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Abstract

The global primary energy demand is increased rapidly, then the development of
low cost and sustainable energy sources is desirable. Solar cells are the prominent
method to convert solar energy into electricity, directly. Among the various type of
solar cells, organic-inorganic hybrid solar cells is considered as the 4th generation
solar cells due to the low cost, high efficient and the excellent stability that come
from the merits of organic and inorganic materials. In hybrid-solar cells system,
titanium oxide semiconductor, i.e. anatase TiO2, is responsible for loading of light
absorber materials, in this study N719 dye, electron collecting from the conduction
band/LUMO of light absorber materials and electron transport to TCO electrode. In
terms of the research of metal oxide, their surface area, surface defect, and
electrochemical properties, like electronic band structure and conductivity, are the
most important properties on the study of metal oxide development for high efficient
solar cells. Therefore, it is highly desirable to design of the appropriate titanium
oxide semiconductor for each light absorber materials or cell architectures. From this
point of view, this thesis proposed three strategies for improving the light harvesting
in Dye-sensitized solar cells (DSCs), enhancing the electron injection in planar
heterojunction flexible perovskite solar cells (PSCs), and improving the electron
transport in mesoscopic heterojunction PSCs, which strategies were designed from
the view point of light absorber and cell structure.

i

First, the effects of surface area increment in scattering layer were investigated.
Generally applicable anatase TiO2 decoration method for various anatase TiO2 host
was suggested by the TSSG process, and its feasibility as a surface area improved
scattering layer in photoelectrode of a DSC was demonstrated. The enhanced
photovoltaic properties were discussed on the view point of increased electron
generation and preserving of electron transport properties at the thick TiO2 scattering
Second, the surface-defect free low-temperature processed TiOx charge collecting
layer for high efficient flexible perovskite solar cells were investigated. For the
purpose, the low-temperature processed TiOx thin film was deposited on PET/ITO
flexible substrate using ALD, and its charge transfer properties at the interface of
TiOx/perovskite in solar cell devices were investigated using time-resolved
photoluminescence and electrical impedance spectroscopy. In addition, the
mechanical behavior of this flexible device were examined under various bending
radius, systemically.
Finally, the effects of niobium (Nb) doping into titanium oxide on electronic band
structure and on photovoltaic properties of mesoscopic perovskite solar cell systems
were explored. Light Nb doping (0.5 at% and 1.0 at%) increased optical band gap
very slightly, but heavy doping (5.0 at%) distinctively decreased it. Relative Fermi
level position from conduction band minimum of the lightly Nb doped TiO2 (NTO)
is similar with undoped TiO2, while that of the heavily doped NTO decreased as
much as ~ 0.3 eV. The lightly doped NTO-based PSCs exhibit 10% higher power
conversion efficiency than undoped-TiO2-based PSCs, and 52% than the heavily
ii

doped NTO-based PSCs (from 8.8% to 13.4%). The excellent performance of the
lightly doped NTO-based cells was attributed to fast electron injection/transport and
preserved electron lifetime, verified by transient photocurrent decay and impedance
studies.
This thesis focused on the understanding the relation between the extrinsic/intrinsic
properties, i.e. enlarging surface area, control of electronic band structure, and
surface defect less TiOx formation, of titanium oxide and the photovoltaic properties
through the demonstrating in solar cells, such as DSCs or PSCs. As a result, each
extrinsic/intrinsic properties of titanium oxide are led to improve the light harvesting,
electron transporting, and electron injection, respectively. The results and
interpretations given in this thesis are expected to offer the guideline of designing
desirable photoelectrode for high efficiency solar cells.

Keywords: Titanium oxide, TiO2, TiOx, anatase, hierarchical nanostructure,
mesoporous layer, compact layer, electron collection layer, light harvesting
properties, electron injection/transport properties, Dye-sensitized solar cells,
perovskite solar cells, CH3NH3PbI3, CH3NH3PbI(3-x)Clx
Student Number: 2008-20627
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CHAPTER 1.

Introduction
As of today, energy is one of the indispensable component to lead a modern life.
The global primary energy demand is projected to expand by almost 60 % from 2002
to 2030 with an average increase of 1.7% per year, as the world population is rapidly
increasing over 7 billion with a growth rate of 1.1 % by 2011 [1.1]. Consequently,
we are witnessing a growing quest for the development of low cost renewable energy
sources. For sustainable energy generation, significant scientific endeavors have
focused on the utilization of the renewable energy resources in nature—wind, water,
biomass and solar irradiation. Among the various sustainable energy resource, the
solar irradiation is considered as a potentially attractive candidates because the
amount of solar energy that reaches the earth every minute is equivalent to the
amount of energy the world's population consumes in a year. The challenge is to
effectively convert solar power into electricity by constructing `solar cell' converters
which exploit the photovoltaic effect existing at semiconductor junctions. The most
current commercial solar cells today are silicon-based which deploy solar-energy
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conversion efficiencies of 20 ~ 25% [1.2]. However, the construction and installation
costs of silicon based solar cells are relatively high. So it is desirable to investigate
the factor for achieving higher efficiency in solar cells.
Titanium oxide is a versatile material, which is widely used in our daily life due to
its numerous strengths, such as brightness, stability, and high refractive index. The
traditional applications of Titanium oxide include paint and coating (glazes,
enamels), plastics, paper, inks, fibers, food, pharmaceuticals, toothpaste, and
cosmetics. Recently, TiO2, which is the one of the compound of titanium oxide
semiconductor, has been received considerable attention for the promising
applications in environment, energy, information fields, such as photoelectrode in
organic-inorganic hybrid solar cells, photocatalysis, batteries, and data storage. For
those applications especially organic-inorganic hybrid photovoltaics, widely used
TiO2 as an electron collector because of its own properties such as large surface area,
active hydroxylated surface, electrochemically appropriate conduction band edge
position, superb electron transport property, and low charge carrier recombination
rate.
In this thesis, the topic will focus on understanding on the relation between the
extrinsic/intrinsic properties, i.e. surface area, defect, and electronic band structure,
of titanium oxide and the photovoltaic properties, such as light harvesting, electron
transporting, and electron injection, and its demonstration in solar cells for achieving
the improved photoconversion efficiency. The results and interpretations could be
used in applications for design the photoelectrode using other semiconductor
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materials for high efficiency solar cells.
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1.1 Titanium oxide based organic-inorganic hybrid solar cells

1.1.1 Titanium oxide semiconductor
Common polymorphs of TiO2 are a rutile phase (tetragonal, space group P42/mnm,
Eg ~ 3.05 eV), an anatase phase (tetragonal, I41/amd, Eg ~ 3.23 eV), and a brookite
phase (orthorhombic, Pbca, Eg ~ 3.26 eV) [1.3-1.5]. Crystal parameters are
a=4.5937Å, c=2.9587Å for rutile, a=3.7845Å, c=9.5143Å for anatase, a=5.4558Å,
b=9.1819Å, c=5.1429Å for brookite, and their representative unit cells are illustrated
in Figure 1.1.1. Rutile is a thermodynamically stable phase, which has 1.2 ~ 2.8
kcal/mole energy than anatase. Anatase is a metastable phase, and it shows superior
photocatalysis performance because of fast carrier transport and less recombination.
The metastable anatase transforms to rutile phase irreversibly at the temperature of
700 ~ 1000 oC, which is determined by several factors including a crystallite size
and an impurity level. The crystal structures of TiO2 polymorphs are envisaged from
the viewpoint of an oxygen octahedron frame, which is composed of one Ti cation
sitting in the center and six O anions occupying corners. Each oxygen corner is
shared by three octahedral, and this configuration results in 1 : 2 (Ti : O)
stoichiometric ratio in ideal situation. There are multiple methods to satisfy
stoichiometric requirement since sharing could be corner, edge, and/or face. Each
octahedron in the rutile TiO2 is surrounded by ten neighboring octahedra (two
sharing the edge of the octahedron and eight sharing the corner of the octahedron. In
the anatase structure, each octahedron is in contact with eight octahedra (four sharing
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the edge and four sharing the corner). Figure 1.1.2 present octahedral structures of
different TiO2 polymorphs.
Fundamental difference of crystalline structure will end up with different physical
properties, such as optical properties, band gaps, and carrier transport. Rutile is one
of the highest refractive index minerals (nω = 2.605 ~ 2.613, nε = 2.899 ~ 2.901), and
has a strong anisotropy and dispersion. Anatase has the same uniaxial type, and its
refractive index is nω = 2.561, nε = 2.488, while brookite is a biaxial type (nα = 2.583,
nβ = 2.584, nγ = 2.700). The difference between band gap structures and carrier
transport also comes from this atomistic arrangement.

1.1.2 Generation of solar cells
Solar cells are the prominent method to convert solar energy into electricity, directly.
From reporting the first solar cells with 1 % power conversion efficiency (PCE) by
Charles Fritts in 1883 [1.6], solar cells have made remarkable progress after
developing the silicon p-n junction solar cell in 1954. Over the years, the leading PV
technology, classified into different generation, has undergone numerous changes,
originally defined for inorganic materials as high cost/high efficiency (1st generation,
mainly single crystalline Si), low cost/low efficiency (2nd generation, amorphous Si,
copper indium gallium selenide (CIGS), and CdTe) and low cost/high efficiency (3rd
generation, GaAs/Ge/GaInP2 (III-V materials), liquid-based semiconductor
sensitized (mesoscopic) solar cells). Despite the reasonable success of 3G solar cells,
significant improvements in device performances are required if this technology is
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to be competitive with the previous PV generations in terms of cost per watt.
During the last three decades, several promising alternatives based on cost-efficient
organic, inorganic, and organic-inorganic hybrid materials have been proposed. The
4th generation (4G) solar cells were investigated based these cost-efficient materials.
The 4G solar cells combines the low cost/flexibility of polymer thin films and the
stability of novel inorganic nanostructures with the aim of improving the
photovoltaic properties of the low cost thin film PVs. These device architecture are
composed to the solution processable-inexpensive organic or polymer materials to
generate charge and inorganic component (usually titanium oxide) to improve on
energy harvesting cross-sections, the charge dissociation, and charge transport
within the solar cells. An illustration of the generation’s progress of solar cells is
shown in Figure 1.1.3 [1.7].

1.1.3 Dye-sensitized solar cells (DSCs)
In the late 1960s it was discovered that illuminated organic dyes can generate
electricity at oxide electrodes in electrochemical cells [1.8]. In an effort to understand
and simulate the primary processes in photosynthesis the phenomenon was studied
at the University of California at Berkeley with chlorophyll extracted from spinach
(bio-mimetic or bionic approach) [1.9]. The modern version of a dye solar cell, also
known as the Grätzel cell, was originally co-invented in 1988 by Brian O'Regan and
Michael Grätzel at UC Berkeley and this work was later developed by the
aforementioned scientists at the École Polytechnique Fédérale de Lausanne until the
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publication of the first high efficiency DSSC in 1991 [1.10].
The device architecture of a typical DSCs, as well known Gratzel cell, is depicted
in Figure 1.1.4. The DSCs has 3 primary parts. On top is a transparent conducting
oxide (TCO), such as fluoride-doped tin dioxide (SnO2:F, FTO) and tin-doped
indium oxide (In2O3:Sn, ITO) deposited glass substrate. Next one, that is a main part
of DSCs, is photoelectrode that composed of light absorber-like dye or inorganic
sensitizer-and mesoscopic wide-bandgap n-type metal oxide semiconductorgenerally Titanium dioxide (TiO2)-that acts as a scaffold for loading of light absorber
and a charge transport channel for the photogenerated electrons. A separate plate, as
a last part of DSCs, is then made with a thin layer of the iodide electrolyte spread
over a conductive sheet, typically platinum metal.

1.1.4 Perovskite solar cells (PSCs)
In 2009, it was first attempted to use CH3NH3PbX3 (X = Br and I) as a
semiconductor sensitizer in dye-sensitized liquid junction-type solar cells [1.11]. The
key material for this solar cells was first reported by Weber in 1978 [1.12, 1.13].
Organic–inorganic perovskites have received attention due to their being capable of
undergoing a transition from insulator to metal by increasing the number of inorganic
layers in the (C4H9NH3)2(CH3NH3)n-1SnnI(3n+1) layered perovskite [1.14]. This
attempt led to the PCE of 3 ~ 4%, which was, however, a much low efficiency
compared to the conventional DSCs. However, this result was not cited until the
development of a long-term stable perovskite solar cell (PSCs) in 2012 due to the
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dissolution problem of the PSC in polar liquid electrolytes. Research of PSCs has
been triggered by the discovery of the 9.7% solid-state PSC with a 500 h confirmed
stability [1.15].
Perovskite materials can be applied to either p-i-n junction or p-n junction types,
since they have balanced charge transport properties. It is well-known that electron
and hole transport properties CH3NH3PbI3 are affected by preparation method of
perovskite layer using a CH3NH3I + PbI2 mixture [1.16] and a 3CH3NH3I + PbCl2
mixture [1.17], where X-ray diffraction patterns were indexed as tetragonal
perovskite phase regardless of the preparation method. The electron and hole
diffusion lengths were estimated to be ~ 130 nm and ~ over 1,000 nm, respectively,
for preparing from the former method, while longer diffusion lengths of ~ 1,069 nm
for electrons and ~ 1,213 nm for holes were measured for the sample prepared using
chlorine source. The diffusion length for holes was longer than that for electrons for
the case of CH3NH3PbI3 prepared without a chloride source [1.18]. But electron and
hole mobilities were found to be as high as 25 cm2/Vs, and the mobilities of both
were almost balanced and remained high, on a microsecond time scale, along with a
slow microsecond time scale for recombination [1.19]. To compensate the shorter
electron diffusion length of CH3NH3PbI3 prepared without chlorine source, an
electron transport layer with a long diffusion length may be required. As a result,
electron diffusion lengths of CH3NH3PbI3 solar cells employing mesoporous TiO2
layers are increased to exceed 1 μm [1.20]. However, the performance may degrade
if the mobility of the injected electron in the TiO2 layer is slower than that of
perovskite. Therefore, careful design of oxide layers, taking into account this
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diffusion length and the mobility of the injected electrons, is important to achieve
high efficiency.
Based upon the unique property of the perovskite, two typical structures can be
constructed: a mesoscopic nanostructure and a planar structure. Figure 1.1.3 shows
schematic device structures and energetics. Charge separation by electron injection
from perovskite to TiO2 is obvious in cases where perovskite dots are adsorbed onto
the TiO2 surface [1.15]. In this case, the working principle is expected to be similar
to solid state DSCs. However, the working mechanism is different from DSCs for
both mesoscopic nanostructures with perovskite pore fillings (Figure 1.1.5a) and
planar structures without a mesoporous TiO2 layer (Figure 1.1.5b), because of charge
transport [1.16, 1.17] and charge accumulation properties in the perovskite [1.21].

1.1.5 Operating principle
The organic-inorganic hybrid solar cell is composed of three main components: (1)
electron collection layer, mesoporous or thin film type, wide band gap
semiconductor film (typically TiO2 or ZnO) composed of crystalline nanoparticles
abutting one another, (2) organic dye or inorganic quantum-dot, i.e. CdS, CdSe,
adsorbed onto the surface of nanocrystals as mentioned before or organic-inorganic
hybrid light absorber such as CH3NH3PbX3 (X=I, Br, and Cl) formed on the charge
collection layer, and (3) a hole transport materials (HTMs) such as, liquid electrolyte
or solid state hole transport materials interpenetrating the nanocrystalline metal
oxide semiconductor network. This arrangement creates the large area metal oxide９

light absorber-electrolyte interface needed for cell operation. The nanoparticle film
is referred to as the photoanode as is deposited on a TCO substrate. A metal counter
electrode formed by spin-coating or thermal evaporation. The semiconductor
nanoparticles and the HTMs form continuous pathways to the anode and cathode,
respectively. The simple operating process is shown in Figure 1.1.6. Solar radiation
through the photoelectrode excites electrons in the light absorber from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). Electrons excited to the LUMO levels are injected into the semiconductor
nanocrystals and travel through the semiconductor to the photoanode and then
through the load to the cathode where they reduce the oxidant in HTMs (redox
reaction I3- of the I-/I3- couple or hole transporting). A thin metal counter electrode,
such as platinum or gold, catalyzes the electrochemical reduction. The reductant (e.g.,
I-) completes the circuit by reducing the photooxidized light absorber. As shown in
Figure 1.1.6 the maximum open circuit voltage, which is the potential at which no
current flows through the cell, is the difference between the energy of the quasiFermi level in the semiconductor under illumination and the electrochemical
potential of the redox mediator. The driving force for the carrier transport through
the nanoparticle film and HTMs is the chemical potential difference created across
the cell, which is due to the build-up of carriers at the light absorber-metal oxideHTM interface. Because the nanoparticles are smaller than the Debye length in the
semiconductor and the electrolyte has high ionic strength, the electric fields within
the nanoparticles are very effectively screened and charge transport in the
nanoparticle network is thought to be diffusive [1.22].
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Figure 1.1.1 Unit cells of various TiO2 phase (a) rutile, (b) anatase, and (c)
brookite.
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Figure 1.1.2 Octahedra stacking of (a) rutile, (b) anatase, and (c) brookite.
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Figure 1.1.3 Historical time line of the progress of photovoltaic devices from first
generation to fourth generation that illustrated schematically [1.7].
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Figure 1.1.4 Device architecture of a typical liquid dye-sensitized solar cells.
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Figure 1.1.5 Device architecture of a typical (a) mesoscopic and (b) planar
heterojunction perovskite solar cells.
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Figure 1.1.6 Schematic illustration of operating principle of solar cells.

１６

1.2 Components of solar cell

In this section, the key component of solar cells composed with light absorber,
metal oxide electron collecting layer, hole transport layer (=electrolyte), and counter
electrode, will be introduced.

1.2.1 The light absorber
The light absorber is a critical parts in this solar cells, converting the incident light
into photocurrent. Its properties have much effect on the overall PCE and the light
harvesting efficiency. The role of the light absorber is not only light harvesting but
also charge injection. The following properties are required for the ideal sensitizer.
First it should absorb a wide range of the solar spectrum for high photocurrent.
Second, it must have high absorption coefficient to absorb more light with a thinner
metal oxide films. In addition, electronic band position of light absorber is very
important to transfer the photogenerated electron form light absorber to metal oxide
electron collecting layer. In this thesis, I choose the two kinds light absorber that
used generally, N719 Ru-based organic dye and CH3NH3PbX3 perovskite (X=I, Br,
and Cl). The molecular structures of these light absorber are shown in Figure 1.2.1.

1.2.2 Hole transport materials
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The HTM should be able to transfer holes from the light absorber after the
photogenerated electrons have been injected in the electron collecting layer. The
upper edge of the HTM valence band must be located above the ground state level
of the light absorber. Moreover, the HTM must have a good contact with porous TiO2
layer by penetrating into the pores of the nanoparticle film, and finally it should be
transparent to the visible spectrum, where the dye absorbs light. In general, there are
two types of HTM: liquid redox electrolytes in DSCs system and solid type HTM in
PSC system.
Liquid electrolytes in DSCs typically consist of the I-/I3- redox couple and additives
dissolved in a liquid solvent. The electrolyte undertakes the responsibility of dye
regeneration and charge transport between the photoanodes and counter electrodes.
The general operating cycles in liquid electrolyte can be summarized in chemical
reaction as:

I3- + 2e- at surface of counter electrode  3I-

(1.1)

Organic HTMs possess the advantages of low crystallinity, easy film formation and
plentiful

sources.

Among

various

HTMs,

2,2’,7,7’-tetrakis(N,N-di-p-

methoxyphenylamine) 9,9’-spirobifluorene (spiro-MeOTAD) that reported by Udo
et al. in 1998 [1.23], is used conventionally. Utilization of additives, Li(CF3SO2)2N
and 4-tert-butylpyridine, in spiro-MeOTAD solution increased the short circuit
current and the open circuit voltage and led to an enhancement of the power
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conversion efficiency in solid state DSCs [1.24]. Recently, ssPSCs based on spiroOMeTAD achieved the highest efficiency of over 17% by Im et. al [1.25]. In addition,
Conducting Polymers such as poly(3-hexylthiophene) (P3HT) [1.26, 1.27] and
poly(3,4-ethylenedioxythiophene) (PEDOT) [1.28, 1.29] also have been employed
as a HTM. Normally polymers have a large molecular size.

1.2.3 Counter electrode
For counter electrode, metal have a high conductivity, mechanical/ chemical/
electrochemical stability and a large work function is required to be matched with
the HTM. Generally, noble metal such as gold, silver and platinum that have a large
work function, is typically used as a counter electrode in DSC and PSC. With regard
to cost efficiency, graphite and conducting polymers are also considered. In addition,
another interesting material is ITO, which is a transparent conducting material
because potential to employ as a transparent counter electrode for tandem devices or
a transparent application such as a power window [1.30].

1.2.4 Metal oxide layer
In DSCs and PCSs, light absorption results in the generation of a transiently
localized excited state, known as exciton-usually a Frenkel type that cannot
thermally dissociate into free carriers in the material it was formed due to high
exciton binding energy (>> kT). Excitons are the characteristics of semiconductor
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analogues to Fermi fluids in metals and are often characterized as a mobile excited
state with an exciton diffusion coefficient. When a semiconductor is
contacted/anchored to another material whose conduction band/lowest unoccupied
molecular orbital (LUMO) lies at lower energy, then the exciton dissociates into
mobile carriers at the interface of the materials system. Figure 1.2.2 shows the
schematic process of anchored the metal oxide and single dye molecule.
When the photogenerated exciton at the light absorber is separated into free carriers
at the light absorber/metal oxide semiconductor interface. There are two driving
forces for this charge separation:
(1) Due to the conduction band of the metal oxide is located at lower position than
that of the light absorber, the charge separation is energetically favored.
(2) In the view point of entropy, there is larger density of electronic energy states
in the conduction band of a metal oxide semiconductor that that of light
absorber [1.31].
The metal oxide semiconductors influences the PCE of PVs. In case of mesoscopic
structure, its mesoporosity and large surface area allow anchoring a large amount of
dye molecules in DSCs system and offer the large interface area to separate the
photogenerated excitons in DSCs and PSCs system. Also, including planar structure
of PSCs, larger density of states in metal oxide than that of light absorber allows
faster injection of electrons from the light absorber to metal oxide. The destructive
factors in metal oxide for PCE of PV are follow as:
(1) Inefficient electrical transport through nanocrystalline network.
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(2) Charge recombination within the materials and also with the electrolyte or light
absorber.
Inefficient electrical transport in nanostructured metal oxide semiconductors arise
from the trapping and detrapping of electrons [1.32, 1.33] at the surface atomic states
in the electronic band. The surface atoms are a large fraction in nanostructured
materials, so as the trap density. Although considerable progress has been made in
understanding the charge transport through nanoparticles network, further efforts are
required to exactly determine the trap states in TiO2 nanoparticles of size 10-50 nm.
Trapping and detrapping reduces the kinetic energy of the flowing electrons, which
ultimately results in inferior cell performance. In the optimized geometry of DSCs,
over 85 % photogenerated electrons are collected at the external electrode, which
makes the collection of high-energy electrons a more stringent requirement.
Binary system such as TiO2 [1.10, 1.34], ZnO [1.35, 1.36], ZrO2 [1.37, 1.38], Al2O3
[1.39], and Nb2O5 [1.40] and ternary system, i.e. Zn2SnO4 [1.41, 1.42], and BaSnO3
[1.43] have been tested for their use as photoelectrode in solar cells system,
representatively. Among the various metal oxide compound, TiO2 is shown the most
superior performance, consequently, TiO2 is considered as a most suitable materials
as a photoelectrode in this solar cell systems because of its superior optical,
photochemical, photoelectronic, surface properties, chemical stability as well as
abundance in the earth [1.44]. The TiO2 in this solar cell system are adopted in the
form of compact layer and mesoporous layer with important role in devices,
respectively.
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Blocking layer: In liquid DSCs, compact TiO2 layer (c-TiO2) retard the
recombination between the electrons in the TCO and holes in the electrolyte. In
contrast to the liquid DSCs, the HTM could permeate through the pores of the TiO2
to form an ohmic contact with the TCO substrate. This would lead to a short circuit
and loss of current through recombination at the TCO electrode. A blocking layer at
the interface between the HTM and the FTO is necessary to avoid direct contact.
Here a compact TiO2 layer has been employed between the nanocrystalline TiO2 and
FTO layer by conventional spin-coating method with ethanol or butanol based Ti
precursor solution or vacuum deposition method such as atomic layer deposition
(ALD) and sputter. The optimized thickness of compact layer for our devices is
around 120 nm in DSCs and 80 nm in PSCs via solution process and 20 nm in PSCs
via ALD method [1.45, 1.46].
Mesoporous TiO2 films: In this system, typically, the size of TiO2 particles is around
20 nm and normally colloidal TiO2 dispersions are applied to deposit nanocrystalline
TiO2 films on FTO substrate. There are two methods to make a TiO2 paste: a twostep sol-gel procedure (TSSG) [1.47] and using commercial TiO2 particles. For the
deposition of the TiO2 layer, screen-printing and spin-coating techniques are widely
used. After coating TiO2 on the substrate, annealing at 500 ºC is required to remove
organic additives and afford good interconnection between the TiO2 particles. This
mesoporous TiO2 layer provide a surface area more than 1000-times greater
compared to a flat-bulk TiO2 electrode. Moreover, the open porosity of these films
allows electrolyte to fill all pores of the film and make good contact with the light
absorber and electrolyte. However, the huge surface area also increases the
２２

recombination between electrons in the conduction band of the semiconductor and
the electron acceptor in the electrolyte.
Recently many interesting approaches have been applied to the TiO2 electrode from
compact layer to mesoporous layer. The various nanostructure of TiO2 such as
nanorod [1.48], branched nanorod [1.49], nanotube array [1.50], and hollow
structure [1.51], are synthesized in order to increase the surface area and improve the
charge transport in DSCs. Also, in order to reduce interfacial recombination losses,
surface modification of TiO2 layer like using an organic spacer between dye and TiO2
surface [1.52, 1.53], TiO2 surface passivation with higher conduction band
semiconductor than that of TiO2 [1.54, 1.55] and electrodeposition of insulating
polymer on TiO2 surface, are briskly investigate. As mentioned above, the
investigation of TiO2 semiconductor would be extensively progressed in order to
optimized and overcome a current limitation of PCEs in this PV systems.
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Figure

1.2.1

(a)

Molecular

and

(b)

crystal

structural

of

cis-

bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(II) (N719) and
CH3NH3PbX3 (X=I, Br, and Cl).
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Figure 1.2.2 Dye molecule (left) anchored onto a metal oxide semiconductor
nanocrystal (right).
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1.3 Analysis Background

1.3.1 X-ray Photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy is an important surface characterization
technique. It utilizes the soft X-rays, (normally Al Kα or Mg Kα with 1000 ~ 2000
eV), to probe the properties of materials by a special form of photoemission.
Notations used in XPS and X-ray are correlated with quantum numbers as shown in
Table 1.3.1 [1.56]. n is the principle quantum number, determing the energy of the
quantum state. l is the angular momentum quantum number, and different l numbers
(0, 1, 2, 3) represent different shells (s, p, d, f). j is the total angular momentum
quantum number, which is the combination of orbital angular momentum and
intrinsic angular momentum (spin). A typical process of XPS is illustrated in Figure
1.3.1(a): an electron from a core level (this case K) is knocked off by the incident Xray. The kinetic energy (EK) of the ejected electron can be measured through an
electron energy analyzer, and the binding energy (EB) can be calculated using the
following equation:

(1.2)

where W is work function.
The spectrum from XPS measurement is the intensity as a function binding energy,
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and it could be superimposed on a schematic of electronic structure as shown in
Figure 1.3.1(b). It is clear that peaks in the spectrum are related to the electrons at
different orbitals very accurately. It should be mentioned that only electrons without
energy loss during the process represent characteristic peaks in the spectrum and
those which undergo inelastic scattering and have energy losses contribute to
background of the spectrum.
The uniqueness of XPS is the spectrum is strongly related to chemical states in
addition to element information. From the high-resolution spectrum, almost all
elements in periodic table exhibit a chemical shift, which varies from a fraction of
an eV to several eVs. This chemical shift is traced back to either initial-state effects
or final-state effects. For initial-state effects, the charge on the atom prior to
photoemission is critical for the spectrum, and it is a dominant factor for most
elements. This initial-state effect could reflect the magnitude of chemical shift. If
there are more bonds with electronegative atoms that are in place, it will result in the
greater the positive XPS chemical shift. That is the reason that C-O bond in an
organic polymer is positively shifted 1.6 eV relative to the unfunctionalized
(methylene) carbon, and C=O and O-C-O are both shifted by 2.9 eV. As shown in
Figure 1.3.2, the main peak of 2P3/2 for Fe3+ is shifted to a higher binding energy
compared to that for Fe2+ [1.57]. Generally speaking, there is a positive shift between
the elemental form and mono-, di- or trivalent ions. Exception does exist. For
example, a negative chemical shift of about 2 eV between Ce and CeO2. This is
caused by very large final-state effects, which occurs following photoelectron
emission. Final-state effects include core hole screening, relaxation of electron
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orbitals, and the polarization of surrounding ions [1.56]. The satellite peaks in Figure
1.3.2 and its remarkable shift come from the final-state effects.

1.3.2 Solar cell characterization
1.3.2.1 Current-voltage characteristics
In order to evaluate the performance of a solar cell, the current density-voltage (JV) characteristics of the device are measured. Practically, this is done by applying an
external potential bias to cell while measuring the current response. The J-V
characteristics are measured in the dark and under illumination. The applied potential
is referred to as forward bias, when electrons are injected into the device from the
photoanode side and reverse bias, when electrons are injected from the metal
counter-electrode side. In the dark, an ideal solar cell shows typical diode behavior.
The corresponding J-V curve is referred to as dark current curve. A typical dark
current curve is displayed in Figure 1.3.3(a). At low applied potential, no/very little
current measured due to the low conductivity of the metal oxide semiconductor
resulting from a low charge density. As the applied potential increased, the charge
density and the quasi Fermi level in the metal oxide is increased. When the quasi
Fermi level approaches the conduction band of the semiconductor, the dark current
increases steeply as electrons can flow unhindered to the HTMs. Note that in the
dark, electrons are injected into the metal oxide and recombine with holes in the
HTM. Therefore, the dark current is governed by the same electron–hole
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recombination process that leads to the loss of photogenerated charge carriers under
illumination.
Under AM 1.5 G illumination, a photocurrent that flows opposite to the diode (dark)
current is generated: the solar cell acts as a current source. A typical J-V curve
measured under illumination is displayed in Figure 1.3.3(b). The shape of the J-V
curve is governed by two competing processes: the generation of photocurrent and
the electron-hole recombination. At low forward bias, most of the photogenerated
charge carriers are collected before they recombine. In this region, the photocurrent
is almost independent of the applied potential. Especially, the current density at the
external bias applied to the cell is zero, is called the short-circuit photocurrent (Jsc).
Upon further increasing the applied bias, the recombination becomes more and more
prominent, finally leading to a loss of photogenerated charge carriers. At this point,
the J-V starts to drop until it reaches the point were no net current is flowing, as all
photogenerated charge carriers recombine. This limiting point is denoted as the
open-circuit potential (Voc).
Several other parameters that characterize the performance of a solar cell can be
derived from the J-V characteristics:
The power conversion efficiency (PCE), i.e. the fraction of the incident power Pin
that is converted into electrical power Pel, is calculated from the power curve. The
electrical power is defined as the product of J and V. A typical J-V curve (red curve)
and the corresponding power curve (black curve), i.e. the output power of the solar
cell as a function of applied voltage, are displayed in Figure 1.3.3(c). As can be seen
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from the figure, the power curve shows a maximum that lies in the range of the
curvature of the J-V curve. The maximum of the power curve is called the maximum
power point (MPP). The corresponding voltage and current are denoted as JMPP and
VMPP , respectively. The PCE is then defined according to Equation (1.3).

/

(1.3)

(1.4)

(1.5)

The fill factor, FF, is another important parameter. It is defined as the ratio between
the product of JMPP and VMPP, and Jsc and Voc according to Equation 1.4. It can be
depicted as the ratio between the two rectangles spanned by JMPP and VMPP, and Jsc
and Voc, as illustrated in Figure 1.3.3(c). The FF describes the ‘squareness’ of the J–
V curve. Using the definition of the FF, Equation 1.3 can be rewritten as Equation
1.5.
In a simple approximation, the J-V curve of a solar cell can be described by the
ideal diode equation (Equation 1.4) where Jph is the generated photocurrent, Jsat is
the saturation current, e is the elementary charge, k the Boltzmann constant and T
the temperature [1.58]. Due to a non-ideal behavior of the solar cell, an ideality factor
m is introduced (m = 1 for an ideal diode) [1.59]. Furthermore, a series resistance Rs
３０

and a parallel resistance Rp, also referred to as shunt resistance, can be added to the
equivalent circuit of the solar cell in order to account for resistive losses. The
equivalent circuit with the parasitic resistances Rs and Rp is illustrated in Figure
1.3.4(a). Considering m, Rs and Rp, the diode equation is modified to Equation 1.6.
Practically, Rs results, for example, from the connections made to the solar cell
and/or the sheet resistance of the conductive substrate. In solar cells, Rs is
additionally affected by the transport resistance of the HTM. In contrast to that, Rp
arises from loss processes within the solar cell, leading to a leakage current. The
leakage current could, for instance, result from a flawed metal oxide compact layer
that does not entirely prevent the contact between the TCO and the HTM. The
influence of these parasitic resistances on the J-V characteristics of a solar cell is
schematically illustrated in Figure 1.3.4(b), (c). As is evident from the figure, an
increase in Rs or a decrease in Rp both lead to a decrease of the FF of the device.

exp
exp

1
1

(1.5)
(1.6)

1.3.2.2 Quantum efficiency measurements
The quantum efficiency of a solar cell is measured as a function of wavelength and
represents the fraction of incident photons which is converted into electrons that
reach the external circuit. Two types of quantum efficiencies exist: the external
quantum efficiency (EQE) and the internal quantum efficiency (IQE).
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The EQE, also referred to as incident photon–to–electron conversion efficiency
(IPCE), considers all photons that are emitted from the solar simulator and that hit
the active area of the solar cell. It is accessible by measuring the photocurrent of the
solar cell under monochromatic irradiation. From this, the IPCE can be calculated
based on the known photon flux J0 of the solar simulator according to Equation 1.8,
where Jsc(λ) is the short-circuit photocurrent density under monochromatic
irradiation and e the elementary charge. Integration of the product of IPCE and Jsc
(λ) over the wavelength of the incoming light yields the total short-circuit
photocurrent density that is expected to be generated by the solar cell.
The IPCE can also be expressed by a product of internal efficiencies that quantify
the different electronic processes within the device according to Equation 1.9. In
Equation 1.9, LHE is the light-harvesting efficiency, ηinj is the electron injection
efficiency (or charge separation efficiency) and ηcoll is the charge collection
efficiency. The LHE equals the absorbance and is easily accessible experimentally
by measuring the absorption spectrum of the solar cell. Dividing the IPCE by the
LHE yields the IQE, also referred to as absorbed photon–to–electron conversion
efficiency (APCE), that considers only photons that are absorbed by the device.

(1.8)
LHE

(1.9)

1.3.2.3 Electron transport (τc) and recombination (τr) time constant
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Electron transport through the TiO2 layer of solar cells continues to be the subject
of intense debate for the fact that the photocurrent response is surprisingly slow, with
rise times ranging from milliseconds to seconds depending on light intensity. The
transport is believed to be driven by the concentration gradient of electrons in the
conduction band of the TiO2 layer, based on the assumption that the electrical field
in the bulk of the nanostructure electrode is negligible as a consequence of screening
effect by the high ionic strength electrolyte [1.60]. There are various kinetic
processes involved; e.g. electron injection, electron recombination and light absorber
regeneration, which take place at different time scales (millisecond to second time
range). To characterize this individual time-dependent processes of device, the
phototransient spectroscopy is applied. Most data on electron transport has been
interpreted using the multiple trapping (MT) model [1.61], where the motion of
photo-injected electrons through a well defined conduction band with minimum
energy EC is interrupted by a series of trapping and detrapping events. A large
concentration of trap states exists within the TiO2 layer [1.62] and these traps are
filled under illumination up to quasi-Fermi level energy (nEF). This position relative
to the redox level is determined by the conduction band electron density nc in terms
of the thermal energy kBT where kB is the Boltzmann constant and T the absolute
temperature by

n

,

ln
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(1.10)

where nc0 is the value of nc when nEF = EF,redox, i.e. in the dark. Thus, the traps fill
as the illumination intensity increases. The detrapping time τd from a trap of energy
ET depends exponentially on how far the trap level is below the conduction band, so
the further nEF is from the conduction band, the longer the electron take to detrap and
the slower the transport. Thus τd relates closely to nc.
The concept of phototransient measurement is to apply a light perturbation of small
amplitude onto a test device under various light biases and probe its voltage and
current decay kinetics to characterize the nc in the TiO2 layer. Light bias with strong
intensity generates a lot of charges in TiO2 layer, causing the nEF level lies close to
the TiO2 conduction band and all trap states below nEF are filled. The τd is small.
However, at low light bias intensity, only little charge is transported into TiO2 and
the nEF level lies far from the conduction band (i.e. close to redox energy level). The
τd in this case is large, the measured recombination and transport rates are low.
Experimental data from the charge extraction techniques [1.63] has shown that the
trap energy distribution (also known as Density of State (DOS) distribution) at given
energy E is of the form

,

exp

(1.11)

where Nt,0 is the total density of trapped states at surface per unit volume. T0 (in unit
of temperature) is the characteristic parameter that reflects the width of the trap
energy distribution function below the edge of TiO2 conduction band (EC). A high
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value of T0 implies a broad DOS. Equation 1.11 suggests that tailing from the
conduction-band electron states, the density of the traps are high for states that
energetically locate near the conduction band and low for deep traps locating far
away.
The total density of trapped electrons (nt) is obtained by integrating g(E) between
the limits E = EF,redox and EC;

d

,

(1.12)

where f(E) is the Fermi-Dirac distribution function of energy level E at finite
temperature T which is defined as [1.61, 1.64]

(1.13)

Because the density of trapped electrons (nt) in the TiO2 is much larger than that of
free electron (nc) present in the conduction band when EC −nEF >> kBT, the total
electron density ntotal (ntotal = nc + nt) is essentially equal to nt [1.65].
Experimentally, the total charge density nT in the TiO2 during the ash light
perturbation is probed by the charge extraction technique [1.66]. In brief, the test
device is set to short-circuit in the dark and then switched to open-circuit by the same
time the white light bias is turned on for various time delays (100 μs ~ 1 s). Electrons
are photoinjected from excited stated sensitizer to TiO2 during the illumination. The
３５

light bias is subsequently shut off and the decay of photovoltage due to
recombination process is recorded. The voltage decay carries on until the controller
switches back to short-circuit condition and the number of photoinjected electrons is
measured. The charge extraction process is repeated by varying the time delay to
obtain the extracted charge as a function of the open-circuit voltage (Voc). Thus, the
nT is obtained by

(1.14)

where ∆Q is the number of photoinjected electrons per active surface area (in unit
of Ccm−2) which is determined by integrating the photocurrent transient at shortcircuit generated by the perturbation ash light, d the TiO2 layer thickness, p the layer
porosity and e an elementary charge.
As the transient voltage decay follows a pseudo single exponential form with time
delay, the electron lifetime τn can be extracted from an exponential of the form

exp

(1.15)

where V0, A0 and t0 are fitting coefficients. The recombination rate constant, krec is
related to the electron lifetime as krec = τn-1. Similarly, one can measure the transient
current decay and extract the τc from an analogous exponential form similar to
equation 1.15. The lifetime τc depends on both recombination rate constant (krec) and
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transport rate constant, ktrans, at the quasi-Fermi level fixed by the white light bias,
τc-1 = kc = ktrans + krec. An effctive diffusion coefficient, Deff, can thus determine from
the relationship [1.67]

(1.16)

.

where d is the TiO2 layer thickness.
Finally, an effective diffusion length Leff is given by

(1.17)
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Table 1.3.1 Relation between quantum number and XPS, X-ray notation [1.56].

Quantum number

Notation

n

l

j

XPS

X-ray

1

0

1/2

1s1/2

K

2

0

1/2

2 s1/2

L1

2

1

1/2

2 p1/2

L2

2

1

3/2

2 p3/2

L3

3

0

1/2

3s1/2

M1

3

1

1/2

3 p1/2

M2

3

1

3/2

3 p3/2

M3

3

2

3/2

3 d3/2

M4

3

2

5/2

3 d5/2

M5

etc.

etc.
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Figure 1.3.1 Schematics of XPS process of 1s signal (a) and the correlation
between XPS spectra and energy orbitals (b) [1.56].
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Figure 1.3.2 Effect of chemical state on XPS spectra, Fe 2p3/2 and its satellite line
shift at different chemical states (Fe2+, Fe3+) [1.57].
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Figure 1.3.3 Typical J-V of a solar cell measured (a) in the dark, (b) under
illumination, and (c) typical J-V of a solar cell measured under illumination and the
corresponding power curve (righ- axis, black curve). The black dot on the J-V curve
marks the point where the electrical power output is maximum.

４１

Figure 1.3.4 (a) Equivalent circuit of a solar cell, (b) Influence of an increasing
series resistance RS and (c) a decreasing parallel resistance RP on the J-V
characteristics of a solar cell.
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1.3 Objectives and Outline of thesis

1.3.1 Objectives
The objective in this thesis is to design titanium oxide based-photoelectrode for
organic-inorganic hybrid solar cells system and to demonstrate the feasibility of this
designed photoelectrode for the high efficient solar cells, particularly DSCs and
PSCs. For the purpose, the extrinsic and intrinsic properties of the prepared titanium
oxide were investigated systematically. Each subjects of the present thesis is as
follows.

1.3.2 Outline
This thesis focused on the design and characterization of titanium oxide
semiconductor that contained suitable intrinsic/extrinsic properties, such as surface
area, electronic band structure, and surface defect states, for photoelectrode and
application in solar cell field. This thesis divides in the following subtopics:

I. Decoration of single-crystalline anatase nanorods on anatase TiO2 host for dyesensitized solar cells
II. Low-temperature atomic layer deposited TiOx charge collecting layer for flexible
perovskite solar cells and its mechanical behavior
４３

III. Synthesis of the electron inject/transport improved niobium-doped TiO2
mesoporous layer for perovskite solar cells

A detailed outline of the study is as follows:
In organic-inorganic hybrid solar cells system, titanium oxide semiconductor, i.e.
anatase TiO2, is responsible for loading of light absorber materials, in this study
N719 dye, electron collecting from the conduction band/LUMO of light absorber
and electron transport to TCO electrode. Therefore, their surface area, surface defect,
and electrochemical properties, like electronic band structure and conductivity, are
the most important properties on the study of metal oxide development for high
efficient solar cells.
First, the effects of surface area increment in scattering layer were investigated.
Generally applicable anatase TiO2 decoration method for various anatase TiO2 host
was suggested by the TSSG process, and its feasibility as a surface area improved
scattering layer in photoelectrode of a DSC was demonstrated. The enhanced
photovoltaic properties were discussed on the view point of increased electron
generation and preserving of electron transport properties at the thick TiO2 scattering
Second, the surface-defect free low-temperature processed TiOx charge collecting
layer for high efficient flexible perovskite solar cells were investigated. For the
purpose, the low-temperature processed TiOx thin film was deposited on PET/ITO
flexible substrate using ALD, and its charge transfer properties at the interface of
TiOx/perovskite in solar cell devices were investigated using time-resolved
４４

photoluminescence (TRPL) and electrical impedance spectroscopy (EIS). In
addition, the mechanical behavior of this flexible device were examined under
various bending radius, systemically.
Finally, the effects of niobium (Nb) doping into titanium oxide (NTO) on electronic
band structure and photovoltaic properties of mesoscopic perovskite solar cell
systems were explored. When the Nb doping concentration is low (0.5 at% and 1.0
at%), the optical band gap was slightly increased and Fermi energy is similar to that
of undoped TiO2, on the other hands, in case of heavy Nb doping (5.0at%), the band
gap was decreased and Fermi energy was also decreased as much as ~0.3eV. The
lightly doped NTO offer the excellent charge transport/injection and preserved the
electron lifetime that lead to 10% higher power conversion efficiency than undopedTiO2-based PSCs, and 52% than the heavily doped NTO-based PSCs (from 8.8% to
13.4%).
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CHAPTER 2.

Experimental Details
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2.1. Preparation of Titanium oxide photoelectrodes

2.1.1 Anatase TiO2 and Nb-doped TiO2 nanoparticles
For anatase TiO2 nanoparticles (NPs), A stock solution of Ti4+ (0.5 M) was prepared
by mixing TTIP (97%, Sigma-Aldrich) and triethanolamine (TEOA, 98%, SigmaAldrich) with a molar ratio of 1 : 2, followed by the addition of distilled water. For
niobium doped TiO2 (NTO), 2.0 M niobium(V) ethoxide stock solution was mixed
with doping ratio, from 0.5 at% to 5.0 at%. The prepared stock solution (pH ∼9.5)
was then mixed with HClO4 solution to adjust the pH of the solution to 8.5. The
solution was placed in an autoclave, aged at 90 oC for 24 h (first aging), and further
aged at 140 oC for 24 h (second aging). An opaque sol was obtained after the second
aging process via transformation from the gel, and the resultant particles dispersed
in the sol was washed with and centrifuged from NaOH (6 times), HNO3 (2 times),
and distilled water (4 times) to remove residual organic compounds from the surface
of the nanoparticles. After washing, the synthesized TiO2 was dispersed in anhydrous
ethanol.

2.1.2 Decorating of anatase TiO2 nanorods
For anatase TiO2 nanorod decoration, the same stock solution in 2.1.1 was used.
The prepared stock solution (pH ~ 9.3) was then mixed with ethylenediamine (0.4
M, denoted as ED in this work) to adjust the pH of the solution to 11.5. The prepared
５４

anatase TiO2 host structures were then added to the mixed solution. This solution
was placed in an electric oven and aged at 90 oC for 24 h (first aging). After the end
of the first aging process, the gel was transferred to an autoclave and aged at 140 oC
for 24 h (second aging). After the completion of the aging process, the decorated
TiO2 nanostructures were formed. The 0-D TiO2 NPs were washed and centrifuged
with NaOH, HNO3, and distilled water to remove residual organic compounds from
the surface, as reported in our previous chapter 2.1.1. The 1-D and 2-D TiO2 were
ultrasonically cleaned for 5 min each in NaOH, HNO3, and distilled water and dried
under a N2 flow.

2.1.3 Anatase TiO2 host with various structures (0-D, 1-D, and 2-D)
0-Dimensional sphere type TiO2 host (0S) preparation: 0-Dimensional spherical
TiO2 (0S) was prepared based on the synthesis process reported by Sugimoto et al
[2.1]. A mixed solvent of butanol and acetonitrile at a volume ratio of 1 : 1 was
prepared, and titanium(IV) tetra-n-butoxide (TBO) (Sigma-Aldrich) was dissolved
in the mixed solvent to make a 0.05 M TBO solution (solution A, 40 mL). Another
mixed solution containing 0.03 M ammonia and 0.5 M distilled water was also
prepared (solution B, 40 mL). These two solutions were preheated to 30 oC on a
heating plate while stirring. The reaction was started by pouring solution B into
solution A at a 1 s interval while stirring, which was followed by aging for 2 h at 30
o

C. After 2 h, the remaining precipitate was washed two times each with ethanol,

acetone, and distilled water by centrifugation and then freeze-dried. The dried
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precipitate was calcined at 450 oC for 2 h in air.
1-Dimensional wire type TiO2 host (1W) preparation: 1-Dimensional anatase TiO2
wire arrays (1W) were synthesized on 0.127 mm thick titanium foil (Sigma-Aldrich)
by a three-step synthesis method originally reported by Aydil et al [2.2]. First, a piece
of titanium foil (1.5ⅹ2 cm2) was ultrasonically cleaned in a mixed solution of
distilled water, acetone and 2-propanol (volume ratio 1 : 1 : 1) for 10 min and was
placed against the wall of a 130 ml Teflon-lined stainless steel autoclave filled with
100 ml of a 1M NaOH aqueous solution. The autoclave was then put in an electric
oven at 220 oC for 4 h. After the first alkali hydrothermal growth process, the
titanium foil covered with the Na2Ti2O5∙H2O nanowire array was immersed in 0.6 M
HCl solution for 1 h to exchange Na+ with H+. The titanium foil was rinsed with pure
ethanol and dried under ambient conditions. In the third step, the dried titanium foil
covered with nanowires was calcined in a furnace at 450 oC for 1 h.
2-Dimensional thin film type TiO2 host (2F) preparation: A piece of flexible titanium
foil (0.127 mm, Sigma-Aldrich) used as a substrate (1.5ⅹ1.5 cm2) was ultrasonically
cleaned for 10 min each in acetone, ethanol and distilled water. The TiO2 thin film
was formed by plasma-enhanced atomic layer deposition (PEALD). TTIP (Up
Chem.) was used as a precursor. The working pressure was 2.0 Torr and the plasma
power was 150 W. The anatase TiO2 film was grown on Ti foil at 200 oC by
sequentially dosing TTIP precursors for 2 s, purging the extra precursors for 3 s, and
applying O2 plasma for 3 s. 450 cycles in total were performed to achieve a 2-D
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anatase thin film TiO2 (2F) that was 20 nm thick.

2.1.4 Low-temperature atomic layer deposited amorphous TiOx layer
Low-temperature atomic layer deposited amorphous TiOx (Lt-ALD-TiOx) was
deposited by same PEALD system in 3.1.3. Each deposition cycle of Lt-ALD-TiOx
layer comprised 10 s of pre-purging, 3 s of TTIP source injection, and finally 1 s of
O2 flow. After O2 exposure plasma was enhanced at 300 W power, 10 s of Ar flow
was followed by the post-purging step. The temperature of chamber was 80 ~ 120
o

C and the growth rate of the Lt-ALD-TiOx film was 0.5 °A per cycle.

2.1.5. Low-temperature solution processed amorphous TiOx layer
Ethanol and Butanol based amorphous TiOx layer (denoted Et-TiOx and Bt-TiOx)
were prepared via the solution process as reported elsewhere [1.3, 1.4]. Each TiOx
layer underwent spin coating at 2000 rpm and 3000 rpm for 30 s, respectively, then
was baked at 80 oC for 15 min and cooled down to room temperature.
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2.2 Fabrication of solar cells

2.2.1 Dye-sensitized solar cells (DSCs)
The compact-TiO2 layer (c-TiO2) to block the back-electron transfer was formed on
fluorine-doped tin oxide (FTO) glass substrates (TEC8, 8 Ω sq-1, Pilkington) by spincoating an Et-TiO2 solution as mentioned above. For the preparation of a porous TiO2
active layer and a scattering layer, the commercial TiO2 NP paste (DSL 18NR-T,
Dyesol) and the prepared scattering particles were screen-printed (area: 0.2ⅹ0.8 cm2)
on the c-TiO2-coated FTO. As a reference scattering layer, a commercial scattering
layer paste (CCIC, Japan) was used. Each screen-printed TiO2 layer was aged at
room temperature for 6 min and then dried at 50 oC for 5 min, and followed by
annealing at 450 oC for 1 h in air. The TiO2 photoelectrodes were immersed in a 0.5
mM N719 dye solution [ruthenium (2,20-bipyridyl-4,40-dicarboxilate) 2(NCS)2,
Solaronix, Switzerland, dissolved in acetonitrile and tert-butanol (volume ratio 1 :
1)] for 12 h at room temperature. Afterward, these photoelectrodes were rinsed with
ethanol in order to remove the physisorbed N719 dye molecules. The N719-loaded
electrode was then assembled with the prepared Pt counter electrode using a sealing
plastic (60 mm, SX1170-60, Solaronix) to form a sandwich-type DSSC. A drop of
electrolyte solution (Iodolyte, Merck) was infiltrated between the two electrodes of
the cell.
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2.2.2 Perovskite solar cells (PSCs)
Preparation of CH3NH3I (MAI): MAI was first synthesized by reacting 27.86 ml
CH3NH2 (40% in methanol, Junsei Chemical) and 30 ml HI (57 wt% in water,
Aldrich) in a 250 ml round-bottom flask at 0 oC for 4 h with stirring. The precipitate
was recovered by evaporation at 55 oC for 1 h. MAI was dissolved in ethanol,
recrystallized from diethyl ether, and washed 3 times with diethyl ether. Then, the
white precipitate dried at 60 oC in a vacuum oven for 24 h.
Planar Heterojunction perovskite solar cells: The solar cells were fabricated on
PEN/ITO substrates (Peccell, PECP-IP, 13 Ω sq-1), which were washed for 15 min
each with acetone, deionized water, and ethyl alcohol in an ultrasonic bath. First,
each TiOx compact electron collection layer (Et-, Bt- and Lt-ALD-TiOx) was coated
onto PEN/ITO as mentioned above. After deposition, the CH3NH3PbI(3-x)Clx solution
(MAI : PbCl2 = 3 : 1 molar ratio, 42 wt% in N,N-dimethylformamide (DMF)) was
spin-coated at 2000 rpm for 45 s, and then dried on a 95 oC hot plate for 2 h.
Subsequently, 25 μl of a hole transport layer (80 mg of 2,20,7,70-tetrakis(N,N-dipmethoxyphenyl-amine)-9,90-spirobifluorene (spiro-MeOTAD), 8.4 μl of 4-tertbutylpyridine, and 51.6 μl of bis (trifluoromethane) sulfonamide lithium salt (LiTFSI) solution (154 mg/ml in acetonitrile), the whole mixture was dissolved in 1 ml
chlorobenzene) was formed after spin coating at 2500 rpm for 45 s. All processes
were carried out under controlled atmospheric conditions and a humidity of < 0.5
ppm. Finally, a 100 nm thick Ag electrode was deposited by thermal evaporation at
~10-6 bar with a shadow mask.
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Mesoscopic Perovskite solar cells: The solar cells were fabricated on FTO
substrates (TEC15, 15 Ω sq-1, Pilkington), which were washed for 15 min each with
acetone, deionized water, and ethyl alcohol in an ultrasonic bath. A c-TiO2 layer was
deposited onto a washed FTO substrate by spin-coating, using a Bt-TiO2 solution, as
mentioned above, at 450 oC to prevent direct contact between the FTO and the holeconducting layer. A 230 ~ 260 nm-thick mesoporous TiO2 and NTO (particle size:
about 30 nm, crystalline phase: anatase) film was spin-coated onto the FTO/c-TiO2
substrate using home-made pastes and calcining at 500 oC for 1 h in air to remove
organic components. The CH3NH3PbI3 perovskite layer were prepared via modified
solvent-engineering as reported elsewhere [2.5]. Detailed process is follow as. The
prepared MAI powders, PbI2 (Aldrich, 99 %) for 43 wt% CH3NH3PbI 3 solution was
stirred in a mixture of gamma-Butyrolactone (GBL) and Dimethyl sulfoxide (DMSO)
(7:3 v/v) at 60 oC for 12 h. The resulting solution was coated onto the FTO/cTiO2/mp-TiO2 substrate by a consecutive two-step spin-coating process at 1,000 and
5,000 rpm for 10 and 30 s, respectively. During the second spin-coating step, the
substrate (around 2ⅹ2 cm2) was treated with toluene drop-casting. A detailed timerotation profile for the spin-coating is represented in Figure 2.3.1. The substrate was
dried on a hot plate at 120 oC for 10 min. Subsequently, 40 μl of a hole transport
layer (56 mg of spiro-MeOTAD, 8.4 μl of 4-tert-butylpyridine, and 36.2 μl of bis
(trifluoromethane) sulfonamide lithium salt (Li-TFSI) solution (77 mg in 0.5 ml
acetonitrile), the whole mixture was dissolved in 1 ml chlorobenzene) was formed
after spin coating at 2000 rpm for 20 s. All processes were carried out under
controlled atmospheric conditions and a humidity of < 0.5 ppm. Finally, a 60 nm
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thick Au electrode was deposited by thermal evaporation at ~10-6 bar with a shadow
mask.
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Figure 2.3.1 Detailed speed-time profile of perovskite solvent engineering for spin
coating process with the toluene drop-casting.
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2.3 Characterization and analysis

2.3.1 Characterization
The crystal structures of anatase TiO2 and NTO NPs, and anatase nanorod decorated
TiO2 structures were characterized using an X-ray diffractometer (New D8-Advance,
Bruker Miller Co.). The crystallinity of 100 nm thick Lt-ALD-TiOx layers deposited
on a glass substrate was investigated by using a Grazing incidence mode of same Xray diffractometer with 1o incidence angle. The morphologies and microstructures of
the prepared TiO2 NPs and nanostructures were investigated using a field-emission
scanning electron microscopy (FESEM, JSM- 6330F and 7600F, JEOL). Also, the
cross-sectional structure and thickness of the solar cells were characterized using
FESEM. To analyze the morphology and crystal structure of the anatase TiO2 and
NTO NPs, and anatase nanorod decorated TiO2, high-resolution transmission
electron microscopy (HRTEM, JEM-3000F and JEM-2100F, JEOL) was used.
Cross-sectional TEM images of the decorated TiO2 were obtained with the aid of a
focused ion beam system (FIB system, SMI3050SE, SII Nanotechnology). Also,
cross-sectional TEM of the Lt-ALD-TiOx were obtained with the aid of a focused
ion beam system (FIB system, Helios 650, FEI). For element analysis, scanning
transmission

electron

microscopy

(STEM)

and

Energy-dispersive

X-ray

spectroscopy (EDS) images of NTO and Lt-ALD-TiOx were obtained. The specific
surface areas of the TiO2 nanoparticles and sorption isotherms of the TiO2 films were
measured using a Brunauer–Emmett–Teller (BET) analyzer (Model BELSORP-mini
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II, BEL). The absorbance and reflectance of various TiO2 powder that dispersed in
distilled water and TiO2, TiO2/perovskite films and the amount of dye adsorbed on
the bare and decorated sphere anatase TiO2 monolayer films were measured by
means of ultraviolet-visible light (UV-vis) spectroscopy (Cary 5000, Agilent). The
chemical states of Ti and O and valence band position in TiO2, NTO NPs and TiOx
film were analyzed using normal and valence band mode X-ray photoelectron
spectroscopy (XPS, Sigma Probe, ThermoVG, UK). All XPS peaks were calibrated

with respect to the C 1s level at 284.5 eV. The infrared spectra (IR) of the TiOx
layers were recorded on an FT-IR spectrometer (Nicolet 6700, Thermo Scientific) in
the range of 600–4000 cm-1 with a Ge window.

2.3.2 Photovoltaic properties
The current–voltage characteristics of the solar cells were measured under solarsimulated light (Newport Oriel Solar 3A Class AAA, 64023A) with the aid of a
potentiostat (CHI 600D, CH Instruments). The AM 1.5 G sun light (100 mA/cm2)
was calibrated using a standard Si-solar cell (Oriel, VLSI standards). Impedance
spectroscopy was carried out at an open-circuit state by applying an AC amplitude
signal of 5 mV and frequency from 10-2 Hz to 2 MHz, using the same potentiostat
under 1 sun light illumination.
In case of Liquid DSCs: The incident-photon-to-current efficiency (IPCE) spectra
were recorded from 400 to 800 nm with the Mc-science spectral system (Polaronix
K3100). An electrochemical workstation (Zennium, Zahner) with an attached
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frequency response analyzer and a light emitting diode (667 nm) was utilized for the
intensity-modulated photocurrent photovoltage spectroscopy (IMPS/IMVS)
In case of flexible PSCs: The photovoltaic properties under adjusted solar light
intensity from 0.4 to 1 sun using a standard Si solar cell by tuning the light sensor
current (Newport Oriel digital exposure controller, Model 68945) was also
investigate. Time-resolved photoluminescence (TRPL) was measured at 770 nm
using a time-correlated single photon counting method (FluoTime 200, PicoQuant
BmbH) employing a 670 nm diode laser (LDH-P-C-670, PicoQuant BmbH) with a
715 nm long-pass filter to block any scattered light. Excitation intensity was
controlled using a series of neutral density filters in order to avoid nonlinear effects
such as exciton-charge annihilation. In situ resistance measurements of the designed
multilayered

films,

PEN/ITO,

PEN/ITO/TiOx/Perovskite/Spiro/Ag,

and

PEN/TiOx/Perovskite/Spiro/Ag (the detail schematic images are shown below), with
R10 compressive bending were conducted using a micro-compressive machine
(MMT-500N, Shimadzu) equipped with an electrically contactable jig. All tests were
conducted at 0.2 Hz bending frequency at room temperature. As the films were bent
by compressive stress, the electrical resistance was measured with an Agilent
34410A multimeter.
In case of Mesoscopic PCSs: External quantum efficiency (EQE) was measured
using an EQE system (PV Measurements Inc.). The source light for generating the
monochromatic beam was a 75 W xenon lamp (USHIO, Japan). EQE data
acquisition was carried out at DC mode. Transient photocurrent or photovoltage
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measurement was performed with a small light perturbation, where probe light was
incident over the steady-state charge induced by a bias light. The intensity of the
probe light was varied by a neutral density filter corresponding to that of bias light
that generates steady-state charge. The light intensity of the probe laser was much
less than that of the bias light. Probe light of 0.38, 0.3, 0.147, and 0.045 nW was
incident over the bias light of 14.99, 9.99, 2.59, 0.207 mW, respectively. Therefore,
the collected charge induced by the probe laser was maintained below 0.1% of the
steady-state charge. Although the absorption of the wavelength of the probe laser,
535 nm, is much more favored than that of the 680 nm of the bias light, the 0.1%
value is still reliable for avoiding other effects. The incident charge by probe light
rapidly decreased, showing first-order exponential decay. The time constant t was
obtained by fitting to the measured data using the relation y
[2.6].
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Aexp

x/t
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CHAPTER 3.

Anatase TiO2 nanorods Decoration on the Anatase
TiO2 Sphere for Highly Efficient Dye-sensitized Solar
Cells
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3.1 Introduction
Over the past several decades, the synthesis and application of nanostructured
inorganic materials have increasingly become an important aspect of energy
conversion research [3.1-3.6]. Recently, surface modifications of nanostructured
inorganic materials by means of nano-decoration, i.e., the formation of nano-scale
branches [3.3, 3.4], nanopores [3.6], and nanoshells [3.7, 3.8], has become one of the
most widely used approaches to obtain a highly efficient energy conversion system.
Nano-decoration can dramatically improve the performance of a device because it
can provide novel functionalities, such as extremely high roughness/surface area
[3.3-3.5, 3.7], electronic band structure tuning [3.8], alleviation of huge volume
changes [3.6], and surface passivation [3.7, 3.9].
Nanostructured TiO2 is one of the most interesting inorganic materials for energy
application due to its superior physical and chemical properties. In most cases, a
large surface area of the TiO2 nanostructure is closely related to the high energy
conversion efficiency of the device. Therefore, the nano-decoration of TiO2
nanostructures has been intensively studied for various energy conversion systems,
such as dye-sensitized solar cells (DSCs) [3.10, 3.11], quantum dot-sensitized solar
cells

(QDSCs)

[3.8],

photoelectrochemical

water-splitting

devices

[3.4],

photocatalysis [3.12], and lithium ion batteries [3.3]. In order to improve the surface
area of one-dimensional (1-D) TiO2 nanostructures, which provide enhanced charge
transport and light absorption properties but also are associated with a low surface
area compared to TiO2 nanoparticles (NPs), 1-D TiO2 nanostructures are typically
decorated with TiO2 nanobranches [3.4, 3.10-3.12]. For instance, a branched TiO2 1７０

D photoelectrode for an photoelectrochemical water splitting system showed higher
quantum efficiency five times larger than a non-branched TiO2 1-D photoelectrode
[3.4], and a DSC with a nanorod branched hierarchical TiO2 nanowire electrode
showed 45 % enhanced photocurrent conversion efficiency compared to that of a
DSC with a bare TiO2 nanowire [3.11].
Thus far, nano-decorations on TiO2 nanostructures have been formed via chemical
bath deposition methods using titanium chloride (TiCl3 or TiCl4) [3.5, 3.10], or
conventional solvothermal methods using titanium isopropoxide [3.13] or titanium
butoxide [3.16]. By using these methods, the host TiO2 nanostructure can be
decorated with uniform TiO2 nanorods [3.4, 3.10] or nanosheets [3.14]. However,
such methods are limited in the rutile phase due to the low pH environment during
the synthesis process. For many nanostructured TiO2 applications, however, anatase
is the most suitable phase among TiO2 polymorphs, i.e., anatase (space group
I41/amd), rutile (P42/mnm), and brookite (Pcab), because of its large surface area
[3.15], more active hydroxylated surface [3.16], electrochemically appropriate
conduction band edge position [3.17], superb electron transport property [3.15], and
low charge carrier recombination rate [3.16]. Therefore, it is highly desirable to
conceive a facile method for anatase TiO2 branching. To the best of our knowledge,
there have been few reports on anatase nanorod branching on the TiO2 host structure,
and in those that do exist, only nanodots14 or non-uniformly covered short nanorods
[3.11].
Herein, we present anatase TiO2 nanorod-decorated hierarchical nanostructures that
are synthesized via a modified sol-gel method, which is generally applicable for
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various anatase host structures. We successfully synthesized various hierarchical
nanostructures (3-D) decorated with 200 nm-long well-crystallized anatase nanorod
branches onto anatase sphere (0S) [3.18], anatase wire (1W) [3.19], and anatase thin
film (2F) host structures. This anatase nanorod branching enlarged the specific
surface area of the nanostructures by 8 times. Moreover, we demonstrate the
feasibility of this nanorod-branched hierarchical nanostructure for energy conversion
devices through the adoption of a hierarchical nanostructure, nanorod-branched
anatase spheres (BS), and surface-area-enhanced multifunctional light-scattering
particles.
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3.2 Growth mechanism and optical/surface properties
The TiO2 nanorod branches were successfully grown on various anatase TiO2
nanostructures via a modified sol-gel method known as the gel-sol method or a twostep sol-gel method (henceforth, the TSSG method), which has been described in
previous reports by Sugimoto et al. [3.22, 3.23] as well as also in our previous work
[3.20]. TiO2 nanoparticles with a uniform size distribution and various shapes can be
obtained by the TSSG method, because a particulate sol that is the final product of
the TSSG process is transformed from a highly condensed metal hydroxide gel
which protects the growing particles from coagulation [3.20]. Moreover, a wellcrystallized anatase nanorod with a high aspect ratio (about 10 ~ 20) can be
synthesized under high pH (> 10) with the aid of an amino acid.
In this study, taking a step forward, we applied the TSSG method to grow uniform
anatase nanorods on the surface of various anatase TiO2 host structures. The 0-D, 1D, and 2-D type anatase TiO2 hosts are synthesized. As seen in Figure 3.2.1, all of
host TiO2 have anatase crystal structure without other phase, such as rutile or
brookite phase. These prepared anatase TiO2 hosts were placed into a hydrothermal
reactor with a solution containing Ti4+ and ethylenediamine (ED). The solution was
then aged at 90 oC for 24 h. After the formation of the Ti(OH)4 gel during this first
aging step, the gel was aged again at 140 oC for 24 h as a second aging step to
nucleate and grow nanorods in the gel network [3.22]. Field-emission scanning
electron microscopic (FESEM) images and the illustrations shown in Figure 3.2.2
represent the host nanostructures and the final hierarchical nanostructures. Through
the TSSG process, uniform TiO2 nanorods were decorated on the surface of TiO2
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hosts, which transformed sphere type (0S), nanowire type (1W) and thin film type
(2F) nanostructures to 3-D hierarchical nanostructures in the form of a branched
sphere (BS), branched nanowire (BW), and branched thin film (BF), respectively.
The nanorod branches and nanorod/host interfaces were observed using highresolution transmission electron microscopy (HRTEM). Figure 3.2.3 shows chestnut bur-like BSs, uniformly covered by 200 nm-long nanorods. Figure 3.2.4a shows
that these branched nanorods were uniformly and densely grown on the surface of
the host TiO2. Figure. 3.2.3b shows a HRTEM image of a branched nanorod,
showing a single-crystalline nanorod which has 20 nm-thick width and highly rough
surface. As shown in Figure. 3.2.3b, the lattice spacings of 0.35 nm, 0.19 nm and
0.24 nm correspond to the (101), (200) and (004) planes of the anatase TiO2 crystal;
therefore, the longitudinal direction is the [001] direction of the tetragonal structure.
This anisotropic growth of a branched nanorod is due to the specific adsorption of
amino acid groups from ED onto the anatase crystal planes parallel to the c-axis
[3.20]. In addition, branched nanorods were composed of {101} and {100} exposed
facets. According to the results reported by Cheng et al., the reactivity order of
exposed facets of anatase TiO2 was {001} < {101} < {100} because of differences
in atomic coordination and electronic band structures [3.24, 3.25]. Figure 3.2.3c and
Figure 3.2.3d show cross-sectional images of the BS interface that obtained by FIB
treatment. The continuous lattice crossing the nanorod/host interface clearly reveals
the epitaxial growth of the nanorod from the surface of the host material. Fast
Fourier-transform (FFT) images in Figure 3.2.4c and Figure 3.2.4d of the host and
the nanorod parts in Figure 3.2.3d yielded a set of sharp spots with the same angles,
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indexed to the (10-1), (101), and (004) planes of the anatase phase, indicating the
epitaxial growth of the nanorod to the [001] direction of the host material.
Considering that the core host 0S is composed of polycrystalline nanograins, as
shown in Figure 3.2.1, it can be deduced that the (004) planes exposed to the surface
can act as seeds for the epitaxial growth of the nanorods while the other parts are
blocked by the ED.
Figure 3.2.5 is an illustration showing the nanorod decorating process. Prepared
TiO2 hosts were put into a stock solution (pH 11.5) containing Ti4+ (0.5 M) and ED,
as shown in Fig. 3.2.5a. During the first step of the reaction (Fig. 3.2.5b), a highly
condensed Ti(OH)4 gel is formed [3.22], and this Ti(OH)4 gel network covers the
surface of the host TiO2. During the subsequent second aging process (Fig. 3.2.5c),
TiO2 nucleation occurs in the gel network. The nucleus gradually grows to TiO2, and
the amino acid groups of ED are selectively adsorbed onto the planes parallel to the
c-axis of the TiO2, thereby leading to anisotropic crystal growth along the [001]
direction of the anatase TiO2 [3.22]. Therefore, at the interface of the host TiO2 and
the gel, the exposed (004) crystal planes of the host TiO2 can serve as a nucleus for
the nanorod growth, aiding in the selective adsorption of the amino acid groups to
other planes, which results in the epitaxial growth of TiO2 nanorods on the host TiO2.
As clearly shown in Fig. 3.2.5d, when the TiO2 nucleates itself in the gel network,
i.e., nucleates not at the host surface, it grows into a free-standing nanorod with
similar morphology to the nanorods grown on the host surface. This decorating
method can be applied to diverse materials because this process enables anatase
nanorod decoration on a prepared host structure, differentiated from simultaneous
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growth of nanobranches and host structure.
A typical DSC is composed of a photoelectrode which consists of a nanoporous
TiO2 active layer (AL), dye molecules, transparent conducting oxide (TCO), an
iodide electrolyte, and a Pt counter electrode [3.26]. Additionally, the light scattering
TiO2 layer (SL) is usually deposited on the AL for highly efficient DSCs, in order to
increase the photon penetrating path to fully absorb the long wavelength light (about
600 to 800 nm) [3.27, 3.28]. For efficient light scattering in that wavelength range,
a few hundred nanometers-sized spherical TiO2 particles have been used to confine
the incident photon via the Mie scattering [3.29, 3.30]. Recently, there have been
some reports on the bifuntional hierarchical structures as a scattering layer, which
improved surface area even while preserving the light scattering property. These
hierarchical structures are submicron-sized secondary particle-like structures
comprised of nanometer-sized particles or pores, such as mesoporous TiO2 spheres
[3.30, 3.31], nano-embossed hollow spherical TiO2 [3.32], hierarchical TiO2
microsphere [3.33], and inverse opal TiO2 structures [3.34] that have been shown
good dye adsorption and light scattering property.
To attest to the effects of the anatase nanorod branch on the properties of an energy
conversion device, we demonstrate the feasibility of this nanorod-branched
hierarchical nanostructure for energy conversion devices. Among the various
branched hierarchical structures, the BS TiO2 particles are expected to be a good
multifunctional particle for the scattering layer of DSC due to its submicron-size
diameter, potentially high surface area, and single-crystallinity. Figure 3.6 confirms
that the BS is in a well-crystallized anatase TiO2 phase with a large surface area and
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sufficient light-scattering properties. The XRD results, as shown in Figure 3.2.6a,
verify that all the synthesized products are well- crystallized anatase TiO2 (space
group I41/amd) without any other secondary phases. Figure 3.2.6b shows the poresize distribution of the 0S and BS. As expected, nano-decoration increases the pore
volume significantly. The Brunauer-Emmett-Teller (BET) surface area of the BS
(29.36 m2/g) is nearly 8 times larger than that of the 0S (3.82 m2/g). The diffuse
reflectance (Figure 3.2.6c) of the BS is about 70 % in the wavelength range of 550
~ 800 nm, which is very similar to that of the 0S. Moreover, the BS film exhibits
higher reflectance than that of the 0S film under 550 nm wavelength regions. In
Figure 3.2.7 shows that the free-standing nanorods exhibit higher reflectance in the
smaller wavelength. Therefore, this increment of reflectance is mainly caused by
nanorods branching on the 0S particles.
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Figure 3.2.1 XRD patterns of three types TiO2 hosts; 0-D sphere TiO2 (0S), 1-D wire
TiO2 (1W), and 2-D thin film TiO2 (2F) hosts.
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Figure. 3.2.2 Schematic illustrations and corresponding FESEM images of the
nanostructures before (a, b, and c) and after (d, e, and f) nanorod-decorating; (a)
sphere type TiO2 (0S), (b) nanowire type TiO2 (1W), (c) thin film type TiO2 (2F), (d)
hierarchical branched-sphere TiO2 (BS), (e) hierarchical branched-nanowire TiO2
(BW), and (f) hierarchical branched-thin film TiO2 (BF).
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Figure 3.2.3 (a) TEM image of the BS nanoparticles, (b) HRTEM image of the
decorated nanorods, (c) TEM image of interfacial region of nanorod and host, (d)
HRTEM lattice image of the yellow square area shown in (c). FFT images of the
decorated nanorods part and the host part of (d) are shown in Figure 3.2.3. Focused
ion beam milling was used to take the cross-sectional TEM images shown in (c-d).

８０

Figure 3.2.4 (a) Typical TEM images of 0S-TiO2, (b) TEM images of surface region
of 0S-TiO2 corresponding with red-dot square in Fig. S3 (a), (c) HRTEM images of
nanograins of 0S-TiO2 corresponding with red-dot square in Fig. S3 (b), and (d) the
SAED patterns of one 0S-TiO2 particle.
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Figure 3.2.5 Schematic illustration of the anatase TiO2 nanorods decorating process.
(a) Anatase TiO2 polycrystalline host (0D). (b) Gel network formed in the hostscontaining solution by the formation of H-bonded network after 1st aging step. (c)
Nucleation and growth after 2nd aging step. Small green rods indicate amino acid
group in ED, and larger brown rods on the host surface indicate TiO2 nanorods (NRs).
Inset illustration describes the epitaxial nucleation by lattice match on (004) plane of
TiO2 hosts and anisotropic crystal growth by specific adsorption of amino acid from
ED. (d) Illustrations and SEM images of the final products. Hierarchical structured
particles and free standing nanorods were achieved simultaneously in this process.
Scale bars: 300 nm.
８２

Figure 3.2.6 (a) XRD patterns of 0S, BS, and the free standing TiO2 nanorods. Blue
bars: JCPDS # 21-1272. (b) Pore size distribution of 0S and BS. (c) Diffused
reflectance spectrum of 0S and BS.
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Figure 3.2.7 Diffused reflectance spectrum of the free-standing TiO2 nanorod.
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3.3 Photovoltaic properties
The feasibility of the nanorod-branched hierarchical nanostructure for a DSC was
investigated by employing the BS as a surface-area-enhanced light-scattering
particle (i.e. bifunctional particle). Figure 3.3.1 shows the PCE of the BS particlebased DSC as a function of the SL thickness. For the comparison, PCEs of DSCs
employ a commercial TiO2 scattering particle (CCIC, Japan) and the 0S particle to
plot. Every cell type exhibits a maximum PCE at a certain SL thickness (tmax). The
saturation trend in efficiency above tmax is due to competition between increasing
electron generation and decreasing electron collection efficiency [3.32, 3.33] It is
notable that the BS-based DSC outperformed the other cell types; by increasing BS
thickness, efficiency increases from 6.85 % to 9.09% (tmax = 13.5 μm), while
additional AL increases it to 7.16% (4.3 μm), 0S increases it further to 7.67% (17.1
μm), and CCIC increases it to 8.26% (9.7 μm). Figure 3.3.2 shows the photocurrent
density-voltage (J-V) of each DSC that employs each tmax of SL. The photovoltaic
parameters are summarized in Table 3.3.1. As shown in Figure 3.3.2 and Table 3.3.1,
the open-circuit photovoltage (Voc), and fill factor (FF) of the DSCs do not display a
significant difference. On the other hand, the short circuit current density (Jsc) is
significantly by Jsc. The BS-based DSCs exhibits the highest Jsc (17.2 mA/cm2),
which is higher than that of the 0S-based DSC by 19 %. Moreover, this Jsc value is
higher than that of the additional AL and CCIC-based DSC by 30 % and 10 %,
respectively. These superior Jsc and PCE of the BS-based DSC are attributed to the
increased specific surface area of the BS while preserving the high reflectance.
Incident photon-to-current conversion efficiency (IPCE) spectra (Figure 3.3.3a)
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show that BS-based DSC exhibits better IPCE than that of the other DSCs over the
entire wavelength region, which is consistent with the Jsc results. In general, Jsc can
be approximated by the expression
q

(1)

where q is the elementary charge, ηlh is the light-harvesting efficiency, ηinj is the
charge-injection efficiency, ηcc is the charge collection efficiency, and I0 is the
incident photon flux (light intensity) [3.35]. Among these parameters, ηlh is directly
related with the amount of adsorbed dye and the light-scattering properties of the
photoelectrode [3.36]. Inasmuch as all of DSCs have the same thickness of the active
layer in this work, the ηlh is primarily influenced by the property of the scattering
layer. In Figure 3.3.4 shows that the amount of adsorbed dye molecules per surface
volume on the BS is 4.86 times higher than that on the 0S, and this result in the
higher IPCE spectra in the short wavelength region from 400 nm to 550 nm
compared to 0S. In addition, the normalized IPCE spectra over the 530 nm region
(Figure 3.3.3b) show that the scattering property of the BS is vastly superior to that
of the other SL. This is ascribed to the synergy effect of excellent light-scattering
and dye-adsorption, because 0S and BS films had similar reflectivity in this long
wavelength region. Furthermore, the BS-based DSC exhibits a higher IPCE than that
of the commercial CCIC-based DSC, which can also be understood for the same
reasons. This outstanding property of BS were also checked via testing the BS in
DSCs as a single active layer. The photovoltaic properties are shown in Figure 3.3.6
and Table 3.3.2. A much higher Jsc in the BS single-layer-based DSC resulted
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compared to the 0S and CCIC single-layer-based DSC.
ηcc is generally affected by the competition between recombination and charge
transport [3.37]. We carried out the intensity modulated photocurrent and
photovoltage spectroscopy (IMPS/IMVS) of DSCs employing each type scattering
layer with tmax under short circuit and open circuit condition, respectively, to confirm
the effect of the anatase nanorods branch on the dynamics of charge transport and
recombination. Figure 3.3.7 present the results in the form of transport time constants
and recombination time constants as the function of a photoelectron density and
open-circuit voltage (Voc), respectively. All samples show a typical power-law
dependence of the transport time and recombination time constants on the
photoelectron density and Voc value, which are in compliance with the well-known
trapping-detrapping model generally used to explain electron transport/
recombination in DSCs [3.38]. Figure 3.3.7a shows that the DSC with BS has
transport time constants comparable to those of the 0S-based DSC as well as smaller
transport time constants than the CCIC-based DSC, despite the fact that the surface
area of BS is much larger than that of the 0S (by 8 times) and the BS layer (at tmax)
is much thicker than the CCIC layer (by 1.4 times). Commonly, the transport-limiting
traps are located mainly on the surfaces of the TiO2 nanoparticles. Therefore, the
electron transport gets slower when the surface area of the TiO2 film increases [3.39].
The overall surface area changes with the film thickness and the specific surface area
when the film area (i.e. active area, 0.16 cm2) is fixed. Considering the thicker film
thickness and larger specific surface area of BS-based photoelectrodes as compared
to CCIC-based photoelectrodes (the BET surface area of the BS is 29.36 m2/g and
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that of the CCIC is 14.67 m2/g), the BS has superior electron transport properties
compared to the CCIC. The branched nanorods, which are composed of single
crystals which are 200 nm long, have fewer surface trap sites on their overall surface
area due to their high crystallinity, which is in good agreement with results reported
by Yanagida et al [3.40]. They also have fewer grain boundaries compared to
nanoparticles. Thus, the charge transport properties of the BS layer were comparable
to those of the 0S layer, even with the much larger surface area of the BS layer. The
BS layer offered 5 times larger surface area than that of the 0S layer, as shown in
Figure 3.3.4 [3.39]. Recombination time constants of the DSCs are plotted in Figure
3.3.7b. Although the BS layer increases film thickness and surface area, the charge
recombination in the BS-based DSC slows significantly compared to other DSCs,
which is ascribed to the 200 nm-length single-crystal anatase nanorods on the BS
particles. Figure 3.3.8 are the plots of the electron transport time constants and
recombination time constants versus scattering layer thickness at a photocurrent
density (Jsc = 0.5 mA/cm2) shows that the transport and recombination properties of
BS are well maintained with increasing layer thickness. The charge-collection
process is determined by the competition between the charge-transport and chargerecombination factors. Thus, the BS-based DSC has superior charge-collection
properties due to its outstanding charge-transport characteristics and repressed
recombination properties, despite the fact that the BS layer has a larger surface area
than the 0S or the CCIC layer. Branched anatase nanorods on the 0S-TiO2 host
provide three advantages on the aspects of Jsc of DSC: First, improved dye loading
ability originated from increasing surface area. Second, preservation of scattering
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property of host TiO2 occurred. Third, maintaining excellent charge collection
property even in tremendously thick SL layer.
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Table 3.3.1 Photovoltaic parameters of the DSCs employing each type of scattering
layer with corresponding tmax that corresponding with Figure 3.3.2.

Thickness
Sample

Jsc

PCE

Voc
FF

(μm)

(mA/cm2)

(mV)

Additional AL

7.3/4.3

13.2

732

0.74

7.16

0S

7.3/17.1

14.5

732

0.72

7.67

BS

7.3/13.5

17.2

722

0.73

9.09

CCIC

7.3/9.7

15.6

731

0.72

8.26
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(%)

Table 3.3.2 Photovoltaic parameters of the DSCs employing each type of active layer
with corresponding certain thickness that corresponding with Figure 3.3.6.

Thickness
Sample

Jsc

Voc

PCE
FF

(μm)

(mA/cm2)

(mV)

AL Bare

7.3

10.4

715

0.72

5.39

AL Max

11.6

13.2

733

0.74

7.16

0S

17.4

4.61

721

0.69

2.28

BS

13.4

9.39

718

0.75

5.09

CCIC

9.7

6.64

762

0.75

3.80

９１

(%)

Figure 3.3.1 Photoconversion efficiency of the DSCs employing different SLs as a
function of SL thickness. Each electrode was fabricated with a default ~ 7.3 μm-thick
active layer, because scattering layers were ineffective above that thickness of active
layer. The PCE of the DSC with default active layer only is 5.39 %, which is denoted
as the dotted black line at 0 μm of SL thickness. Inset presents the structure of the
multilayered DSC electrode; scattering layer/active layer/compact-TiO2 blocking
layer (c-TiO2)/FTO.
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Figure 3.3.2 J-V curves of the DSCs employ each scattering layer with
corresponding tmax (additional active layer - 4.3 μm, 0S - 17.1 μm, BS - 13.5 μm,
CCIC - 9.7 μm).
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Figure 3.3.3 (a) IPCE spectra of the DSCs employ each type of SL with
corresponding tmax. (b) Normalized IPCE spectra from 530 nm to 800 nm of the same
DSCs.
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Figure 3.3.4 UV-vis absorption spectra of desorbed dye solutions from 0S and BS
monolayer films. The inset table shows the thickness of monolayer films and
adsorbed dye amount per surface volume.
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Figure 3.3.5 Cross-sectional SEM images of photoelectrodes employing various
scattering layers (SL) with tmax; (a) additional AL, (b) 0S, (c) BS, and (d) CCIC.
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Figure 3.3.6 J-V curves of the DSCs employ each active layer (AL) with
corresponding certain thickness (AL bare – 7.3 μm, AL Max – 11.6 μm, 0S - 17.4
μm, BS - 13.4 μm, and CCIC - 9.7 μm).
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Figure 3.3.7 (a) and (b) Electron transport (IMPS) time constant and electron
recombination (IMVS) time constant as a function of the photoelectron density and
open-circuit voltage for the DSSCs employed each type scattering layer with
corresponding tmax, respectively.
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Figure 3.3.8 (a) Transport time constants and (b) Recombination time constants
versus scattering layer (SL) thickness of the DSSCs employing each type of
scattering layer with various scattering layer thickness at constant photocurrent
density (Jsc = 0.5 mA/cm2).
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3.4 Conclusions
In summary, we report a facile and generally applicable method to decorate the
anatase TiO2 nanorod on the surface of various anatase TiO2 nanostructures. 0-D
anatase sphere, 1-D anatase wire, and 2-D anatase thin film structures were
successfully decorated with 200 nm-long single crystal anatase nanorod branches.
These branched nanorods enlarged the specific surface area significantly; in the case
of the 0-D anatase sphere, the specific surface area was increased by 8 times (from
3.82 m2/g to 29.36 m2/g). We also demonstrate the feasibility of the nanorodbranched hierarchical nanostructure for a DSC by employing the nanorod-branched
spheres (BS) as surface-area-enhanced light-scattering particles. As a result, the BSbased photoanode exhibited much higher photo-energy conversion efficiency
(9.09 %) compared to the efficiency of a commercial CCIC-based photoanode
(8.26 %) and a 0S-based photoanode (7.67 %) due to the superior dye adsorption,
sufficient light scattering ability and preserving of superior charge transport, and
recombination properties.
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CHAPTER 4.

Low-temperature Atomic Layer Deposited TiOx
Charge Collection Layer for Highly Efficient Flexible
Perovskite Solar Cells and Its Mechanical Properties
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4.1 Introduction

Flexible and lightweight thin film solar cells have attracted considerable attention
for their potential applications, such as portable electronic chargers, bendable display
devices, and finally wearable electronic textiles, on account of their convenience of
integration and versatile functionality [4.1, 4.2]. The most recently developed stateof-the-art solid-state solar cells based on inorganic-organic light-absorbing halide
perovskite are highly promising candidates in this area due to their economically and
practically viable fabrication processes which include the use of low temperature and
roll-to-roll process for the wearable/portable devices, as well as a high PCE of above
16%, which was achieved within only a few years from the first report in 2009 of
this type of system on a rigid substrate [4.3-4.7]. Recently, many groups have
attempted to fabricate flexible perovskite solar cells with an all low-temperature (<
130 oC) process and have shown the possibility of higher efficiency than that
displayed by organic flexible solar cells [4.8]. The reported flexible perovskite solar
cells have employed two types of light absorbers, i.e. CH3NH3PbI3 and
CH3NH3PbI(3-x)Clx [4.8-4.11]. So far, the best PCE of the flexible perovskite solar
cells has been 10.2 %, obtained by using a 300 nm-thick CH3NH3PbI3 layer [4.9],
however, this is still inferior to the rigid-type perovskite solar cells. The main reasons
for the relatively low performance are the large series resistance and fast charge
recombination, which are expected to be improved by optimizing the TiO2 or ZnO
compact charge collection layer in the flexible substrate [4.8, 4.9]. Usually, a few
tens of nanometer-thick, solution-processed, TiO2 thin film as the compact layer can
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produce excellent performance when it is baked at over ~ 500 oC [4.8, 4.12, 4.13].
However, for flexible devices, the high temperature processes need to be avoided.
Therefore, it is extremely important to study the origin of the inadequate properties
of the low-temperature-processed compact nanolayers, and to establish the optimal
technology for their development. Moreover, observation of the bending fatigue of
the flexible perovskite solar cells, which has not been reported as yet, is also crucial
for real-world application and commercialization of the flexible solar cells.
Here, we present highly bendable (up to 1 mm of bending radius) and extremely
efficient (PCE = 12.2%) perovskite solar cells based on tin-doped indium oxide (ITO)
on PEN flexible substrates by forming an approximately 20 nm-thick TiOx compact
layer on the substrate at 80 oC via plasma enhanced atomic layer deposition
(PEALD). Moreover, we investigate the bending stability of the devices, with three
effective bending radii for the wearable devices; 400 mm (R400), 10 mm (R10), and 4
mm (R4) for human neck, wrist, and finger, respectively. The device performance
can withstand up to 1,000 cycles of the bending test for R400 and R10. However, in
the case of R4, the PCE significantly deteriorates to 50% of the initial efficiency after
1,000 cycles. We demonstrate that the origin of degradation is not the fracture in the
perovskite layer but is rather due to the fracture in the transparent conducting oxide
layer (ITO in this study) on the PEN substrate, by analyzing the microstructure of
the damaged PEN/ITO/TiOx/perovskite multilayer after the bending test.
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4.2 Surface states properties of TiOx layer

The cross-sectional transmission electron microscopy (TEM) images for the LtALD-TiOx layer in Figure 4.2.1a clearly display conformal coating on the surface of
the ITO layer. The high-resolution TEM image (Figure 4.2.1b) shows that the
thickness of the TiOx compact layer is approximately 20 nm. Given that the lattice
image is not observed, the TiOx compact layer is considered to be amorphous by
reason of the low temperature process (80 oC). Figure 4.2.2 represented that a thick
(100 nm) TiOx layer deposited via the same atomic layer deposition conditions
shows no indexable X-ray diffraction (glazing incidence) peak, supporting formation
of the amorphous-like TiOx layer. Energy dispersive X-ray spectroscopic (EDS)
mapping in Figure 4.2.1c of Ti and In element demonstrates that the amorphous layer
is composed of Ti, distinguishable from the In detected ITO layer. To characterize
the chemical and surface states of the Lt-ALD-TiOx layer, two other TiOx compact
electron collection layers, commonly used in dye-sensitized solar cells and
perovskite solar cells, were prepared by a conventional solution process, at the same
process temperature of 80 oC. The first layer, denoted as Et-TiOx, was prepared using
an ethanol-based solution containing TTIP, distilled water, and diluted nitric acid.
The other sample was fabricated from a butanol-based TTIP solution (Bt-TiOx) [4.12,
4.14]. To investigate chemical states, such as residual organic compounds and
surface defects in each TiOx layer, Fourier transform infrared (FT-IR) and X-ray
photoelectron (XPS) spectra were considered. The FT- IR spectra in Figure 4.2.3 for
each TiOx layer clearly demonstrate that both the solution based TiOx layers (Et- and
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Bt-TiOx) possess many residual organics and hydroxyl groups, as evidenced by the
appearance of O-H (3200 ~ 3400 cm-1), C=C (1610 ~ 1680 cm-1) and C-H stretching
absorbance peaks (2850 ~ 2970 cm-1). On the other hand, any absorbance peaks
corresponding to residual organic species are not observed in the Lt-ALD-TiOx layer.
The residual species in the solution-based TiOx layers were due to the insufficient
annealing temperature. Also, the Ti 2p3/2 and O 1s core level XPS of TiOx layers
spectra, as shown in Figure 4.2.4, clearly exhibits the negligible presence of
nonstoichiometric point defects such as Ti3+ ions and oxygen vacancies in the LtALD-TiOx layer [4.15]. Both the solution based Et- and Bt-TiOx layers contain
relatively less O2- ions in lattice and high amounts of Ti3+ ions (~ 457 eV) and
hydroxyl groups (~ 531 eV) [4.16]. Therefore, there are a large amount of residual
organics, hydroxyl groups, and point defects in solution based TiOx layers that
induced the impede electron injection and transport, thereby contributing to the
deterioration of the photovoltaic properties.
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Figure 4.2.1 (a) Typical cross-sectional TEM, (b) high-resolution TEM images of
low temperature atomic layer deposited TiOx layer on ITO substrate, (c) Scanning
TEM image and (c-1 and c-2) EDS mapping images of this TiOx layer.
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Figure 4.2.2 Glazing incidence XRD patterns of Lt-ALD-TiOx layer (100 nm) on
glass substrate with the incident angle of 1.0o.
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Figure 4.2.3 FT-IR spectra (transmission mode) of Lt-ALD-, Et-, and Bt-TiOx
compact electron-collection layers prepared on Si wafer. The spectra were measured
with Ge window.
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Figure 4.2.4 XPS spectra of the Lt-ALD-, Et-, and Bt-TiOx compact electroncollection layers. (a) Ti 2p3/2 and (b) O 1s of Lt-ALD-, Et-, and Bt-TiOx compact
electron-collection layers. The XP spectra were acquired using monochromatic Al–
Kα radiation (100 W), and the core levels of O 1s and Ti 2p3/2 were calibrated with
respect to the C 1s level at 284.5 eV.
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4.3 Photovoltaic properties

Figure 4.3.1 present respectively a cross-sectional scanning electron microscopy
(SEM) image and schematic diagram of an optimized flexible device employing the
planar heterojunction structure. The TiOx layer, as the electron collection layer of
perovskite solar cells, was prepared by PEALD at 80 oC (denoted as Lt-ALD-TiOx)
on ITO/PEN electrode. After that, a layer of light absorbing material, CH3NH3PbI(3x)Clx,

was deposited on the TiOx layer from a precursor solution containing CH3NH3I

and PbCl2 at a molar ratio of 3 : 1, as reported by Snaith et al [4.13]. Figure 4.3.2
shows an image of an actual bent flexible perovskite solar cell, which is possible to
patch onto sleeves, thus providing a good energy source for future wearable devices.
The current density-voltage (J-V) characteristics of the optimized flexible device are
plotted in Figure 4.3.3. The optimized flexible device achieved 12.2% power
conversion efficiency (PCE) at 21.4 mA/cm2 short-circuit current density (Jsc), 0.95
V open-circuit voltage (Voc), and 0.60 fill factor (FF). It is noteworthy that this
flexible perovskite solar cell exhibits similar photovoltaic performance as typical
glass substrate-based perovskite solar cells [4.8-4.10]. This flexible device
demonstrates a high photocurrent density of more than 20 mA/cm2 Jsc, consequently
yielding a high PCE of 12.2%, which is attributed to superior recombinationblocking and electron-transport properties of the Lt-ALD-TiOx layer (see below).
The average photovoltaic performance of the flexible perovskite solar cells
employing the Lt-ALD-, Et-, and Bt-TiOx layer respectively on the PEN/ITO
substrates is presented in Figure 4.3.4. All device performances are summarized in
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Table 4.3.1. The mixed halide perovskite layer on each TiOx layer has the same
tetragonal CH3NH3PbI3 perovskite crystal without any other phase, such as PbI2 (as
shown in Figure 4.3.5). It is notable that flexible devices with the Lt-ALD-TiOx layer
achieve average characteristic values of 18.4 mA/cm2 Jsc, 0.89 V of open circuit
voltage (Voc), 0.58 of fill factor (FF) and 9.42 % PCE, thus exhibiting superior
performance compared to devices employing Et- and Bt-TiOx (4.24% and 1.22%
PCE, respectively). To confirm the reproducibility of the photovoltaic properties, we
fabricated and characterized 100 devices. Histograms for the cell performance
parameters of all devices are presented in the Figure 4.3.6. Half of the solar cells
employing Lt-ALD-TiOx layers showed over 9% PCE at 1 sun illumination, further,
~ 35% of the cells had a PCE above 10%. Moreover, the average Jsc was nearly 19
mA/cm2, which is much greater than in other compact electron collection layer based
solar cells. The device shows some hysteresis in the J-V curves during reverse and
forward scans, but the average efficiency of those scans is similar to the saturated
static PCE which is obtained with applying the maximum power output potential
(see Figure 4.3.7). The electron injection from CH3NH3PbI(3-x)Clx into the TiOx layer
and the transport properties in the TiOx layer had a great influence on the higher
photocurrent density of the Lt-ALD-TiOx layer based solar cells.
Time-resolved photoluminescence (TRPL) characteristics of the flexible perovskite
solar cells were measured to confirm the relaxation dynamics at the interfaces
between each TiOx and CH3NH3PbI(3-x)Clx layers. The TRPL decays for each solar
cell were convoluted using three exponential functions and plotted in Figure 4.3.8.
The convoluted parameters are listed in Table 4.3.2. In case of Lt-ALD-TiOx, the
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intensity weighted average PL lifetime (383 ns) is faster than those of Et- and BtTiOx (435 and 537 ns, respectively). Since faster electron injection process from
CH3NH3PbI(3-x)Clx into TiOx is indispensable for PL quenching and shortening of PL
lifetime of perovskite, it could be concluded that Lt-ALD-TiOx sample showed better
solar cell performance due to faster electron injection process even though without
considering organic defects in Et- and Bt-TiOx as mentioned above. Figure 4.3.9
presents the impedance spectra for each flexible device, measured in the frequency
range of 10-2 Hz to 2 MHz at an open circuit potential under 1 sun illumination. The
Lt-ALD-TiOx layer based solar cell exhibits the lowest ending resistance of the
semicircles, indicating the smallest internal resistance among all of the different solar
cells. Although the exact impedance components have not been interpreted so far,
the radius of the impedance semi-circles corresponds to the internal resistances of
the TiOx/CH3NH3PbI(3-x)Clx interface, the TiOx layer itself and the ITO/TiOx
interface. Therefore, the flexible perovskite solar cell containing a Lt-ALD-TiOx
layer possesses superior charge injection characteristics and low internal resistance.
The origin of the different charge collection properties is considered to be due to
imperfections such as residual chemicals, hydroxyl groups, and Ti3+ ions, in
comparison with other solar cells based on Et- and Bt-TiOx layers. Thus, the surface
state of Lt-ALD-TiOx that has less residual organics, hydroxyl groups, and point
defects, lead to excellent electron injection and transport in perovskite solar cells,
thereby contributing to the sterling photovoltaic properties.
From the viewpoint of utilization of the flexible perovskite solar cells, operation
under various light illumination conditions is of great importance. Systematic studies
１１６

for photovoltaic properties under various light illumination have not been reported
as yet for the flexible perovskite solar cells. Figure 4.3.10a shows the J-V
characteristics under various light intensities ranging from 0.4 to 1 sun. Jsc decreases
from 19.05 to 8.77 mA/cm2 with decreasing light intensity. However, even at 0.4 sun
light illumination, Voc remains between 0.9 and 0.82 V, thereby the PCE under 0.4
sun illumination is similar to that for 1 sun illumination. Relatively constant Voc
values under inadequate illumination conditions are ascribed to the reduced charge
recombination due to the negligible surface and sub-bandgap states in the perovskite
layer [4.17]. The J-V curves at different light incidence angles (), from 0o to 45o are
also shown in Figure 4.3.10b. The dependence of the photovoltaic property on the
incidence light angle displays a similar trend with that for light intensity. Voc also is
almost unchanged (from 0.9 to 0.88 V), although the normalized Jsc decreases by
30%. But, the efficiencies on basis of the effective active area, calculated by
multiplied active area and cos(), are remain nearly constant in the tested angle range.
Over 1 micrometer diffusion length of CH3NH3PbI(3-x)Clx perovskite light absorber
and its 330 nm thickness multilayered device structure are led to excellent PCE
consistency under substandard effective light intensities [4.18].
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Table 4.3.1 Device characteristics of solar cells fabricated with various TiOx electron
collection layers.

Jsc

Voc

TiOx

PCE
FF

2

(mA/cm )

(V)

Et-TiOx

15.0

0.829

0.342

4.26

Bt-TiOx

5.96

0.855

0.236

1.20

Lt-ALD-TiOx

18.4

0.890

0.576

9.43
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(%)

Table 4.3.2 Summary of the time-resolved photoluminescence lifetime parameters
of PEN/ITO/TiOx/CH3NH3PbI(3-x)Clx in Figure 4.3.8 (the samples were exposed to
pulsed light for more than 1 hour to guarantee stable emission).

A1

t1

A2

t2

A3

t3

τave,int

(%)

(ns)

(%)

(ns)

(%)

(ns)

(ns)

Et-TiOx

9.27

29.4

25.4

139

65.3

418

383

Bt-TiOx

9.26

27.9

33.5

143

57.3

488

435

7.68

43.8

16.8

121

75.5

561

537

Lt-ALDTiOx

Ai and ti are amplitude ratio and lifetime of each component, respectively. Intensity
weighted average lifetime was calculated by
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Figure 4.3.1 Cross-sectional SEM image of inorganic-organic halide perovskite
planar heterojunction flexible solar cell and schematic of flexible device structure.
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Figure 4.3.2 Actual bent image of a flexible perovskite solar cell.
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Figure 4.3.3 J-V characteristics measured under the simulated solar light (100
mW/cm2 AM 1.5G) for the best performing PEN/ITO/TiOx/CH3NH3PbI(3x)Clx/spiro-MeOTAD/Ag

flexible device.
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Figure 4.3.4 Average J-V characteristics of the flexible devices with different TiOx
layer.
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Figure 4.3.5 Powder XRD patterns of the CH3NH3PbI(3-x)Clx layers on the different
TiOx layers.
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Figure 4.3.6 Histograms of the parameters of the flexible solar cells employing LtALD-TiOx ultrathin layer. 100 devices were tested for the statistics. (a) Power
conversion efficiency PCE, (b) short-circuit current density Jsc, (c) open-circuit
voltage Voc, and (d) fill factor FF.
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Figure 4.3.7 Representative J-V curves of the perovskite solar cell (PEN/ITO/LtALD-TiOx/CH3NH3PbI(3-x)Clx/spiro-MeOTAD/Ag)

measured

with

the

scan

directions of forward (black) and reverse (red) with the scanning rate of 10 mV/s,
under AM 1.5 G illumination. The green curve shows the average of two J-V curves.
The inset tables summarize the parameters. The inset plot shows the steady-state
PCE, as a function of time, obtained with applying the maximum power output
potential (i.e. 0.72 V, here), under AM 1.5 G illumination.
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Figure 4.3.8 TRPL trace at 770 nm with 670 nm excitation. The TRPL trace could
be clearly distinguished from the instrumental response function. Average life times
were convoluted to be 383 ns, 435 ns, and 537 ns respectively in the different TiOx
layers. All the convoluted parameters are listed in Table 2.
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Figure 4.3.9 Nyquist plots of each flexible perovskite solar cell in the open-circuit
state. The low Z region (red squared) is magnified in the inset.
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Figure 4.3.10 (a) J-V curves of the designed flexible perovskite solar cells at
various light intensities ranging from 1 to 0.4 sun. Inset shows PCE as the function
of light intensity. (b) J-V curves at various light incident angles () from 0o to 45o.
Inset shows the normalized effective PCEs which are obtained using effective active
area.
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4.4 Mechanical behavior of flexible perovskite solar cells

Another important viewpoint in the flexible perovskite solar cells, the mechanical
behavior under various bending conditions is also one of the most important factor.
The studies of mechanical bending behavior in flexible perovskite solar cells have
not been reported systematically. In order to verify device behavior against
mechanical bending of the flexible device, a bending study was performed taking
into account the bending radii and cycles. The PCE of the flexible perovskite solar
cells was measured after they were bent repeatedly with different radii of curvature.
The PCE in Figure 4.4.1 exhibited no significant decrease in efficiency even with 1
mm of bending radii, retaining 93% of the original PCE value. As the next step, we
evaluated the effects of mechanical bending on device performance during 1,000
consecutive bending cycles at three different values of radii of curvature, i.e., at 400
mm, 10 mm, and 4 mm, respectively (R400, R10, and R4). The flexible perovskite solar
cells revealed fairly promising mechanical bending stability. Their performance was
maintained without any reduction in PCE during the 1,000 bending cycles when the
device was bent with R400. The device with R10 also exhibited no significant decrease
in PCE, retaining over 95% of its initial PCE (Figure 4.4.2) without deterioration of
the key photovoltaic properties such as Jsc, Voc, and fill factor (Figure 4.4.3). For R4,
90% of the initial PCE remained after 25 cycles. However, after 1,000 cycles with
R4, the PCE decreased by approximately 50 % compared with the initial efficiency.
These results demonstrated that the designed flexible devices possess good bending
durability. However, under an acute bending radius such as R4, cell performance is
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degraded due to the limitation of flexibility in the PEN/ITO substrate, corresponding
well with the expectations reported in Kelly et al [4.9].
To find out the origin of fatigue, we prepared three kinds of multilayer structures,
i.e. PEN/ITO, PEN/ITO/TiOx/perovskite/spiro-MeOTAD (full device only without
Ag electrode), and PEN/TiOx/perovskite/spiro-MeOTAD (full device without the
ITO layer and Ag electrode), respectively, and measured the change in the electrical
resistance of each structure with compressive strain using the in situ resistancemeasurement compressive test system reported in a previous work (schematically
shown in Figure 4.4.4) [4.19]. Figure 4.4.5 shows the relative resistance changes
(∆R/R0 (%)) as a function of the bending cycles at the radius of curvature R4. In the
case of the PEN/ITO substrate, a drastic increase in resistance is observed at the
outset. When the TiOx/perovskite /spiro-MeOTAD layers are deposited on just the
PEN/ITO substrate, the resistance is not changed until 250 cycles have passed. After
260 bending cycles, the resistance is abruptly increased, indicating that a fracture
occurs inside the flexible device. In contrast, no abrupt resistance change of the
flexible device without the ITO layer (PEN/TiOx/perovskite/spiro-MeOTAD) is
observed for 300 cycles, only a gradual increase of 15%. Therefore, we suggest that
the performance degradation of flexible devices as a result of repeated mechanical
bending can be attributed to the fractures in the ITO layer, which induce an abrupt
increase

in

series

resistance.

The

SEM

images

of

the

ruptured

PEN/ITO/TiOx/perovskite and PEN/TiOx/perovskite samples after 300 bending
cycles at R4 clearly exhibits the origin of the abrupt fracture in the flexible solar cell.
For more obvious observations, the spiro-MeOTAD layer was omitted. Figure 4.4.6a
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shows that the large crack lines are formed perpendicular to the bending direction,
which is typical of the rupture behavior displayed by an ITO layer coated onto a
flexible substrate because of the difference in Young’s modulus between the ITO
and the flexible substrate [4.20]. The magnified image in Figure 4.4.6a-1 shows that
the perovskite layer near the cracked ITO peels off. Figure 4.4.6a-2 demonstrates
that the crack propagates in the region of ITO and PEN/ITO/TiOx/perovskite,
implying that the origin of the crack is the ITO fracture. However, in Figure 4.4.6b,
in the case of TiOx/perovskite layers prepared on only PEN flexible substrates
without ITO, the fracture and delamination are not observed after the bending test,
indicating that the fatigue phenomenon of the flexible perovskite solar cells with a
large bending radius of R4 originates from the fracture in the brittle ITO layer. This
attests that the inorganic-organic halide perovskite materials and amorphous TiOx
layer themselves possess excellent mechanical properties, which can contribute to
the realization of wearable solar cells, well beyond the capabilities of current flexible
thin film solar cells, once the brittle ITO transparent conducting films are substituted
with highly bendable conducting layers such as metal-transparent conducting films
composite layer [4.11], poly(3,4-ethylenedioxythiophene): poly (styrenesulfonate)
(PEDOT:PSS), or nanostructured metal web layers.
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Figure 4.4.1 Normalized PCE measured after bending the substrate within a
specified radius of 400 mm to 1 mm. Inset show the real images attached on the
human neck, wrist, and finger corresponding to 400 nm, 10 nm and 4 nm bending
radii, respectively.
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Figure 4.4.2 Normalized PCE of flexible perovskite devices as a function of
bending cycles with different radii of 400, 10, and 4 mm. Inset show the real images
taken during the bending tests. Error bar represents standard deviation from 4 devices.
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Figure 4.4.3 Normalized device parameters of flexible perovskite solar cells as a
function of bending cycles with diverse radii of 400, 10, and 4 mm (R400, R10, and
R4, respectively). (a) Normalized Jsc, (b) Normalized Voc and (c) Normalized FF.
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Figure 4.4.4 Schematic images for in situ measurement of resistance and prepared
multilayered structures. (a) Experimental scheme for in situ measurement of relative
resistance change during the compressive bending cycle. (b), (c) and (d) Schematic
of

the

designed

multilayered

structure:

PEN/ITO/Ag,

PEN/ITO/TiOx/perovskite/spiro-MeOTAD/Ag, and PEN/TiOx/perovskite/spiroMeOTAD/Ag, respectively.
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Figure 4.4.5 In situ resistance change (∆R/R0 (%)) of the designed multilayered
structure in Figure 4.4.4. The lower panel shows the magnified plot of the upper
panel (red squared region).
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Figure 4.4.6 (a) and (b) Low-magnification SEM images of the designed multilayer
structures (PEN/ITO/TiOx/perovskite and PEN/TiOx/perovskite, respectively) after
300 bending cycles. (a-1), (a-2), (b-1), and (b-2) show magnified SEM images
corresponding to the green and red regions in Fig. 4.4.6 (a) and (b).
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4.5 Conclusion

Highly efficient and decidedly bending durable PSCs were fabricated in a low
temperature process employing a 20 nm-thick, low-impurity, amorphous TiOx layer,
thus providing a promising approach to the development of practical wearable PSCs.
By studying the TiOx nanolayer deposition technology, the layer qualities such as
charge transport property and mechanical durability can be enhanced against
bending or folding of the device. The observation of the unaltered PEN/TiOx
nanolayer/perovskite/spiro-MeOTAD multilayer after several bending tests signify
that the bending durability of the TiOx nanolayer-employed perovskite solar cells can
be improved if that of the transparent conducting substrate is achieved.
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CHAPTER 5.

Niobium doping effects on TiO2 mesoscopic electron
transport layer-based Perovskite Solar Cells
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5.1 Introduction

Perovskite solar cells (PSCs) based on organometallic halide light
absorbing materials (LAM) become a strong challenger for the conventional
solid-state solar cells, owing to cost-efficient processes for fabrication as well
as high power conversion efficiency (PCE). The world record of PCE for
PSCs has rapidly renewed up to ~19% [5.1], since the all-solid-state device
structure was firstly reported in 2012 [5.2].
PSCs have various cell structures, i.e. mesoscopic [5.3], meso-superstructure
[5.4], and planar junction structure [5.1], based on the electron transport
properties of the perovskite LAMs. In general, the mesoscopic device
structures are needed for LAMs which have short (~ 100 nm) charge diffusion
lengths (i.e. CH3NH3PbI3). There have been many works to match appropriate
hole transport materials (HTMs) with the LAMs, in the mesoscopic devices
[5.5, 5.6]. However, mesoporous electron transport materials (ETM) have
been less studied in spite of the recent findings that mesoporous ETM layer
critically affects the charge diffusion lengths in photoelectrode of solar cells
and hysteresis characteristics of device performance [5.7, 5.8]. A highperformance and less-hysteric photovoltaic properties could be obtained by
modifying the mesoporous ETM [5.8]. Recently, metal oxide-based
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mesoporous ETM has been briskly studied in the manner of modifications of
morphology/structure [5.9], chemical/physical properties of ETM/LAM
interfaces [5.10], electronic band structure [5.11-13], and the material itself
[5.14, 5.15]. Those approaches were effective for adjusting electron transport
and recombination properties, and device stability.
Doping chemistry is one of the most effective methods to modify both the
electronic band structures and surface states of a material. Thus far, however,
doping effects have not been intensively studied in the PSCs, whereas it is
well studied in liquid electrolyte-based dye-sensitized solar cells (DSCs).
Especially, aliovalent substitutions, such as Y3+, Nb5+, or Ta5+ doping into
TiO2, are known to be significantly effective for modifying electrical
properties of TiO2 [5.11, 5.16, 5.17]. Among them, Nb5+ is regarded as an
appropriate n-type dopant to enhance the charge collection properties. In
DSCs, several groups demonstrated this effect by adopting degenerate
Nb:TiO2 (NTO) compact layer [5.18] and NTO nanoparticles (NPs)-based
mesoporous layer [5.16]. However, the previous studies on NTO NPs
couldn’t see purely the effect of Nb doping on photovoltaic properties,
because the NTO NPs had different sizes or different phases with Nb doping
levels [5.16, 5.19, 5.20]. In PSCs, moreover, there are a few reports on the
effect of p-type dopants, such as Y3+, Al3+ [5.11, 5.12], but the effects of ntype dopants, especially Nb5+, are not systemically investigated yet.
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Herein, we report the effects of Nb doping into TiO2 NPs on the electronic
structure of TiO2 and on the NTO NP-based PSCs performances. Wellcrystallized NTO NPs (0, 0.5, 1.0, and 5.0 at% of Nb) were successfully
synthesized via a two-step sol-gel (TSSG) method. Electronic band structures
of the NTOs were investigated using UV-vis spectroscopy and valence band
x-ray spectroscopy. When the NTO NPs were used for mesoporous ETM
layers for PSCs, 0.5 at% doped-NTO (05NTO) showed faster electron
transport and longer electron lifetime than undoped-TiO2 and 5.0 at% Nbdoped-NTO (50NTO). As the results, the 0.5 at% Nb-doped TiO2 (05NTO)based PSCs exhibited higher PCEs than the undoped-TiO2-based PSCs (by
10%) and the 50NTO-based PSCs (by 52%).

１４６

5.2 Material synthesis and characterizations of NTO NPs

NTO NPs were successfully synthesized via a TSSG method which method
has been well described in previous reports [5.21, 5.22]. The final oxide NPs
have uniform size and high crystallinity, as the oxide NPs are grown in a metal
hydroxide gel network which is transformed from a metal-alkoxide precursor
sol. In this study, niobium ethoxide as the Nb source were added into the Tiisopropoxide-based precursor sol. The Nb concentrations ([Nb]/[Ti]) were 0.5
at% (05NTO), 1.0 at% (10NTO), and 5.0 at% (50NTO). Transmission
electron microscopic (TEM) images of the 05NTO NPs are shown in Figure
5.2.1a and 5.2.1b. The nanoparticles are dispersed well, and have ~30 nm of
mean diameter. The d-spacing obtained from the lattice fringes is 0.36 nm
which is corresponding to the (101) plane of anatase phase of TiO2. The
selected area electron diffraction (SAED) pattern (Figure 5.2.1c) reveals that
the 05NTO NPs are well-crystallized anatase phase without any impurity,
such as Nb2O5. Energy dispersive X-ray spectroscopic (EDS) mapping shows
that niobium is not segregated but well dispersed in the TiO2 nanoparticles,
indicating successful doping. The 10NTO, and 50NTO NPs also don’t have
Nb agglomeration (Figure 5.2.2). Precise Nb concentrations for the NTOs
were measured using an electron probe micro-analysis (EPMA) system and
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x-ray photoelectron spectroscopy (XPS) (Figure 5.2.3, and 5.2.4). The
measured Nb concentration is proportional to the concentration of the initial
Nb source for the synthesis. The XPS analysis shows existence of Nb5+ state
in both 05, 10, and 50NTO NPs, implying n-type doping. The Nb
concentration calculated using the XPS spectra is consistent with the EPMA
results. Figure 5.2.5a shows scanning electron microscopic (SEM) images of
the NPs-based mesoporous films on fluorine-doped tin oxide (FTO)
substrates. The films were fabricated via spin-coating of NPs-based paste and
subsequent annealing at 500 oC in air. All the films made with the 00, 05, 10,
and 50NTO NPs had very similar particle size (~32 nm) and porosity (~24%,
pore area/total area from the SEM images). The mean particle sizes are plotted
in Figure 5.2.5b. The particle sizes before and after the annealing process are
almost the same. In addition, x-ray diffraction (XRD) patterns for the
mesoporous films show only TiO2 anatase phase, without any Nb oxides.
Therefore, Nb doping was successful in this work, owing to a high solubility
of Nb in anatase TiO2 up to ~20% [5.23].
Electronic structure and surface defects of the synthesized NTOs were
investigated by the help of optical absorbance and the valence band XPS
analyses. Figure 5.2.6a shows the absorbance spectra of the NPs. Interestingly,
the absorption edges shift toward different directions by the light and heavy
doping; a little blue shift by light doping, while distinctive red shift by heavy
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doping. The optical band gap energies are evaluated to be 3.23, 3.26, 3.25,
and 3.17 eV for the 00, 05, 10, and 50NTO, respectively, by fitting the spectra
using the equation αhν = A(hν - Eg)m, where α, A, hv and Eg is the absorption
coefficient, constants, incident photon energy, and optical band gap energy,
respectively, and m = ½ for the indirect semiconductor. This phenomenon was
observed several times before, but the origin has not been yet understood
clearly [5.24, 5.25].
Figure 5.2.6b shows the valence band XPS spectrum. The relative position
of the valence band maximum (VBM) from the Fermi level (EF) can be
determined by the linear extrapolation of the spectra. The extrapolated xinterceptions of the 05NTO and 10NTO are located around that of the
undoped TiO2, while the 50NTO shows obvious shift of the position to a
higher binding energy as much as ~0.24 eV, which indicates that EF of the
50NTO departs more from the VBM level compared to the other samples.
Considering the Eg reduction (~0.06 eV) of the 50NTO, it is clear that the
50NTO have much closer EF from the conduction band minimum (CBM-EF)
than the undoped TiO2, as much as ~0.3 eV, whereas the lightly doped NTOs
have very similar CBM-EF with the undoped TiO2.
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Figure 5.2.1 (a) Typical TEM image, (b) TEM image, and (c) SAED pattern of
05NTO nanoparticles, and (d) EDS elemental mapping images showing Ti, O, and
Nb elements in the NPs.
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Figure 5.2.2 EDS elemental mapping images of Ti, O, and Nb elements in (a)
10NTO NPs, and (b) 50NTO NPs, respectively.
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Figure 5.2.3 Measured Nb concentration using EPMA, as a function of added Nb
concentration in the precursor solution.
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Figure 5.2.4 XPS spectra of the NTO samples from 204 to 212 eV of binding
energy which corresponds to the Nb 3d core level.
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Figure 5.2.5 (a) Plane view FESEM images of 00, 05, 10, and 50NTO NPs-based
mesoporous films, (b) average particle size calculated from the FESEM images, and
(c) XRD patterns of the films. Cross mark and end of error bars represents minimum
and maximum values, and the middle line in each box represents the median value.
Upper, and lower end of the box represent the third quartile (25%), and first quartile
(75%), respectively. Filled squares (■) indicate mean values.
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Figure 5.2.6 (a) Absorption spectra, and (b) valence band XPS spectra of the NTO
NPs. Inset of (b) shows overall spectra from 0 to 10 eV of binding energy.
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5.3 Photovoltaic properties of NTO-based PSCs

Photovoltaic properties of the NTO NPs-based PSCs (with 0.14 cm2 metal
aperture) were measured under AM 1.5 G condition (100 mW/cm2). The
photocurrent density–voltage (J–V) curves of the optimized devices are
displayed in Figure 5.3.1a, and the mean values of the short circuit current
density (Jsc), open circuit voltage (Voc), fill factor (FF), and PCE are
summarized in Table 5.3.1 and Figure 5.3.1b. For each doping level, 10
devices were tested. All devices have little hysteresis in the J–V curves during
reverse and forward scans, but the averaged PCEs calculated from those
reverse and forward scans are similar to the steady state PCEs (Figure 5.3.2).
It is noteworthy that the 05NTO cells exhibit improved PCE by 10%
compared to the undoped TiO2 cells, by the aid of the high Jsc, Voc, and FF,
whereas the 50NTO cells show significant deterioration of all the parameters,
led to decrease in PCE by 8.8%. It was reported that niobium doping (> 5.0
at%) in TiO2 increases Jsc but decreases Voc and FF of DSCs because of
increase in electrical conductivity and positive shift of the flat band potential
[5.16]. Our 50NTO-based PSCs are consistent with the previous report, but
05NTO-PSCs are contradictory.
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The differences in photovoltaic properties might result from the charge
injection or collection properties of the NTO NPs-based mesoporous films,
because all the PSCs have similar amount of LAM, which can be evidenced
by i) similar NP size and porosity of the NP films, ii) similar thickness of
LAM/ETM layer (Figure 5.3.3), and hence, iii) almost the same absorption
(A) and reflection (R) spectrum of the LAM/ETM/FTO layers (Figure 5.3.4).
The light harvesting efficiency (LHE) of the NTO-based PSCs are compared
in Figure 5.3.5a, by using the absorption and reflection spectrum, and the
equation (1):[5.26]

LHE

1

R X 1

10

A

(5.3.1)

The LHE of the PSCs show almost the same spectrum over the measured
wavelength range. However, external quantum efficiency (EQE, i.e. incident
photon to current efficiency) of the PSCs are very different for the undoped
(00NTO), lightly doped (05NTO and 10NTO), and highly doped (50NTO)
NTO-based PSCs, as shown in Figure 5.3.5b. The lightly doped NTO based
PSCs exhibit higher EQE spectra than the other PSCs in the entire wavelength
region, which is consistent with the Jsc tendency, implying the superior charge
injection/collection property of the lightly doped NTOs. As the internal
quantum efficiency (IQE, i.e. absorbed photon-to-current conversion
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efficiency) excludes the light harvesting property, it only reflects the charge
injection/collection properties. IQE of the PSCs were calculated by using
equation (2):[5.26]

IQE %

EQE % / LHE

%

(5.3.2)

and the results are plotted in Figure 5.3.5c. It clearly shows that the lightly
doped NTOs-based PSCs exhibit much higher IQE (by ~16%) than the
undoped TiO2-based PSCs in the entire wavelength region, especially at long
wavelengths (600-750 nm).
Charge collection properties of the PSCs were investigated using transient
photocurrent decay and impedance analyses, by which electron transport and
recombination properties can be estimated. Figure 5.3.6 shows electron
transport time constants (τc) which were extracted from photocurrent decay
curves at short circuit condition. The τc of all devices show typical power-law
dependence on the photocurrent density, which is in compliance with the
well-known multiple trapping/detrapping process of electron transport in
mesoscopic solar cells [5.27]. The 05NTO-based PSC shows 2 times faster
electron transport than the undoped TiO2-based PSC. On the other hand, the
electron transport becomes slower, as the Nb doping concentration increases.
Figure 5.3.7 shows the Nyquist plot, and electron recombination time
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constants (τR) extracted from transient photovoltage decay at open circuit
condition. The radius of the semicircle in the Nyquist plot decreases with
increasing the doping concentration, indicating that internal resistance
decreases with Nb doping. The radius of the impedance semicircle
corresponds to the internal resistance of the photoelectrode including all the
HTM, LHM, ETM, and TCO layers and the interfaces of the layers, although
the common, exact interpretation of impedance components has not been
established yet. It was suggested in the previous report on heavily doped
NTO-based DSCs that this reduced internal resistance is mainly originated
from increased conductivity by Nb doping which increases electron
concentration in TiO2 [5.16]. In general, the increase of electron
concentration in semiconductor would elevate the chance of carrier
recombination. Interestingly, however, Figure 5.3.7 show that 05NTO and
10NTO-based PSCs have almost the same τR with the undoped TiO2-based
PSC, whereas 50NTO-based PSC has a shorter τR. Therefore, the electron life
times are preserved at low Nb doping levels (≤1 at%), while it significantly
decreases at a high doping level (5 at%).
Those distinctive Nb doping effects on the electronic structure and the
photovoltaic properties, depending on the Nb concentration, may be
understood by preferred defect types. In general, three kinds of defects can be
created when the Nb5+ substitute the Ti4+ cation in TiO2; creation of one Ti
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vacancy per four Nb insertion, or stoichiometric reduction of Ti4+ to Ti3+ or
Nb5+ to Nb4+ per one Nb insertion as follows:[5.29]

Nb O

Ti

Nb O

NbO

→ Nb⋅

Ti

V

→ Nb⋅

Ti

TiO

Ti

→ Nb

O

O

TiO

(5.3.3)

(5.3.4)

(5.3.5)

The defect type is affected by the synthetic conditions, such as oxygen
partial pressure, temperature, the Nb concentration, and the energy cost for
making such defects. In our work, the dominant factor determining the type
of defects is only the doping level, as the NTOs were synthesized following
exactly same route except the amount of Nb source in the precursor. The case
(5) can be excluded, as the XPS spectra (Figure 5.2.4) show only Nb5+ in our
NTO NPs. In the low doping level it is likely to prefer the reaction (3) because
cations tend to remain in their higher oxidation states, while in the high
doping level the reaction (4) mainly takes place [5.29]. So, the types of defects
change from the cation vacancy to Ti3+ defects, with increasing the doping
level. It was suggested that the oxygen vacancies at the surface of NPs could
be reduced by a light Nb doping, because the Nb5+ at the surface site attracts
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additional oxygen [5.19]. On the other hand, the Ti3+ defect is well known to
accompany with oxygen vacancy, and hence, the concentration of oxygen
vacancy can increase with increasing the doping level over a critical point.
Because it is likely that the valence band of NTO is dominantly affected by
the O 2p orbital [5.30], the oxygen vacancy may be responsible for the
electronic band change of the NTOs. In this point of view, the high Voc and
the fast electron transport of the lightly doped NTO can be attributed to the
reduced oxygen vacancies at the NP surfaces, which results in decrease of
electron concentration at the surface. On the other hand, the high oxygen
vacancy-Ti3+ defect concentration of the heavily doped NTO might reduce
the Voc and the electron life time, as oxygen vacancy-Ti3+ is well known
recombination center in the mesoscopic solar cells [5.31]. In addition, this
defect might act as scattering centers which slows down the electron transport
[5.25].
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Table 5.3.1 Photovoltaic parameters of perovskite solar cells fabricated with
various NTO based mesoporous films.

Jsc (mA/cm2)

Voc (V)

PCE (%)

FF

00NTO

18.1

0.950

12.2

0.706

05NTO

18.7

0.990

13.4

0.723

10NTO

19.1

0.960

12.9

0.708

50NTO

17.2

0.790

8.8

0.646
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Figure 5.3.1 (a) Representative J-V curves of the NTO NPs based perovskite solar
cells, and (b) Jsc, Voc, FF and PCE versus Nb concentration. Cross mark and end of
error bars represents minimum and maximum values, and the middle line in each
box represents the median value. Upper and lower end of the box represent the third
quartile (25%) and first quartile (75%), respectively. Filled squares (■) indicate mean
values.
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Figure 5.3.2 (a) J-V curves of the 05NTO NPs-based perovskite solar cell measured
with the forward (green) and reverse (red) scan directions. The black curve shows
the average of two J-V curve, and blue PCE curve is calculated from the average JV curves. (b) The steady state PCE, as a function of time, obtained with applying 0.8
V of bias voltage that is similar to maximum power output potential.
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Figure 5.3.3 Cross-sectional SEM images of the NTO NPs-based perovskite solar
cells.
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Figure 5.3.4 Absorbance and reflectance of the LHM/ETM/FTO film made with the
NTO NPs.
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Figure 5.3.5 (a) LHE, (b) EQE and (c) IQE spectra of NTOs-based perovskite solar
cells, where the integrated Jsc of EQE was calculated to be 15.42, 16.81, 16.64 and
13.69 mA/cm2 for 00, 05, 10, and 50 NTO, respectively.
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Figure 5.3.6 τc of the perovskite solar cells, as a function of Jsc. For measuring τc,
the 535 nm probe light of 0.38, 0.3, 0.147, and 0.045 nW and the 680 nm bias light
of 14.99, 9.99, 2.59, 0.207 mW, respectively, were used. The collected charge
induced by the probe laser was maintained below 0.1% of the steady-state charge.
Although the absorption of the wavelength of the probe laser is much more favored
than that of the bias light, the 0.1% value is still reliable for avoiding other effects.
The occurred charge by probe light rapidly decreased, showing first-order
exponential decay. The time constant τ was obtained by fitting to the measured data
using the relation y = y0 + Aexp(−x/t).
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Figure 5.3.7 (a) Nyquist plot of the perovskite solar cells, measured at the opencircuit state. The impedance spectra measured in the frequency range of 10-2 Hz to 2
MHz at an open circuit potential under 1 sun illumination. (b) τR of the perovskite
solar cells, as a function of Voc. The detailed measure conditions of τR are same with
those of τc measurement.

１６９

5.4 Conclusion

We studied the effect of Nb doping into anatase phase TiO2 nanoparticle on
the electronic band structure of TiO2, and on the photovoltaic properties of
those NTO-based perovskite solar cells. The Nb doping resulted in
contradictory effects on the electronic structure and photovoltaic properties,
depending on the doping level. Lightly doped NTO NPs exhibit similar Eg
and EF level with undoped TiO2 NPs, and better electron injection/transport
properties when adopted in PSCs. On the other hand, heavy doping reduces
Eg, makes EF closer to the CBM, and retards the electron injection/transport
properties of PSCs. This contrasting result was attributed to generation of
different defect types depending on the doping level. This result can inspire
to design appropriate n-type ETM of perovskite solar cells.
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CHAPTER 6.

Summary and Conclusion
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In this dissertation, a main focus is laid on design of the appropriate titanium oxide
photoelectrode for highly efficient hybrid solar cells, particularly dye-sensitized
solar cells (DSCs) and mesoscopic/planar heterojunction perovskite solar cells
(PSCs), underlying of the extrinsic and intrinsic properties of the nanostructured
titanium oxide.
To investigate the influence of extrinsic factor, the effects of the anatase TiO2
nanorod decoration on the surface of the anatase TiO2 sphere in the DSC, were
described. A structural analysis reveals that the branched nanorod has a highly
crystalline anatase phase with anisotropic growth in the [001] longitudinal direction.
When one of the hierarchical structures, a chestnut bur-like nanostructure, was
employed in a DSCs as a scattering layer, offering increased dye-loading properties,
preserving a sufficient level of light-scattering ability and preserving superior charge
transport and recombination properties as well, the energy conversion efficiency of
the cell improved compared to a cell with a non-decorated TiO2 sphere as a scattering
layer.
For the purpose of understanding the correlation between the intrinsic properties of
titanium oxide and photovoltaic properties, the effects of (i) point defect, such as
Ti3+, and (ii) dopants, like niobium metal ions, were studied. For investigating of
point defect effect, the low-temperature processed TiOx electron collection layer by
atomic layer deposition method is introduced for highly efficient flexible perovskite
solar cells. This point defect-free 20 nm thick, TiOx layer that was verified by XPS,
exhibited the faster electron injection and lower internal resistance than those of
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solution-based TiOx layer, which led to 12.2% high PCE of flexible perovskite solar
cells.
The effects of niobium-doped titanium oxide in mesoscopic perovskite solar cells
were studied. As concentration of niobium doping level was increased (from 0.5 at%
to 5.0 at%), the electronic band structure in NTOs was changed from blue-shift to
red-shift, and the valance band position was increased proportionally. Consequently,
PSCs that employed light Nb-doping TiO2 (0.5 and 1.0at%) exhibit excellent
electron injection/transport properties that lead to higher PCE than that of undopedTiO2 based PSCs.
In summary, the contribution of this thesis has put on the combinational
understanding on the relation between the extrinsic/intrinsic properties of titanium
oxide and the photovoltaic properties; (i) extrinsic properties of titanium oxide, like
surface area, morphology, influence dominantly on the light harvesting properties on
photovoltaics, and (ii) intrinsic properties of titanium oxide, such as point defect, and
electronic band structure, affect electron injection and transport in photovoltaic
devices. The results given in this thesis clearly demonstrate that both the extrinsic
and intrinsic properties of titanium oxide are critical factors for designing
photoelectrode for highly efficient hybrid solar cells.
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국 문 초 록

전 세계적으로 빠르게 증가하는 에너지 소비에 따라 친환경 에너지원
개발에 대한 관심 증가하면서 태양 에너지를 전기 에너지로 변환하는 다
양한 종류의 태양전지가 개발되고 연구되고 있다. 그 중에서 유무기 하
이브리드 형태의 태양전지는 저비용-고효율 측면에서 4세대 태양전지로
여겨지고 있다. 전도성 기판 위에 형성된 나노입자로 이뤄진 다공성 막
또는 박막 형태의 티타늄 산화물 층은 빛 흡수체에서 생성되는 exciton/
electron을 빠르게 분리∙추출하는 역할을 함으로써 태양전지가 구동할
수 있게 한다. 티타늄 산화물 반도체의 표면적, 표면 결함 특성, 전기화
학적 특성, Band gap 등은 하이브리드 태양전지 구조에서 여기된 전자의
분리∙추출과 전자의 빠른 이동, 그리고 정공과의 재결합 등, 태양전지 광
전 변환 효율과 매우 밀접한 관계를 가지고 있다. 본 연구에서는 티타늄
산화물의 내/외적 특성이 태양전지의 어떤 영향을 미치는지를 살펴보고
태양전지의 빛 흡수 물질 또는 구조에 따른 적절한 광전극 설계에 대한
방향을 제시하고자 한다.
티타늄 산화물의 외적 특성이 미치는 영향은, 염료감응형 태양전지에
서 널리 사용되는 400 nm 크기의 빛 산란층에 200 nm 길이의 [001]
방향의 단결정 아나타제 이산화티타늄 (TiO2) 나노선을 형성하는 구조
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제어를 통하여 확인하였다. 나노선 형성을 통하여 8배의 비표면적이 증
가한 빛 산란층을 형성, 약 5배의 염료 흡착을 증가시키고 장파장 영역
에서도 빛 산란 특성을 유지하여 나노선 형성 전 대비 18%의 효율이
증가한 9.09%라는 광전 변환 효율을 얻었다.
내적 특성이 미치는 영향은 (i)point-defect 감소된 저온 비정질 티
타늄 산화물 층과 (ii) niobium 도핑을 통한 electronic band structure
제어를 통하여 확인하였다. 먼저, 평면 구조에서는 유연 태양전지를 위
한 저온 원자층 증착법 (Atomic Layer Deposition, ALD)을 이용하여
표면 point-defect가 감소된 비정질 티타늄 산화물 층을 PEN/ITO 유
연 기판에 형성함으로써 높은 효율의 유연 태양전지를 제작하였다. 그
결과, 빠른 전하 이동 및 낮은 내부 저항을 제공하여 12.2%라는 높은
효율을 보였다. 추가적으로 유연 태양전지의 기계적 특성을 평가한 결과,
손목에 해당하는 곡률 반경 10 mm에서 1,000회 반복적인 굽힘에도 95%
이상의 높은 효율을 유지하였고, TiOx와 페로브스카이트 층은 우수한 기
계적 강도를 보였다.
이산화 티타늄에 Niobium (Nb) 도핑을 통하여 Band gap과 Fermi 에
너지 레벨 제어가 태양전지 특성에 미치는 영향을 관찰하였다. 낮은 농
도 (0.5, 1.0at%)에서는 Band gap이 증가하고, Fermi 에너지 레벨은 도
핑

전과

유사하게

유지되어

electron

injection/transport

향상과

electron lifetime은 보존을 유도함으로써 도핑 전 대비 10 %의 효율 향
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상을 이끌었다.
본 연구 결과는 티타늄 산화물의 외적 특성은 태양전지의 빛 수확 특
성에 주된 영향을 미치고, 내적 특성 변화는 태양전지 내에서 전자의 주
입/이동 특성을 향상시킴으로써 태양전지 광전 변환 효율 향상에 기여함
을 확인할 수 있었다. 따라서, 본 학위 논문에서는 티타늄 산화물 반도
체의 외적/내적 특성 제어가 태양전지에 미치는 상관관계를 연구하였으
며, 고효율 광전극 설계를 위해서 두 인자가 복합적으로 고려되어야 함
을 확인하였다.
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