응 태양전지를 제작하였다. 그
결과 6% 이상의 플렉시블 염료 감응 태양전지를 얻을 수 있었다.
이러한 높은 효율은 새롭게 합성된 염료의 가시광선 영역의 흡수와
HS-TiO2 광전극의 다중 공진 광산란의 조화를 통해서 이룰 수
있었다.
우리는 또한 단순한 구조를 가지는 저분자 물질을 이용하여
높은 소자 효율을 가지는 진공 증착 유기 태양전지를 만들었다. 이
저분자 물질은 전자주개-파이 컨쥬게이션 링커-전자받개 구조로
이루어져 있고 빽빽한 패킹과 분자내의 전하 이동 특성을 가지고
있다. 새롭게 합성된 저분자 물질은 전자 주개로써 트리페닐 아민,
전자받개로써

디시아노비닐렌,

파이
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컨쥬게이션

링커로써

씨아노씨오펜, 씨오펜, 씨아졸로 구성되어 있다. 이 저분자 물질을
기반으로 만들어진 소자는 6.2%의 소자효율을 보여주었다.
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