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ABSTRACT
ZHENG REN: Fabrication and Characterization of Aligned Titania Nanowire Films
for Solar Cell Applications
(Under the direction of Lu-Chang Qin)

A new hydrothermal method has been developed to grow foldable free-standing TiO2
films which are composed of highly aligned rutile nanowires. The rutile phase TiO2
nanowires are grown in the [001] direction. The free-standing film possesses a very high
percentage of (110) surface, which is thermodynamically the most stable and well-studied
TiO2 surface. Different growth parameters have been investigated and a new growth
mechanism of the free-standing film is proposed. The free-standing film shows its
stability in many extreme environments. For example, it can maintain the same
morphology after high temperature annealing, hydrogen treatment and surface coating. In
addition, the free-standing nanowire film can be directly attached to different substrates,
some of which have not been reported to support the growth of vertical TiO2 nanowire
structures, hence providing another method of fabricating nanowire structures on various
substrates. The new process can also avoid damage to the conducting metal oxide layer
during the growth process and other treatments.
Vertically grown TiO2 nanowires array is a very promising electrode structure for
dye-sensitized solar cells (DSSCs), because of its advantages of large surface area, high
diffusion coefficient, short electron transport pathway and less trapping sites than
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nanoparticle film. Because the surface area of the semiconductor porous film is essential
for the performance of DSSCs, morphology control is fundamentally important for
nanowire material growth techniques. By stacking nanowire films layer by layer, a multilayer assembly photoanode has been built. The multi-layer TiO2 assembly can precisely
control the thickness and the surface area of semiconductor photoanode in a DSSC.
DSSCs using these multiple-layer electrodes were built and tested. By enhancing the
contact between nanowires and the substrate and improving the electrical properties with
high temperature annealing, 3.8% efficiency was achieved for a single layer electrode.
After attaching three layers together, 4.8% solar energy conversion efficiency was shown
for a three-layer of TiO2 film photoanode, demonstrating an efficiency boost of 25%
compared with the single layer electrode. The multi-layer assembly photoanode shows a
new way to increase and control the roughness of a TiO2 nanowire array, which also
helps to improve the performance of a TiO2 electrode in many applications such as solar
cell and water splitting.
A new direct-deposit method was developed to build a flexible photoanode utilizing
the free-standing foldable TiO2 nanowire film. The new approach provides good
electrical interconnection in the TiO2 electrode and obviates the need for high
temperature treatment, allowing the device to be constructed on a plastic substrate. A
flexible photoanode was built. A DSSC with this design shows a high short circuit
current density (8 mA/cm2) and open circuit voltage (0.75 V). An efficiency of 1.5%
DSSC was achieved using this photoanode.
The TiO2 free-standing film is a promising material to control the morphology and
surface properties of electrodes in many applications. The mechanism of growing the
iv

free-standing nanowire film is expected to extend to other metal oxide nanowire growth
techniques and achieve better morphology control for crystal growth.
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CHAPTER 1
INTRODUCTION

Energy consumption worldwide heavily depends on fossil fuels, such as oil and coal.
However, the world has recognized that the supply of fossil fuel is limited while the
demand for fuel is still on the rise. There is a pressing challenge to develop new types of
clean energy to provide for energy consumption in the future, for the following reasons:
limited supply of fossil fuel, global climate change as a result of fossil fuel consumption,
and environmental issues. The next generation of clean energy needs to be safe,
environmental friendly and low-cost. Among those, nuclear energy, wind energy and
solar energy have attracted enormous research interests and have shown the most
potential in solving the current energy crisis.
Comparing the three aforementioned types of energy, nuclear energy is rather unsafe
and the nuclear plants are very expensive to build. On the other hand, wind energy is
season dependent and requires lots of maintenance for the facilities. Therefore, to directly
convert solar energy to other easy-to-use energy will be our best chance to overcome the
current heavy dependence on fossil fuel. The global energy consumption in 2001 was
estimated to be 4.1 × 1020 J, while sunlight delivers 4.3 × 1020 J energy to earth in only

one hour.2 Solar energy conversion technique, such as photovoltaic cells, is believed to be
one of the best candidates for the next generation energy. It has the advantages of being

non-polluting, highly efficient and having a long lifetime. Since the first solar cell was
invented at Bell laboratories in 1954,3 various types of photovoltaic cells have been
developed and exhibited excellent efficiency of converting solar energy to other types of
energy; these includes p-n junction solar cells,4-6 multi-junction solar cells,7, 8 organic
solar cells,9, 10 and dye-sensitized solar cells.11-13

2

3

Figure 1-1. Roadmap for the development of solar cell efficiency.1 The world record efficiency of a solar cell
is 43.5%, which was achieved by a three-junction solar cell. However, the unaffordable cost of multijunction
solar cells limits their application. Silicon solar cells have obtained 20% efficiency for multicrystalline silicon
and 27% efficiency for single crystal cells, which make it the most widely used solar cell. Dye-sensitized
solar cell is one of the most efficient third generation solar cells. It recently achieved 12% efficiency and
shows a promising future.

Figure 1-1 summarizes the current efficiency progress of different types of solar
cells.1 Silicon solar cells have shown the ability to achieve a high efficiency, 20%
efficiency for multicrystalline silicon and 27% efficiency for single crystal silicon. The
high efficiency and mature production technology have made the silicon solar cell the
most widely used solar cell so far. However, the high cost and the environmental issues
during the fabrication of silicon based solar cells forced researchers and scientists to look
further for other low-cost solutions to achieve similar solar energy conversion efficiency.
The Dye-sensitized solar cell (DSSC) is considered to be the most promising
candidate among the third generation solar cells, achieving a high efficiency with low
cost. The most recent result reported that DSSCs have achieved 12% efficiency with a
cobalt-based redox electrolyte.14 In a typical dye-sensitized solar cell, the excited
electrons were generated in the sensitizer/dye molecule, then collected by the
semiconductor and transferred to the back electrode. The semiconductor layer plays two
roles in DSSCs. Firstly, it allows excited electrons to be injected from the dye molecule;
secondly, it provides a transfer pathway to the back electrode for the electrons collected
from the dye molecule. TiO2 nanoparticles are the most widely used semiconductor
material for DSSCs, because their conduction band position allows the electrons to be
quickly injected from the dye molecule before they recombine with holes and also
because TiO2 nanoparticle-based porous films can provide large surface area to improve
efficiency.15
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Figure 1-2. Schematic diagram of a dye-sensitized solar cell.

Nanowires and nanotubes have exhibited unique morphological, electrical and optical
properties and have been employed in many applications, such as energy conversion,16-18
chemical sensors,19-22 and field effect transistors.23-25 TiO2 nanowires have shown the
capability to be an excellent photoanode material for dye sensitized solar cells. Compared
with the TiO2 nanoparticle film widely used in DSSCs, single crystal TiO2 nanowires
have fewer trapping sites which can cause electron recombination and photo-current loss
in solar cells. Vertically grown nanowires can also provide the shortest electron transfer
pathway from the top of nanowires to the substrate.26, 27
One of the difficulties involved in using nanowire materials to fabricate solar cells is
that most of techniques for growing low dimensional materials require a hightemperature and extreme-pH environment, which during the synthetic process can
damage or even destroy substrates resulting in poor performance of the solar cell product.
For example, plastic substrates cannot survive during hydrothermal procedures.28
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Moreover, because substrates have different surface energies and surface structures,
many efforts are required to control the morphology of nano materials on different
substrates.29, 30
In this thesis, I developed a new hydrothermal approach to grow free-standing
nanowire films to overcome the previously mentioned difficulties. The morphology,
electrical properties, composition and optical properties of this film were studied. The
growth process of the film was studied and a new growth mechanism is proposed. By
controlling the morphology of the individual layer of film and stacking layers on the top
of each other together, a multi-layer assembly can be fabricated. It can control the total
thickness and the roughness of the semiconductor porous film. DSSCs using these
electrodes show a significant efficiency increase when more layers were cooperated into
the photoanode. A 60% efficiency boost was seen, compared with a device fabricated
with nanowires grown on the substrate. A “direct deposition” method was developed to
fabricate a flexible photoanode utilizing the free-standing TiO2 film. It allows annealing
of the porous semiconductor film alone without damaging the plastic substrate during the
fabrication of a flexible photoanode. A high efficiency DSSC was built using this new
flexible photoanode. Both types of cells demonstrate the advantages of a free-standing
TiO2 film. This new approach allows me to avoid damages during the growth process and
provide a way to control the morphology of photoanode.
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CHAPTER 2
SYNTHESIS, STRUCTURE AND PROPERTIES OF NANOSTRUCTURED
TITANIUM DIOXIDE

2.1.

Properties of Titanium dioxide
As the most promising photo catalyst, TiO2 is expected to play a key role in helping

to degrading organic pollutants.31 Because of the discovery of its photo water splitting
property and the invention of high efficiency dye-sensitized solar cells, TiO2 has attracted
much attention and many development efforts.11,

32, 33

The properties of TiO2 were

intensively investigated in the last century.34-37 Along with the development of
nanotechnology and nanoscience, some unique properties of TiO2 were discovered when
its grain size was reduced to several nanometers and new applications were developed
using TiO2 nanomaterial.38-40
2.1.1. Structure of TiO2
Rutile, anatase and brookite are three common phases of TiO2 in nature. Two other
phases of TiO2, a monoclinic baddeleyite-like form and an orthorhombic α-PbO2-like
form, were discovered under high pressure conditions.41, 42 Rutile TiO2 is the equilibrium
phase at all temperatures. Anatase and brookite TiO2 are more often observed in TiO2
nanoparticles and will be converted to rutile after high temperature annealing.43,

44

Because of the stability of the rutile phase and high activity of the anatase phase, more

studies have focused on these two phases of TiO2.45, 46 Both rutile and anatase crystallize
in the tetragonal system.47 The crystal structures of titanium dioxide can be described
using chains of TiO6 octahedra as shown in Figure 2-1.48 Rutile and anatase are
composed of octahedra with different distortions and assembly pattern of the octachedra
chains. In the rutile phase, Ti4+ is in the middle of a distorted octahedron composed of six
O2- ions. Each octahedron makes contact with the ten neighboring octahedra, sharing
edges with two neighbors and corners with the other eight neighbors. The Ti–O bond
angles with the two nearest O2- ions are 90° and 81.21°. The lengths of the Ti–O bonds in
rutile are 1.949 Å and 1.980 Å. The lattice constants for rutile are a = 4.5937 Å and c =
2.9587 Å.
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Figure 2-1. Bulk structure of rutile and anatase. The stacking of the octahedra in both structures is
shown on the right side.49

Anatase is also composed of chains of TiO6 octahedra as shown in Figure 2-1. The
octahedra in anatase have larger distortions than in rutile. The bond angles between two
Ti–O bonds are 78.12° and 92.41°. In anatase, each octahedron only has eight neighbor
octahedra, sharing edges with four and sharing corners with the other four. Compared
with rutile, anatase has shorter Ti–O bonds, with lengths of 1.934 Å and 1.980 Å. The
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lattice constants for anatase are a=3.784 Å and c=9.515 Å, which result in different mass
densities between rutile and anatase (4.25 g/cm3 vs 3.89 g/cm3).
2.1.2. Thermodynamic properties of TiO2
Rutile is the thermodynamically stable phase of TiO2 at all temperatures and the rutile
(110) surface is thermodynamically the most stable surface of the structure.48, 50-52 After
high temperature annealing, other surfaces will be reconstructed to rutile (110) surface to
achieve the lowest energy. The transformations of nanocrystals among the three phases
of TiO2 have been intensively studied. Czandern et al. systematically studied the anatase
to rutile transformation under different annealing conditions.43 They suggested that no
transformation occurred below 610 ℃ and the conversion became rapid once temperature

was above 730 ℃ for anatase power.

Zhang observed that anatase and brookite

nanocrystals were transformed to rutile during the synthesis process when the
nanocrystals reached a certain particle size.53 Li also reached a similar conclusion that
small anatase nanoparticles were observed to aggregate to form larger rutile nanoparticles
when they reached a certain size during synthesis and larger rutile particles interact with
surrounding anatase nanoparticles to form larger size rutile particles.54 Ye and co-workers
reported that there was slow transformation from brookite to anatase below 1053 K and
both brookite–to–anatase transformation and anatase–to–rutile transformation were
observed to occur very fast between 1053 K and 1123 K. When the temperature reaches
above 1123 K, only rutile grain growth is observed and rutile becomes the dominant
phase.55
Phase stability is governed by the Gibbs free energy (∆G), which is defined as
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∆G = ∆H − T∆S

2-1

where T is the absolute temperature in kelvin, ∆H is the enthalpy and ∆S is the entropy.
According to Mitsuhashi’s experimental results, both rutile and anatase have the same

entropy (∆S), so the phase stability is determined by enthalpy of different phases of
TiO2.56 Zhang and Banfield calculated the enthalpies of rutile, anatase and brookite
nanocrystals using atomistic simulations and concluded that anatase has the lowest
enthalpy and rutile has the highest enthalpy for nanocrystals.57 The enthalpies of the three
phases of TiO2 at different particle sizes were estimated as given in Figure 2-2.58 The
enthalpy plot suggests that anatase is the most stable phase in the high surface area
situation, such as particles of 10-20 nm in diameter. As the surface area decreases and the
size of the particle increases, brookite and rutile become the more stable phase. It
suggests that, for equally sized nanoparticles, anatase is thermodynamically stable for
TiO2 nanocrystals with diameters smaller than 11 nm; brookite is stable for particles with
diameter between 11 nm and 35 nm; the rutile is the stable phase when the particle size is
larger than 35 nm.
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Figure 2-2. Enthalpy of nanocrystalline TiO2 in different phases.58

According to the results described above, TiO2 nanocrystals need to have at least one
dimension less than 35 nm to maintain their anatase structure.59 However, abnormal
behavior and inconsistent results have been occasionally observed. Anatase particles of
over 1 micron have been synthesized when aqueous HF acid is present in the reaction.60
This is because fluorine ions were absorbed by the surface of the TiO2 particles and the
energy of the anatase surfaces was changed, suppressing the formation of rutile structures.
Feng et al. reported that rutile nanowires 20 nm diameter were synthesized in toluene in a
hydrothermal reaction.61
2.1.3. Electrical and optical properties of TiO2
TiO2 is a large band gap semiconductor and is widely used in many applications.
Undoped TiO2 shows a very large electric resistance. The intrinsic conductivity of single
10

crystalline rutile was measured and reported by Cronemyer in the temperature range of
300 ℃ to 1400 ℃.62 According to his results, the relationship between conductivities of

rutile at different temperatures in different crystallographic directions can be calculated

using the following equations, where 𝜎 is the electrical conductivity in (ohm cm)-1 and T
is the absolute temperature.

Directions perpendicular to c axis
ln 𝜎 = 7.92 − 11600/𝑇, 623 K to 1123 K

ln 𝜎 = 11.10 − 21200/𝑇, 1123 K to 1673 K

2-2
2-3

Directions parallel to c axis
ln 𝜎 = 8.43 − 17600/𝑇, 773 K to 1223 K

ln 𝜎 = 11.30 − 21200/𝑇, 1223 K to 1673 K

2-4
2-5

Because the intrinsic conductivity of TiO2 is low, TiO2 is usually reduced by heating
it in a low oxygen pressure or hydrogen gas to create oxygen vacancies to enhance its
electric conductivity. The reduced TiO2 showed significantly increased conductivity.
Tang and co-workers measured and compared the electrical properties of rutile and
anatase thin films.63 By tuning the deposition parameters, anatase and rutile thin films
were deposited on glass substrates by sputtering. Prepared TiO2 films were reduced by
heating in 10−7 torr vacuum at 400 ℃ and 450 ℃. It was confirmed that the reduced

samples had the same crystal structure as before the treatment. The electrical
conductivities of as-deposited and reduced TiO2 samples were measured and the results

are shown in Figure 2-3.63 The conductivities of reduced films were significantly reduced,
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compared with as-grown films. The conductivity of rutile films showed a steady decrease
as the annealing temperature increased and the conductivity of rutile also decreased when
measured at higher temperatures. These results suggest that undoped rutile could have a
higher conductivity than undoped anatase after high temperature annealing.

Figure 2-3. Conductivity of anatase and rutile thin film.63 Sample 1 is the TiO2 film deposited
using sputtering; Sample 2 is a TiO2 film which has been reduced in H2 at 400 ℃; Sample 2 is a TiO2
film which has been reduce in H2 at 450 ℃.

Tighineanu et al. investigated the effect of annealing on the conductivity of anodized
TiO2 nanotubes with 1 𝜇𝑚, 7 𝜇𝑚 and 17 𝜇𝑚 length.64 The conductivity of the TiO2

nanotubes decreased initially and then increased as the annealing temperature increased
as shown in Figure 2-4.64 The resistance of the nanowire array was reduced to 102 Ω

from 104 Ω with 450 ℃ annealing for 7 𝜇𝑚 nanotube samples.
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Figure 2-4. Conductivity of anodized TiO2 nanotube after annealing at different temperatures.64

2.1.4. Photocatalytic properties of TiO2
Since Fujishima discovered photocatalytic water splitting using titanium dioxide in
1972, TiO2 has become one of the most promising semiconductor materials in the 20th
century.32 Photocatalysis has become a common word and attracted thousands of
researchers, and it is believed to be an effective way to solve the current global
environmental problems. In Fujishima’s study, a rutile TiO2 single crystal was connected
to a platinum metal and then placed in water. Under ultraviolet (UV) light irradiation,
water was decomposed and oxygen and hydrogen were separately generated from the
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TiO2 electrode and the platinum electrode without external bias voltage. The steps of the
reactions are described as following:
TiO2 + 2ℎ𝜈 �⎯⎯� 2𝑒 − + 2p+

2H2 O + 4p+ �⎯⎯� O2 + 4H +
2H + + 2𝑒 + �⎯⎯� H2

(excitation of TiO2 by light)
(at the TiO2 electrode)

(at the platinum electrode)

2-6
2-7
2-8

The overall reaction is
2H2 O + 4ℎ𝜈 �⎯⎯� O2 + 2H2

2-9

The band gap of rutile TiO2 is estimated to be 3.0 eV using optical spectroscopy, so
that the material can absorb light with wavelengths shorter than 415 nm. After absorbing
a photon, an electron and a hole were generated and the electron was excited to TiO2's
conduction band from its ground state. Exited holes reduce OH − ions in the water. At the
same time, the electrons flow to the photo-cathode and react with H + at the platinum

electrode. Hydrogen was generated in the counter reaction. The conduction band position
and valence band position of the semiconductor are important to achieve the
photocatalytic water splitting. The conduction band of the desired material needs to be
higher than the O2 evolution potential and the valence band should be lower than the H2

evolution potential.65 Several semiconductors were found to have the desirable band gap
structure for photocatalytic water splitting as illustrated in Figure 2-5.66 Co3O4 and WO3
have been reported to evolve O2 from water successfully under UV light radiation.67, 68
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Figure 2-5. Band gap positions of several metal oxides.66

TiO2 has a 3.0 eV band gap, meaning that it can absorb only UV light to decompose
water. Sunlight contains only a small amount of UV light. Even if the efficiency of the
decomposition reaction is very high, only 3% efficiency can possibly be achieved in the
solar spectrum.69 The electrolysis of water requires 1.23 eV to split the water molecule,
which suggests that a semiconductor with a band gap close to 1.3 eV is more desirable
for photo water splitting and photocatalytic applications.
Because of the strong oxidizing power of illuminated TiO2, TiO2 is the most effective
photocatalyst. It can be employed to decompose many pollutants and also kill bacteria.7015

72

TiO2 has also shown the ability to kill tumor cells.72,

73

In these studies, TiO2

decomposed organic compounds by an oxidization reaction under sunlight. In the photoinduced oxidation reaction, the conduction band position of the semiconductor
determines its oxidation capability. Because anatase has a more negative conduction band
and a lower recombination rate, anatase has been observed to be a more active
photocatalyst than rutile when O2 is the oxidizing agent.74, 75
2.1.5. Properties of doped TiO2
Because TiO2 only absorbs light of wavelength less than 415 nm, it limits the overall
photocatalytic efficiency. Modification of the band gap structure of TiO2 is expected to
improve the photocatalytic and electrical properties of TiO2 nanocrystals. Many attempts
have been made to decrease the band gap of TiO2. However, because the conduction band
position is an important factor for its catalytic properties, these modifications must meet
the following criteria: 1) have the same conduction band position as TiO2 or a more
negative one; 2) reduce band gap or create a state in the middle of the band gap to absorb
the visible light and 3) the newly created states need to overlap sufficiently with the states
of TiO2 to transfer photoexcited carriers to its catalyst surface within their lifetime.
Different elements have been doped into TiO2 and some improvements for photocatalytic
applications have been observed, such N-doped TiO2, C-doped TiO2 and hydrogenated
TiO2.
Asahi and co-workers calculated the density of states of TiO2 with F, C, S, P and N
doping using the full potential linearized augmented plane wave (FLAPW) formalism in
the framework of the local density approximation (LDA).76 The calculation suggested
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that doping by N was the most effective because its p states can contribute to narrowing
the band-gap by mixing with O 2p states in TiO2. The calculated results agreed with their
experimental results. N-doped TiO2 was prepared using sputtering in N2 gas. The
absorption of N-doped TiO2 was extended to 550 nm as shown in Figure 2-6 and Ndoped TiO2 showed the enhanced photocatalytic ability.

Figure 2-6. The absorption of TiO2 and N-doped TiO2.76 Compared with pure TiO2, N-doped TiO2
can absorb light of longer wavelengths.

Carbon was also found to be an effective dopant to reduce the band gap of TiO2. Cdoped TiO2 could be obtained by burning Ti foil in a natural gas flame. The band gap of
C-doped TiO2 prepared by the flame method was narrowed to 2.32 eV and the maximum
photo conversion efficiency was improved to 8.35%. C-doped TiO2 can also be fabricated
by heating titanium carbide,77 or annealing TiO2 in CO gas.78
Chen reported that white anatase TiO2 nanoparticles were turned into black TiO2 after
high pressure hydrogen treatment.79 According to DOS calculations, the conduction band
17

and valence band were broadened by the hydrogen treatment, because it induces a
disordering in the layer on the surface of TiO2 nanocrystals. The band gap was reduced to
1.54 eV. TiO2 nanowires after annealing in H2 at high temperatures were also reported to
improve the photocatalytic ability80.
Different metals have also been doped into TiO2 nanomaterials. For example, Choi et
al. used a sol–gel method to prepare TiO2 nanoparticles with 21 different metal ions and
reported the presence of metal ion dopants significantly influenced the photoreactivity,
charge carrier recombination rates, and interfacial electron transfer rates.81 Ta and Nb
doping were both discovered to increase the conductivity of TiO2 significantly. Meagen
prepared Ta-doped TiO2 and Nb-doped TiO2 using radio frequency (rf) magnetron
sputtering.82 The electrical and optical properties of these two materials suggest that they
are good candidates to be used as the transparent conducting oxide in many applications.
When magnetic metal ions such as nickel and cobalt were doped into TiO2, the photogenerated electrons were trapped at the dopant sites and the photocatalytic ability was
reduced despite the narrowing of band gap. These materials are called dilute magnetic
semiconductor and exhibit some very interesting electrical and magnetic properties.83-87
2.2.

Synthesis of low dimensional Titanium oxide nanomaterial

An exponential increase of research activity has been seen in nanotechnology in the
last two decades. Because one dimensional materials exhibits high surface area and
excellent electrical properties, nanowires and nanotubes have attracted considerable
attention. The properties of semiconductor nanowires are reported to closely relate to
their morphology and crystal structures. Synthesizing nanowires with defined phase,
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shape, dimension, and high quality of crystallinity is of fundamental importance for
achieving the desired functionality and performance in applications.
2.2.1. Vapor-liquid-solid method
The vapor liquid solid (VLS) method is commonly used for the synthesis of materials
and recently it was widely employed to grow low dimensional materials such as
nanowires and nanorods.88 Many kinds of semiconductor nanowires were reported to be
grown using this method, such as ZnO nanowires,89 Silicon nanowires,90,
nanowires,92,

93

91

CuO

TiO2 nanowire,94 etc.95 Yang and coworkers observed in situ

semiconductor nanowire growth using VLS method in high temperature TEM as shown
in Figure 2-7.96

Figure 2-7. In situ TEM images showed the Ge nanowire growth with gold catalyst.96

The growth of metal oxide nanowires using the VLS method can be explained as
follows: firstly, the metal source is heated and metal vapor is generated within a vacuum
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chamber; secondly, the metal vapor reacts with oxygen in the chamber and the metal
oxide will form nuclei by itself or with the catalyst on the substrate; and thirdly, growth
takes place. According to the lever rule of phase diagrams, crystal growth requires less
energy than secondary nucleation events in a finite volume.97 Hence no new interface is
created. As more material agglomerates on the growing site, the old interface is pushed
away. This heterogeneous growth process requires a low oxygen concentration to limit
the growing volume. The competition between oxygen and metal cation diffusion
determines the deposition rate and solidifying rate of the metal oxide, which are
important factors for controlling the morphology of the final product. VLS growth
includes two main procedures, direct oxidation and physical vapor growth.
Direct oxidation is an easy way to synthesize metal oxide nanowires. Peng et al.
reported that titanium dioxide nanowires can be synthesized by heating titanium metal
plate in an oxygenated environment.98, 99 The metal evaporated from a metal substrate
and the metal vapor meets the oxygen source at the surface of the substrate. The metal
vapor is oxidized and forms metal oxide grains, acting as the catalyst in the growth. By
limiting the oxygen source in the reaction vessel and controlling the temperature, the
metal oxide nanowires can be induced to grow vertically on the substrate.
Xiang reported that a rutile TiO2 nanowire array can be directly grown on titanium
foil in a low oxygen pressure environment at 850 ℃ after 3 hours of heating, and the field
emission properties of the nanowires grown were measured.94 Several studies reported

that when plenty of oxygen is present in the reaction vessel, only polycrystalline TiO2 can
be synthesized instead of the hierarchal nanostructures.100 Acetone has been
demonstrated to be a better oxygen source than pure oxygen gas. Peng et al. reported that
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acetone helps to synthesize 10 micron long rutile nanowires with 20-50 nm diameter as
shown in Figure 2-8.98 Different organic chemicals, such as formic acid, acetaldehyde
and ethanol, were also investigated and employed to grow various TiO2 nanostructures.99
By mixing the chemicals containing other elements into the oxidant vapor, doped TiO2
nanowires can be synthesized using this procedure. For example, a K-doped TiO2
nanowire array was reported by Cheung and co-workers using this method.101

Figure 2-8. SEM images of directly oxidized TiO2 nanowires in acetone vapor.98

The physical vapor deposition (PVD) method is similar to the direct oxidation method.
It takes place in a three–zone tube furnace as shown in Figure 2-9 and separates the metal
source and the growth substrate. Thus, nanostructures can be grown on different
substrates, not just on metal plates. As illustrated in the schematic diagram given in
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Figure 2-9, the metal source was placed in the high temperature zone to produce metal
vapor. An oxidant agent was introduced from one end of the quartz tube via the carrier
gas, such as N2 or argon gas and the growth substrate was placed in the second low
temperature zone in the reaction tube. The metal source was evaporated at the high
temperature zone and brought to the low temperature zone by the carrier gas together
with the oxidant. Small metal or metal oxide particles are used as the growth catalyst.
Metal oxide liquid droplets continue to deposit on the catalyst and solidify around the
catalyst. Using this technique, a dense nanowire array was grown on the substrate at low
temperature.102

Figure 2-9. PVD nanowire growth using a three-temperature-zone tube furnace.

Both methods have been reported to grow dense and very long dense single
crystalline nanowire arrays by optimizing the growth parameters. However, the selection
of the substrate and the oxidant is very important. Growing nanowires on some specific
substrate such as FTO glass is very challenging, because the substrates have to match the
crystal structure of the metal oxide and also survive high temperature annealing.
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2.2.2. Chemical vapor deposition method
Chemical vapor deposition (CVD) uses a similar set up to that of physical vapor
deposition. Different from physical vapor deposition, the metal source in CVD process is
brought into the reaction vessel by the carrier gas and meets the oxidant at the high
temperature zone. Because there is no need for the metal evaporation, the CVD method
usually requires lower temperature than the PVD method, which allows a larger selection
of substrate materials. The CVD method has been intensively investigated to grow carbon
nanotubes,103,

104

and other semiconductor nanostructures.29,

105

When a metalorganic

compound is employed as the metal source, the process is called metal organic chemical
vapor deposition (MOCVD).106 Different types of semiconductor and metal particles
were also studied to be employed as the catalyst to control the growth direction and the
morphology of nanowires.107-109
In the CVD growth process, chemicals containing metal and oxygen are carried to the
high temperature zone in the tube furnace. According to melting-point depression theory,
when the particle size is small, the melting point will also be reduced.110 The chemical
reaction occurs and generates small droplets of products on the surface of the substrate.
The small droplets of metal oxide from the reaction are deposited on the catalyst and
form an alloy. The growth occurs as previously described in the PVD process and high
density nanowires can be obtained. The most commonly used titanium source in the CVD
method is titanium isopropoxide (TTIP), with the formula Ti{OCH(CH3)2}4. TTIP is
reactive with water and deposits TiO2 according to the following reaction:
Ti{OCH(CH3)2}4 + 2 H2O → TiO2 + 4 (CH3)2CHOH.
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2-10

It is also widely used in the hydrothermal and sol-gel methods to grow TiO2
nanostructures. Wu et al. reported that well-aligned rutile and anatase TiO2 nanorods
were synthesized using the MOCVD method.111 In their study, TTIP was heated to 60 ℃

to increase the concentration of titanium in the vapor and two flows of hot nitrogen gas

were passed through TTIP and water separately. Without using any extra catalyst, rutile
nanorods were synthesized at 650 ℃ and anatase nanorods were synthesized at 560 ℃ as
shown in Figure 2-10.111

Figure 2-10. SEM images of MOCVD grown TiO2 nanorods in Wu’s study.111 A is rutile TiO2
nanorods and B is anantase TiO2 nanorods.

Compared with those grown by the PVD method, nanorods grown with MOCVD are
shorter and thicker. Chen et al. reported that high density rutile nanorods were grown on
sapphire substrates.112, 113
2.2.3. Hydrothermal method
The hydrothermal method is the technique of crystallizing a substance from high
temperature solution at high pressure. This method has been extensively used to
synthesize TiO2 nanoparticles and nanowires. The hydrothermal method has the
advantage of synthesizing single crystal nanostructures with uniform properties in large
scale. Hydrothermal synthesis is conducted in solution in a sealed metal vessel, called
24

“autoclave”, at a temperature above the boiling point of the solvent. Teflon-liners are
usually used to protect the vessel from corrosion and contaminations. When the
temperature exceeds the boiling temperature, the internal pressure in the autoclave is
increased, resulting in the boiling temperature becoming higher. A saturated solution is
formed and precipitation starts to occur on the substrate or in the solution. Single crystals
of semiconductors can be synthesized using the hydrothermal method without requiring
very high temperature. Many studies focused on controlling the morphology of the final
products. Two major procedures have been developed to grow TiO2 nanowire and
nanotube structures with uniform morphologies; one of them utilizes an alkali solution
and the other allows the reaction to occur in acid solution.
Kasuga first reported growing TiO2 nanotubes using the hydrothermal method in
NaOH solution.54 Many similar results were reported with different growth conditions.114,
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However, the morphologies of the products were sensitive to growth conditions. One

possible explanation for this phenomenon is that the size of Teflon liner plays an
important role in this reaction, which determines the internal pressure during the
synthesis. When an alkali solution is employed, titanate strucutres are synthesized. By
annealing at different temperatures, TiO2 with the desired single crystal structures can be
obtained. Both rutile nanowire growth and anatase nanowire growth are feasible using the
hydrothermal procedure.116-118 Liu et al. reported that TiO2 nanowires were synthesized
on a Ti substrate using the alkali hydrothermal method.119 In the alkali growth process,
single crystalline sodium titanate (Na2Ti2O5·H2O) nanowires were synthesized first on Ti
foil. After an ion-exchange process, H2Ti2O5·H2O nanowires were produced from the
Na2Ti2O5·H2O nanowires without changing the morphology of the nanowires. By
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annealing nanowires at different temperatures, vertically aligned single crystalline
anatase and rutile nanowires were grown on the metal substrate. The length of nanowire
can be controlled to be between 5 to 20 𝜇𝑚. The morphology of nanowire array is shown

in Figure 2-11.119 Although the nanowire array exhibits a high surface area, the nanowire-

based solar cell did not achieve a high efficiency as expected. This is because the
resistance of the substrate was significantly increased during the calcination, which
ultimately affected the solar cell efficiency.

Figure 2-11. Cross-section of hydrothermal method grown TiO2 nanowire array on Ti substrate.119

Liu and Feng reported two hydrothermal methods to grow TiO2 nanowire arrays on a
transparent conductive oxide (TCO) substrate.61, 120 After synthesizing superhydrophobic
TiO2 nanorods array using the hydrothermal method,121 Feng et al. used toluene as the
solvent to replace water, which is the more commonly used solvent.61 1 mL Tetrabutyl
titanate and 1ml titanium tetrachloride (1 M in toluene) were used as the titanium
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precursors and were added to a 23 ml autoclave with 10 ml toluene and 1ml hydrochloric
acid. After 4 hours of heating at 150 ℃, a dense vertical nanowire array was observed on
TCO as shown in Figure 2-12. The typical nanowire is 20 nm in diameter and 4 to 20 𝜇𝑚

in length. Dye sensitized solar cell was built using this TiO2 nanowire array. A 5%
overall efficiency was achieved.59

Figure 2-12. TiO2 nanowire grown in toluene on TCO substrate.61

By optimizing the growth conditions, Liu reported a hydrothermal method to grow
nanorods on TCO using water as the solvent.120 At the end of the growth, rutile TiO2
nanorods with uniform height were seen on the transparent substrate. The diameter of a
typical nanorod is about 80 nm and the film can be grown up to 4 𝜇𝑚. Different growth

parameters were investigated in this study, such as temperature, growth time,
concentration of chloride ion and substrate. The study concluded that this method can
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only be used to grow nanorods on FTO and no nanorods can be grown on a silicon or
glass substrate. A DSSC was built using the nanorod-covered substrate. A 3% overall
efficiency was obtained in this study.120

Figure 2-13. TiO2 nanowire array growth using water as the solvent.120

Also important in the hydrothermal growth method is the role of chloride ions in the
solution as one of the determining factors for the morphology and crystalline structure of
the final product. Hosono et al. reported that the TiO2 nanorods can be synthesized even
with a saturated NaCl solution.122 The nanorod growth with NaCl was also observed in
Liu’s study. It is noteworthy that only rutile TiO2 single crystalline nanorods were
synthesized when the chloride ions were present in the reaction. One explanation is that
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the chloride ions were absorbed by the precipitates and rutile became the most stable
phase in the reaction. Because of the different growth speed of surface, only rod-like
rutile crystals were synthesized. If chloride ions were replaced with fluoride ions in the
reaction, Yang et al. reported that anatase TiO2 single crystals with a large percentage of
(101) surface were formed.60 Fluoride ions attached to the TiO2 surface changed the free
energy of precipitation. Anatase with exposed (001) surface then becomes the stable
phase.

Figure 2-14. SEM image of anatase TiO2 with large percentage of (001) surface.60

2.2.4. Electrochemical anodization
Grime and co-workers first reported that a titania nanotube array was synthesized by
anodizing Ti foil in a fluorine based electrolyte.64 Studies that followed focused on the
precise control of the morphology of the nanotube array, such as wall thickness, pore size
and length.123-126 A typical anodization of titania nanotubes was conducted in a two
electrode electrochemical cell setting. Platinum foil served as the cathode at a constant
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potential. Ti foil was anodized at different potential voltages. When the applied voltage is
low, such as 3-5 V, only a porous layer can be obtained on the surface of Ti foil. When
the voltage is increased above 10 V, tube-like structures are produced on the Ti foil. By
adjusting the applied voltages, synthesis temperature and electrolyte composition, the
morphology of the TiO2 nanotube can be controlled.127 These anodized titania nanotubes
are initially amorphous, but can be crystallized by high-temperature annealing. The
annealing process can convert amorphous titania to either rutile or anatase TiO2 nanotube
without changing the morphology.
By depositing Ti metal on a TCO substrate and controlling the growth conditions, a
long TiO2 nanotube array (up to 33 𝜇𝑚) was grown on a transparent substrate as shown

in Figure 2-15.76 A DSSC was built using TiO2 nanotubes as the photoanode and 2.7%
overall efficiency was achieved with only 360-nm thick films.128 A 33 𝜇𝑚 long titania
nanotube array on FTO glass yields a power conversion efficiency of 6.9%.128

a

b

Figure 2-15. SEM images of 33 𝜇𝑚 titania nanotubes grown on FTO glass.128
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2.2.5.

Other synthesis techniques

The sol-gel method has also used to synthesize nanocrystals. Many sol-gel procedures
were developed to grow nanoparticles, nanowires and nanorods in solutions.70, 129, 130 A
surfactant was employed to control the morphology of the end products.131 The biggest
challenge for sol-gel methods is to grow dense vertical TiO2 nanowire structures on the
substrate. No sol-gel method has been reported to be able to directly grow TiO2 nanowire
structures successfully on a FTO substrate so far.
An anodized aluminum oxide (AAO) template has been combined with the sol-gel
method to fabricate nanowire structures on various substrates.132-134 By anodizing
aluminum foil, a porous alumina oxide template with long and deep holes was generated
as shown in Figure 2-16.135 By depositing the products from the sol-gel method onto the
template and subsequently washing the template, TiO2 nanowire and TiO2 nanotube
structures have both been reported.130 Additional annealing can help with crystallization
of the products. One disadvantage of the AAO template method is that it is hard to
fabricate single crystalline nanostructures, therefore it limits the electron transfer
properties in low dimensional materials and loses the advantage of their morphology in
many applications.
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Figure 2-16. SEM images of anodic aluminum oxide template. a) Top view and b) Cross section.135

2.3.

Dye-sensitized solar cells
To study and simulate photosynthesis in nature, organic dye molecules were utilized.

These molecules are able to absorb light and convert it to electricity, as first reported in
1962.136 Since then, many studies have focused on building a solar cell by attaching
organic molecules to the semiconductor surface and the concept of the dye-sensitized
solar cell was proposed.137 However, because of the instability of the organic component
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and the difficulties of collecting photo-generated electron from organic dye molecules,
there was no report of a high efficiency dye sensitized solar cell until in the 1990s. In
1991, Michael Grátzel’s group reported the first high efficiency dye-sensitized solar sell
(DSSC) and coined the term. This DSSC was built based on a low cost semiconductor
nanoparticle material and organic molecules.11 This new type of solar cells thus shows
the potential of achieving high solar energy conversion efficiency with low cost.138-142 In
addition, the DSSC also showed exceptional long term stability.143, 144 Because of the
rapid development of dye-sensitized solar cells in the last two decades, the working
principles have been widely studied and documented. However, some mechanisms are
still not completely understood, because the DSSC includes several components which
are closely related to each other. Changes to any one component can influence the final
performance of the DSSC.
Following the design of the original dye-sensitized solar cell, many new designs have
been proposed to achieve better performance, such as the solid state DSSC,12 flexible
DSSC,145 metal substrate DSSC,146 quantum dot-sensitized solar cell,147 etc.148,
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Different dye molecules are also synthesized to absorb sunlight in different wavelength
ranges and convert it to electricity.150, 151 In order to be implemented, a new design of
solar cell has to offer at least 15% solar power conversion efficiency, no matter how low
the fabrication cost is.62, 152 For a relatively long period of time, researchers have been
unable to further improve the efficiency of DSSCs until 2011, when the new efficiency
record of dye-sensitized solar cells was raised from 11% to 12.3%.14 A new dye molecule
and a new electrolyte were developed and employed in this system, which is expected to
exceed the 15% efficiency landmark after future optimization.
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2.3.1. Design of DSSCs
TiO2 was found to have the capability to generate excited electrons under sunlight,
but it can only absorb the part of spectrum with less than 400 nm wavelength. Grátzel
proposed to use organic dye to increase the absorption and conversion of light of other
wavelengths, and his group achieved 7% overall efficiency in their first published
paper.11 The structure of the dye-sensitized solar cell is shown in Figure 2-17. A TiO2
nanoparticle film was deposited on a transparent conducting oxide substrate. The organic
dye molecule was attached to TiO2 particles via chemical bonding. A piece of platinum
metal was used as the counter electrode. Both electrodes were immersed into I3− /I−
electrolyte solution and then sealed by a polymer spacer.

Figure 2-17. Schematic diagram of dye-sensitized solar cells.

Light comes from the back side of the semiconductor electrode and is absorbed by the
semiconductor film and the organic dye molecules. The electrons in the dye molecules
are excited to higher states by the incident photons. The photo-excited electrons in the
34

new states are injected into the conduction band of the wide band gap semiconductor.
The relaxation process also occurs simultaneously. However, because the electron
injection time is much shorter than the relaxation period, the charge separation yields
high efficiency. The injected electrons are transferred to the back electrode through the
semiconductor nanoparticle network. In the meantime, the dye molecule is reduced by
iodide ions in the electrolyte and the tri-iodide ions in the electrolyte are reduced at the
counter electrode. The photocurrent forms in the circuit and the maximum output voltage
is determined by the Fermi level difference between the wide band gap semiconductor
and the counter electrode.
The DSSC is a complicated system and includes several components. The properties
of any component will influence other components and the final performance of the
device. Many studies were conducted to understand the working mechanism and also
attempted to increase the overall efficiency. Certain requirements for the components in
DSCC were proposed to build a high efficiency solar cell.153-156
The transparent conducting oxide substrate is used to maintain the mechanical
strength of the solar cell, to collect the electrons from the semiconductor and to increase
the transparency of the incident sunlight. Fluorine-doped tin oxide (FTO) coated glass is
a most widely used TCO substrate for DSSCs. Fluorine-doped tin oxide is a highly
conductive transparent metal oxide and maintains stability during high temperature
annealing up to 600 ℃. The resistivity of the FTO layer is in the order of 10−3 Ω ∙ cm.157
The transmission of FTO is around 90% in the visible light range and drops sharply in the

UV light range. The typical absorption spectrum is shown in Figure 2-18.158 A thick glass
substrate is usually used to provide mechanical strength for the solar cell and prevent
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possible leakage of electrolytes from the porous semiconductor layer. The sheet
resistance of the commonly used FTO glass is 8-20 ohm. The resistance of TCO used in
DSSCs was found to have great impact on the performance of solar cells.159 Indium tin
oxide (ITO) and other TCOs have also been used in DSSCs,160 but the annealing of the
semiconductor nanoparticle film requires a high temperature treatment up to 550 ℃. ITO
glass is damaged after the heat treatment at 450 ℃, while on the other hand, FTO is stable
and can maintain its electrical and optical properties at that temperature for a short time.

Han et al. showed that the internal resistance correlates positively with the sheet
resistance of the transparent conducting oxide, which influences the overall efficiency of
the DSSC.161

Figure 2-18. Transmission spectrum of pulsed direct current magnetron sputtering prepared FTO.158
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To improve the conductivity of the back electrode, metal foils such as Ti foil and steel
foil were employed to replace the TCO electrode and reduce the resistance of the back
electrode to 0.1 Ω.162, 163 Because the metal foil blocks the incident light, sunlight has to
be illuminated from the counter electrode and go through both the platinum layer and the

electrolyte layer to reach the dye molecules. This process causes a considerable amount
of light loss. However, by taking the advantage of a highly conductive electrode, the dyesensitized solar cells have achieved more than 7.2% overall efficiency.164
The organic dye molecule is the essential component of the DSSC. It is required to
effectively absorb the sunlight and convert it to electricity. Currently, sensitizers used in
dye-sensitized solar cells mainly absorb sunlight at around 500 nm wavelength and thus
lack the capability of absorbing light in the red range of the spectrum. To yield a rapid
electron injection, the energy levels of the dye molecule and semiconductor need to
match with each other. The excited states in the sensitizer should be higher than the
conduction band of the semiconductor, which then allows the photo–generated electrons
to inject into semiconductor. In the meantime, the ground state of the sensitizer should be
below that of the electrolyte in order to be reduced by the electrolyte.
Grátzel

and

his

coworkers

reported

that

cis-X2Bis(2,2'-bipyridyl-4,4'-

dicarboxylate)ruthenium(II), also known as N3 dye, has exhibited outstanding properties,
such as a photon-to-current conversion efficiency extended up to 700 nm and a long
excited electron lifetime, allowing the electrons to be transferred to the semiconductor
and reduce the recombination during the injection.165 The maximum absorption peak of
N3 dye lies at 518 nm with extinction coefficients of 1.3 M-1/cm. When the N3 dye is
used, a total efficiency of 10% has been reported for dye-sensitized solar cells.
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To increase the absorption range of the dye molecule, Grátzel and co-workers
designed and developed a new dye N749, also called the “black dye”, which is able to
absorb most of the visible light.166 Incident photon-to-current efficiency (IPCE)
measurements showed that N749 dye extends the absorption range of the sensitizer to up
to 900 nm. As a result, a dye-sensitized solar cell with 10.4% total efficiency was built.
The results were verified at the NREL calibration laboratory at 25 °C as shown in Figure
2-20.164

Figure 2-19. IPCE of DSSC using black dye.166
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Figure 2-20. Photocurrent vs voltage plot of DSSC using black dye.166

N719,

Di-tetrabutylammonium

cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-

dicarboxylato)ruthenium(II), was developed by Nazeeruddin et al. based on the N3
dye.167 The dicarboxylate group in the N3 ruthenium complex was replaced by the
carboxylic acid groups. The oxidation potential and reduction potential were shifted
toward the negative end compared to the value in N3. The new N719 dye improves the
open circuit voltage and also can absorb light up to 800 nm. Nowadays, N3 and N719 are
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recognized as the reference dyes for DSSC and are used as standards when developing
new sensitizers.15
The electrolyte is employed to reduce the photo excited sensitizer and is subsequently
reduced at platinum electrode. An effective electrolyte needs to have its reduction
potential somewhere in between the work function of platinum and the ground state of
the dye molecule, so that it can produce a driving force electron transfer within the DSSC.
The most commonly used electrolyte for N3 and N719 is the iodide/tri-iodide complex in
acetonitrile. By adding guanidinium thiocyanate to the electrolyte, the coulombic
interactions between molecules are screened. Besides having the appropriate reduction
potential, the iodide/tri-iodide based electrolyte can also slow down the recombination at
the interface of the semiconductor. The time constants under working conditions are
shown in Figure 2-21 for a Ru-dye-based solar cell using iodide/tri-iodide as the
electrolyte.69 The reactions in a working dye-sensitized solar cell can be described as
follows.
Ru(II)  Ru(II)*

photon absorption at sensitizer

2-11

Ru(II)*  Ru(III)++ e-

electron injected into TiO2

2-12

2 Ru(III)+ + 3I − 2 Ru(II)- +I3−

photo-excited sensitizer reduced by electrolyte
2-23

I3− +3e 3I−

electrolyte reduced at Pt electrode

Recombination process:
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2-14

Ru(II)*  Ru(II)

relaxation

2-15

Ru(III)++ e-  Ru(II)

recombination

2-16

Figure 2-21. Overview of the time constants for the processes in a working dye-sensitized solar cell.69

As seen in the diagram above, the reduction reaction at the working electrode occurs
in 10−6 s, which is two orders of magnitude faster than the recombination rate between

TiO2 and the electrolyte (10−2 s) and the relaxation in the dye molecules (10−4 s). The
iodide/tri-iodide based electrolyte can effectively reduce the photo excited sensitizer and
suppress recombination occurring at the dye electrolyte interface and semiconductor
electrolyte interface. However, the biggest concern for the DSSC is the decomposition of
the iodide/tri-iodide complex in the electrolyte. Although the liquid electrolyte allows the
iodide/tri-iodide complex to get into the semiconductor film, the iodide/tri-iodide

41

complex will eventually decompose in the liquid electrolyte under UV irradiation or in a
high temperature environment. Decomposition of the iodide/tri-iodide complex limits the
practical application of the liquid electrolyte based DSSC. Thus, solid state dyesensitized solar cells have been developed to overcome this problem. Because of the slow
electron transfer in the polymer electrolyte, the reduction reaction between photo-excited
sensitizer and electrolyte also slows down and the recombination rate is increased.
Moreover, it is also difficult for the polymer electrolyte to fill the porous semiconductor
film to obtain the largest surface area. So far, the solid state DSSC is still not able to
achieve the same efficiency as the liquid based dye-sensitized solar cell.
The material used as the back electrode has several requirements. First it has to be
stable when reduction reactions occur. Secondly, the work function of the material used
as the back electrode determines the output voltage of the solar cell, as shown in Figure
2-22.15 Platinum is used because with its high work function of -5.6 eV, it is able to give
a large output voltage. If, for example, gold, which has a work function of -5.1 eV, were
used, the 0.5 V difference would become a loss in the cell.15
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Figure 2-22. The electron configuration in the DSSC.15

Semiconductor layer is used to collect the photo-excited electrons before they are
recombined with the electrolyte or relaxed to the ground states in the molecule. TiO2 is
the best semiconductor material for the dye-sensitized solar cell, because of its large
surface area, high electron injection rate and low combination rate.15 Several factors need
to be taken into consideration when selecting the semiconductor material. First of all,
according to the previous discussion, the conduction band position of TiO2 is important
for quick electron injection from the sensitizers. Secondly, a higher surface area is
preferable. A nanoparticle porous film exposes high surface area and absorbs more
sensitizer than a flat semiconductor does. And thirdly, the thickness of the semiconductor
is also important. Many studies have seen the effect that as the thickness of the
semiconductor layer increases, the solar cell efficiency first increases and then starts to
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drop at some thickness.168-170 One explanation for this effect is that after all the photons in
the absorption range of the dye are absorbed, the thicker porous film just creates more
unnecessary interfaces between the semiconductor and the electrolyte, which increase the
recombination rate and cause the solar cell efficiency to decrease. In a well-fabricated
dye-sensitized solar cell, the TiO2 layer should not exceed 14 𝜇𝑚. Other metal oxides,

such as ZnO,171, 172 Nb2O5,173, 174 and ZrO2,175 have been studied as photoanodes in DSSC.
But so far, none can effectively compete with the TiO2 nanoparticle film.
By adding another scattering layer above the TiO2 nanoparticle film to increase the
optical path in the solar cell, the highest overall efficiency of a DSSC using Ru-based dye
has been reported, reaching 11.1% efficiency under AM 1.5 G simulated sunlight.176 To
obtain the highest efficiency, the electrolyte solution used is dimethyl propylimidazolium
iodide (0.6 M), lithium iodide (0.1 M), iodine (0.05 M), and tert-butylpryidine (0.5 M) in
acetonitrile. A double layer of TiO2 was deposited on FTO using the screen printing
method and sensitized with black dye. The results of the solar cell measurements showed
short circuit current density JSC = 20.9 mA/cm2; open circuit voltage VOC = 736 mV; fill
factor FF = 0.72; overall efficiency is 11.1%. The result was confirmed by National
Institute of Advanced Industrial Science and Technology in Japan. The newest study
reported a 12.3% overall efficiency by using a cobalt-based dye.14
2.3.2.

Characterization techniques for solar cell

The I-V curve is the most important characteristic of solar cells, which determines the
overall efficiency and other working parameters of solar cells. A typical I-V curve is
shown in Figure 2-23. An ideal solar cell can be modeled as a diode connected to a
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current source. When no light is illuminating the cell, the solar cell behaves like a diode.
As the intensity of incident light increases, the solar cell generates a large photo-current.

Figure 2-23. I-V curve of a typical dye-sensitized solar cell.

In an ideal solar cell, the photo-current is defined as the difference between the
current under illumination and the current in dark as shown in the following equation,
which describes the solar cell’s capability of converting photons to electricity,
qV

I = Il − Id = Il − I0 �ekT − 1�,
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2-17

where 𝐼𝑙 is the photo-current generated under the illumination, 𝐼0 is the saturation

current of the diode, q is the charge of an electron, k is the Boltzmann constant, T is the
working temperature, V is the applied bias voltage on the solar cell.

For a real solar cell, the I-V curve suggests a more complicated model than a simple
diode.177 Two resistors were brought into the new model as shown in Figure 2-24

Figure 2-24. The modified equivalent circuit for a working solar cell.

where Rseries is the internal equivalent series resistance of the solar cell, and Rshunt is
the internal equivalent shunt resistance of the solar cell. Rseries and Rshunt determine the fill
factors of solar cells. After adding two resistors to the model, the new equation to
describe I-V curve of a working solar cell becomes the following,

I = Il − Id = Il − I0 �e

q�V+IRseries �
nkT

− 1� −

V+IRseries
Rshunt

.

2-18

Several important working parameters can be identified from a photocurrent-voltage
sweep curve of an illuminated solar cell, as shown in Figure 2-25.
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Figure 2-25. Illuminated I-V sweep curve.

The short circuit current, also known as Isc, is defined as the photo generated current
of a solar cell without any potential bias. It is calculated using following equation,
Isc = Il0 − Id0 (when V = 0),

2-19

where Il0 is the current of a working solar cell under illumination without applied

external voltage, and Id0 is the current of a solar cell in dark without applied external
voltage.

The open circuit voltage, also known as Voc, is defined as the voltage when there is
no current passing through the cell. As previously discussed, Voc is determined by the
Fermi levels of the back electrode and the counter electrode.
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Voc = V(when I = 0).

2-20

The output power of a solar cell can be estimated from the product of photo-current
and bias voltage obtained from the I-V sweep curve. Pmax is defined as the maximum
output power for solar cell.
The fill factor is a measure of the quality of solar cells, which is defined as the ratio
between Pmax and the theoretical maximum power from the cell. It is typically in the
range of 0.5 - 0.8.

Fill Factor =

Pmax

Isc ∙Voc

.

2-21

Fill factor is determined by Rseries and Rshunt. Either increasing Rseries or decreasing
Rshunt will decrease the fill factor of solar cells. Rseries can be estimated from the resistance
at Voc and Rshunt can be estimated from the resistance at Isc from the I-V sweep plot as
demonstrated in Figure 2-26.
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Figure 2-26. Estimating series resistance and shunt resistance from I-V curve.

The efficiency of a solar cell is the ratio between the maximum output power for the
solar cell and the power of the incident sunlight. It is calculated using the following
equation

η=

Pmax
Pin

=

Isc ∙Voc ∙ff
Pin

,

2-22

where Pin is the power of the incident light, calculated as the product of the area of the

working electrode and the power of the incident sunlight, and ff is the fill factor of the
solar cell. The power of AM 1.5G simulated sunlight is 1000 W/𝑚2 or 100 mW/𝑐𝑚2 ,

which is considered as the standard light source.
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Another measurement of the solar cell is the incident photon-to-current efficiency
(IPCE), which is defined as the ratio between the number of photo-generated carriers and
the number of incident photons. The IPCE value corresponds to the photo-current density
of the solar cell under monochromatic illumination divided by the photon flux that strikes
the cell. It can be calculated by measuring the photo-generated current under
monochromatic illumination at each wavelength and the light intensity at that wavelength.
IPCE describes the ability of converting photon to electricity at different wavelengths.
The following equation is used to calculate IPCE
J (λ)[A cm−2 ]

J (λ)

sc
sc
IPCE = eϕ(λ)
= 1240 λ [nm]P

,

−2
in (λ)[Wcm ]

2-23

where Jsc (λ) is the photo current density under illumination with light of wavelength λ,

Pin (λ) is the power of the incident light of wavelength λ.

Because the DSSC is a complicated system involving several interface reactions, each
interface can influence the properties of the others and cause degradation in the
performance of the device. It is also hard to isolate an individual component and study it
in a working DSSC. Electrochemical impedance spectroscopy (EIS) is often employed to
investigate electronic and ionic processes in DSSC.178, 179 EIS has been used to study the
dielectric properties of the device as a function of frequency.180 Because in a dyesensitized solar cell different interfaces respond in different frequency ranges, several
theoretical models have been proposed and used to interpret the frequency response data
of the device.178, 181-183 A typical EIS measurement result is shown in Figure 2-27.178 The
Nyquist plot for a typical DSSC EIS measurement usually includes three semicircles.
From left to right, the three semicircles correspond to the high frequency range (100-10K
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Hz), medium range (10-100 Hz) and low range (below 10 Hz) and measures the electrical
properties of the Pt electrolyte interface at the counter electrode, the electrical properties
of the semiconductor electrode electrolyte interface at the back electrode and the
frequency response of the electrolyte, respectively. The small intercept on the Z’ axis
measures the sheet resistance of the TCO electrode.

Figure 2-27. EIS measurent of a typical dye-sensitized solar cell.178 For a high performance DSSC, the
large arc should be close to a circle and the internal resistance can be estimated from the diameters of
these semi circles.

Several equivalent circuits have been proposed for dye-sensitized solar cells.181, 184, 185
A simple model was proposed by Wang as shown in Figure 2-28, where R1 represents the
sheet resistance of the TCO layer at the back electrode, R 2 represents the charge-transfer

resistance related to recombination of electrons at the Pt–electrolyte interface and the
electron transport resistance, CPE1 and CPE2 are two constant-phase elements, which are
contributed from the two electrode/electrolyte interfaces, R 3 and R 4 represent the charge-

transfer resistances related to recombination of electrons at the TiO2 electrolyte interface
and the electron transport resistance in the equivalent circuit. 178
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Figure 2-28. Equivalent circuit of dye-sensitized solar cell.178

By fitting the parameters in the equivalent circuit with the experimental data, the life
time of electrons in semiconductor, the electron density in the semiconductor’s
conduction band and the total number of electrons in the semiconductor’s conduction
band can be estimated. Electrochemical impedance spectroscopy is a powerful tool to
study the characteristics of the dye-sensitized solar cell at its working condition.
2.3.3. Flexible dye-sensitized solar cell
Flexible DSSCs have attracted considerable attention because of their promising
commercial applications.186 Plastic material is the best substrate to build a flexible solar
cell, which is low cost and offers good optical properties. However, the glass transition
temperature of transparent plastic material is usually below 200 ℃, meaning that the
plastic substrates cannot survive the high temperature (450 ℃) annealing step, which is

required to sinter the TiO2 photo anode and improve the electrical connection in the
porous film. Some methods have been developed to fabricate TiO2 electrodes at a low
temperature, such as the transferring method,187 low temperature deposition,188 and the
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compression method.189 The highest efficiency of plastic-substrate dye-sensitized solar
cells documented so far is 8%.190
2.3.4. Nanowire based dye-sensitized solar cells
The term “nanowire” describes the fact that the material shares the particular structure
of being several microns long and sub 100 nm in diameter. A Nanowire array is
considered as a candidate structure for the electrode in solar cells because of two
advantages: 1) large surface area; and 2) excellent electrical properties of single
crystalline nanowires. In 2005, Law first reported a DSSC using a ZnO nanowire array as
the photoanode, showing the potential application of nanowires for solar cells.26 The
results indicated that the diffusion coefficient for a single ZnO nanowire is several orders
of magnitude higher than in nanoparticle deposited film and the vertically grown
nanowires have an ohmic contact with substrate, helping the excited electrons transfer
from dye molecules to the front electrode.

Figure 2-29. Schematic diagram of using nanowires as photoanode in dye-sensitized solar cells.26

53

Tan and co-workers managed to use a composite of nanowires and nanoparticles to
achieve 8.7% overall efficiency, compared with 6% using a nanoparticle film alone.191
Feng reported a new method of growing a rutile TiO2 array directly on FTO glass. A
solar cell using this material showed 5.02% overall efficiency.61 Liu also reported a 3%
dye-sensitized solar cell using directly grown TiO2 nanowires.120
Because of the morphological advantage of vertically grown nanowires, a highly
foldable dye-sensitized solar cell was built using ZnO nanowires.145 Even though the
efficiency was reported to be low, the study demonstrates the potential to build a highly
flexible solar cell using aligned nanowires.

Figure 2-30. Schematic demonstrates the advantage of using nanowires as photoanode for a flexible
dye-sensitized solar cell.145

2.4.

Summary
In a solar cell, titanium dioxide (TiO2) plays a key role in transferring the excited

electrons from the dye molecules or quantum dots to the transparent conductive oxide
(TCO) electrode. By using a porous TiO2 nanoparticle electrode, the surface area of the
semiconductor film is significantly increased and more electrons can be generated.
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However, charge recombination at the nanocrystallite/redox electrolyte interfaces will
also increase.192,

193

One challenge for the dye-sensitized solar cell is to collect the

electrons effectively and transfer them to the circuit before they recombine with the ions.
The contacts between nanoparticles are believed to act as traps and slow down the
electron transfer, thus causing increased recombination in dye-sensitized solar cells.
Because low-dimensional nanostructures have shown superior performance in many
applications with their high surface area and excellent electrical transport properties,
photoanodes using low-dimensional nanomaterials such as nanotubes, nanowires, and
hollow hemispheres have been intensely investigated to be applied to dye-sensitized solar
cells.194 These structures have been proven to enhance the electron transfer and electron
collection in dye-sensitized solar cells. Vertically grown nanowires on a transparent
conducting oxide can shorten the electron transfer paths and reduce the length of the
electron random walk in a porous film. And the single crystallinity of nanowires will
reduce the trapping sites in the porous film. Different growth techniques have been
developed to achieve the goal of growing nanowire structures on a transparent conducting
substrates. Most of the heterogeneous nanowire growth techniques such as the vaporliquid-solid (VLS) growth, chemical vapor deposition (CVD) and hydrothermal synthesis
require high temperature, high pressure, and extreme pH environments, Transparent
conductive oxide substrates are usually either damaged or totally destroyed during
synthesis which potentially limits the performance of solar cells. Though some other
nanowire transfer techniques have been developed, these procedures could severely
contaminate the semiconductor surface and change the semiconductor surface properties.
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Another challenge of nanowire synthesis is morphology control, which is the key to
increasing surface area and to enhancing the performance of the solar cell.
To meet the challenges described above, a hydrothermal method has been developed
to fabricate a free-standing TiO2 nanorod film. The film is foldable and is composed of
aligned TiO2 nanorods of single crystalline rutile structure. The growth mechanism and
the characterization of this film are detailed later in this thesis. A multi-layer-stacked
TiO2 nanorod photoanodes has been built on FTO glass using a free-standing film, which
effectively increases the total surface area of the nanorod electrode and also avoids the
damage to the FTO glass during synthesis. A 60% efficiency increase was observed in a
DSSC with three layers of nanorods, compared with one made with TiO2 nanorods
directly grown on FTO glass. Taking advantage of the high flexibility of the TiO2
nanorod film, a flexible photoanodes has also been produced on plastic substrate at low
temperature, using a buildup process. A DSSC using this flexible photoanode has
achieved a promising performance. These results will be presented in the following
Chapters.
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF FLEXIBLE FREE-STANDING
TiO2 NANOROD FILM

3.1.

Synthesis of free-standing TiO2 nanowires film
The growth of a vertical TiO2 nanowire array on FTO was accomplished by

hydrothermal synthesis in hydrochloric acid solution. A typical process of synthesis is as
follows: a piece 2 x 4 cm2 fluorine doped tin oxide (FTO) glass (15 Ω, TEC-15, Hartford
Glass Co.) was first cleaned thoroughly by detergent sonication for 5 minutes and then

sonication in water/acetone/ethanol (1:1:1) mixture for another 5 minutes. The cleaned
sample was dried using N2 gas before synthesis. 27.5 ml of water and 27.5 ml of HCl
(37.5%, Aldrich) were then added into a 70 ml Teflon-lined stainless steel autoclave and
the mixture was stirred for 1 minute. Cleaned FTO glass was placed into the autoclave
with FTO side facing down as shown in Figure 3-1. 0.8 ml 50 % titanium-butoxide water
solution (Aldrich) was added into the solution and stirred for another minute. The
solution became a white suspension first and then turned into a clear solution. The
autoclave was heated at 180 °C for 18 hours in a box furnace.

Figure 3-1. Schematic diagram of the hydrothermal synthesis of TiO2 nanowire film.

After heating, the autoclave was placed in a hood and cooled down for one hour. A
layer of white material was deposited on FTO side of the substrate and no product was
attached to the glass side of FTO substrate. The prepared sample was washed in acetone
and ethanol sequentially to remove the organic products and then dried using N2. The
white film was found to be weakly attached to the FTO glass and a semi-transparent
flexible layer can then be peeled off from the glass substrate using a razor blade as shown
in Figure 3-2. After the synthesis, a white material was also observed attached to the
inner wall of the Teflon liner, which changed the volume of the reaction vessel. The
white film was placed between two pieces of quartz slides and heated at 700 ℃ for 1 hour
to eliminate the contaminations and improve the electrical properties of the film. After

each synthesis, the Teflon-liner was polished by sand paper and washed in detergent,
water, acetone, ethanol and water before re-using it.
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Figure 3-2. a) The 1 cm by 2 cm free-standing film is folded and placed on a page of yellow paper with
nanowires facing outside. b) The free-standing film is placed on a blue UNC logo print. It shows the
semitransparency of the white film.

At the end of synthesis, the FTO layer was observed to have been damaged under
high temperature and high pressure conditions. The electrical conductivity of the FTO
layer was reduced to zero (measured using a four-probe method with Keithley 4200-SCS
Semiconductor Characterization System).
3.2.

Characterizations of TiO2 nanowires on FTO and free-standing film

3.3.1. Morphology of TiO2 nanowires
The morphology of the nanowire array on FTO was examined in a scanning electron
microscope (Hitachi S-4700 Cold Cathode Field Emission Scanning Electron
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Microscope). Cross sectional images of TiO2 nanowires showed that the nanowires were
highly aligned and grown on the FTO substrate. The nanowire layer has a uniform
thickness across the substrate. The typical length of the nanowires is around 5 𝜇𝑚 and the
diameter of nanowires is 50-100 nm as shown in Figure 3-3.

Figure 3-3. TiO2 nanowires grown at 150 ℃ for 4 hours: a) cross section of TiO2 nanowires grown
on FTO, b) top view of nanowires.

The morphology of the nanowires is controlled by the growth parameters, such as
growth time, amount of precursors, growth temperature etc. Upon increasing the amount
of titanium precursor in the reaction, the thickness of deposited white layer increases.
When 3 ml titanium butoxide was used in the synthesis, a piece of thick white pad was
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peeled off from FTO glass easily after 4 hour growth. The morphology of this layer was
examined in SEM. The product is composed of a compact TiO2 layer with a nanowire
layer on the top of the product. The total thickness of the film can reach up to 50 µm and
the thickness of the nanowire layer is 3-5 𝜇𝑚 as shown in Figure 3-4.

Figure 3-4, SEM results of TiO2 layer using 3 ml titanium butoxide.

Scanning electron microscope observations revealed that the white flexible film is
composed of highly ordered nanowires grown on a thin dense TiO2 bottom layer. The
nanowires in the top layer are around 2.5 µm long and 60-80 nm in diameter; the bottom
layer is around 500 nm thick and composed of shorter nanorods. The product is highly
flexible and foldable as shown in Figure 3-5. It is able to maintain the same mechanical
properties after high temperature annealing up to 900 °C.
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Figure 3-5. a) Cross sectional SEM image of the film, scale bar is 2.5 𝜇𝑚; b) Top view of the freestanding film, which is made of highly ordered nanowires, scale bar is 2 𝜇𝑚; c) bottom layer of the
film, scale bar is 1 𝜇𝑚; d) folded film, scale bar is 50 𝜇𝑚.

3.3.2.

X-Ray diffraction analysis of TiO2 nanowires grown on FTO

X-ray diffraction (XRD) analysis is a non-destructive analytical technique to analyze
the crystal structure, to identify the composition of material and to study the particle size
and orientation of materials. The XRD spectrum of as-grown TiO2 nanowires on FTO
glass was collected and is shown in Figure 3-6. The scanning time was set to 4 hours per
sample and the scan range is from 20° to 80°.
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Figure 3-6. XRD spectrum of as grown TiO2 nanowires on FTO.

Peaks from FTO were marked with asterisks. Only rutile peaks were observed and no
peaks from anatase were presented in the spectrum. This suggests that the synthesized
nanowires are of pure rutile titanium dioxide. The Rutile (002) plane shows a relatively
stronger peak than the standard database, which indicates that there is a possible preferred
growth orientation along the [001] direction.
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Figure 3-7. XRD spectrum from free-standing TiO2 film (Top) and the power sample prepared from
film.

The XRD spectra of the free-standing film and the powder sample prepared from the
film were collected and are shown in Figure 3-7. All the peaks are from rutile TiO2 and
no other peaks were observed. The relative intensity also suggests that the film has a
dominant orientation. It is noteworthy to mention that no FTO was observed in either
XRD or energy-dispersity x-ray spectroscopy (EDS) on the back side of the film.
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Figure 3-8. EDS spectrum from the back side of free-standing film.

3.3.3. TEM characterization of individual nanowire
Transmission electron microscopy (TEM) is a powerful tool to study the crystal
structure and surface profile structures of materials, (especially for nanomaterials), which
is able to provide atomic resolution and structural details. A JEOL 2010F was employed
in this study. The JEOL 2010F has the capability of providing a point-to-point resolution
of 0.25 nm and operating in many lens modes: HRTEM (high resolution transmission
electron microscope), STEM (scanning transmission electron microscope), EDS (Energydispersive X-ray spectroscopy), NBED (nanobeam electron diffraction), and CBED
(convergent beam electron diffraction). The crystal structure and the surface structure of
the individual nanowires were studied using HRTEM images and nanobeam diffraction
patterns.
TEM samples were prepared using the following protocol: TiO2 nanowires were
scratched off the substrate, ground into a fine powder and sonicated in ethanol for 10
minutes. A couple of droplets of the ethanol suspension were placed onto a lacey carbon
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TEM grid using a glass pipette. The grid was dried in air for 12 hours. HRTEM and
nanobeam diffraction results are shown in Figure 3-9. The HRTEM image showed that
the nanowire has a single crystalline structure with straight and smooth surfaces. No
contamination or nanoparticle was observed on the nanowire surface. The distance
between two dark spots in the growth direction in the HRTEM image is 2.9 Å which
agrees with the lattice spacing of the (001) planes of rutile. The spacing perpendicular to
the growth direction is 3.2 Å which agrees with the lattice spacing between rutile (110)
planes. This result indicates that nanowire grows in [001] direction. By focusing the
electrons to a small spot on an individual nanowire, a nanobeam diffraction pattern was
obtained. The indexed diffraction pattern confirmed that the nanowire is single crystalline
rutile TiO2. More than 10 samples were examined in this study and all of the examined
nanowires are single-crystalline rutile phase TiO2 and grow in the [001] direction.
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Figure 3-9. HRTEM images and nanobeam diffraction pattern of an individual TiO2 nanowire.

3.3.4. Optical properties of free-standing TiO2 nanowires film
Optical absorption was performed on a Cary 5000 spectrophotometer with an
integrating sphere. The integrating sphere in the UV-Vis-NIR spectrophotometer will
gathers all of the scattered light from the film. A free-standing film was attached to an
aperture using double sided tape. The transmission and reflection spectra from both sides
of the TiO2 free-standing film were measured. Both sides showed the same absorption
edge as shown in Figure 3-10. Because rutile has a direct bandgap, the bandgap edge can
be estimated from the following equation,
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𝛼𝑣 ∝

�ℎ𝜐−Egap
ℎ𝜐

3-1

where 𝛼𝑣 is the absorption coefficient at light frequency 𝜐, ℎ𝜐 is the energy of incident

photon and Egap is the band gap of semiconductor material. According to the absorption
spectra and the fitting result, the band gap of TiO2 nanowires is obtained to be 3.12 eV,
which is consistent with reported value for the rutile phase TiO2.

Figure 3-10. Absorption spectrum of rutile TiO2 film from both sides.

The transmission and reflection spectra show that about 60 percent of light was
reflected when the wavelength is larger than 400 nm. Comparing the optical properties of
the two sides, the nanowire side has a lower reflection and larger transmission rate for
light with shorter wavelengths than the flat side. It suggests that the nanowire structure
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can help to reduce the reflection of the short wavelength light as shown in Figure 3-11.
This is because the nanowire structure increases the optical path length in the film. The
absorption in Figure 3-10 was calculated using the following equation,
Absorption=1-transimission-reflection.

3-2

Because TiO2 cannot absorb the light with wavelength longer than 400nm, 15 % long
wavelength light (>400 nm) are caused by scattering the light through the side of the film.

Figure 3-11. Comparisons of transmission, reflection and absorption spectrum from both sides of
TiO2 thin film.

3.3. Growth mechanism of TiO2 free-standing film
In order to study the mechanism of hydrothermal growth of the TiO2 free-standing
film, TiO2 nanowire arrays with different growth times were examined and compared. In
this study, 0.9 ml titanium butoxide was added to the solution of 25 ml water and 25 ml
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37.5% hydrochloric acid. The morphologies of TiO2 nanowires with different growth
time were examined in SEM as shown in Figure 3-12.

Figure 3-12. Cross section of TiO2 nanowires grown on FTO with different growth times.

After growth for 1 hour, no nanowires were observed on the FTO substrate. Only
some small particles can be seen on the substrate. The nuclei had started to form at this
point. After 2 hours, thin nanowires started to grow, but no dense layer was found. A
typical nanowire after two hours of growth is 500 nm long and 30-50 nm in diameter.
After growth for 3 hours, the nanowires become thicker and a bottom layer has started to
form, as the growth time increases. According to the plot between the growth time and
thickness of the film, nanowires start to grow after the first hour, and the thickness of the
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nanowire array steadily increases; after 6 hours growth, the thickness of film stop
increasing, because titanium precursors in the solution are used up.

Figure 3-13. Relationship between film thickness and growth time.
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Figure 3-14. Topview SEM images of TiO2 nanowire grown on FTO with different growth time.

Because the TiO2 layer is still porous, the acid solution can leak through the film and
etch the TCO layer in the reaction. The conductivity of the FTO after synthesis was
measured to be out of the lower limit of Keithley 4200-SCS semiconductor
characterization system using four-probe method. The sheet resistance of the FTO layer
at different growth times was also measured and the results are given in Table 3-1. The
result suggests some damage to the FTO during synthesis.
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Table 3-1. Sheet resistance of FTO after different time length growth

Growth time (hour)
FTO substrate sheet
resistance (Ω)

2
13.39 Ω Ω

3
13.53

4
13.
55 Ω

6
13
.6 Ω

Figure 3-15. Schematic diagram of free-standing film growth mechanism: first, TiO2 nanowires start to
grow from nuclei on FTO in the autoclave; and short randomly oriented nanowires are then obtained;
these nanorods keep growing and stop when they reach their neighbors. The dense short TiO2 rods
layer is formed. It is under the nanowires. Once the titanium precursor runs out, nanowires film stops
growing. In a high temperature environment, the acid etches the FTO layer through the porous TiO2
nanorods layer. A white film can be peeled off from the substrate.

The growth mechanism of the free-standing film is illustrated in Figure 3-15: first,
TiO2 nanowires start to grow from nuclei on FTO in the autoclave and no nanowires were
obtained after first hour growth; and the short nanowires start to grow on the FTO
substrate with random directions. Because rutile (110) is the most stable plane for all the
phases, which has the lowest energy, the reaction will attempt to grow the existing
nanowires on the substrate. Because the density of nanowires is high on the FTO
substrate, its growth will be terminated when this nanowire reaches its neighbor. During
the growth, the vertically grown nanowires can survive and keep growing. According to
73

the SEM images in Figure 3-12, nanowires are grown more vertically aligned as the
growing time is increased. The new random oriented nanowires keep growing from the
bottom of the TiO2 nanowire layer during the synthesis. These terminated short
nanowires form a dense short TiO2 rods layer under the longer vertically aligned
nanowires. This also can explain the reason why the bottom layer of the film is increased
rather than the length of vertically aligned nanowires after using more precursors in the
reaction, as seen in Figure 3-4. Once the titanium precursor runs out, nanowires stop
growing. In a high temperature environment, the acid etches the FTO layer through the
porous TiO2 nanorods layer. The bonding between the TiO2 film and FTO is weakened
and the TiO2 layer can then be peeled off using a razor blade after the sample is cooled
down.
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CHAPTER 4
NANOWIRES FILM-BASED DYED SENSITIZED SOLAR CELLS

4.1.

Motivations
Vertical grown nanowire arrays have been demonstrated to have the advantages of

high surface area, enhanced electron transfer and direct electrical pathways. They have
been used as photoanodes and have shown the ability to improve the efficiency of
electron collections. However, most nanowire growth techniques require extreme
conditions to produce the anisotropic growth, which can damage the conducting glass
during the synthesis of the semiconductors. A new method was developed to fabricate
nanowire photoanodes and to avoid potential damage to the conducting oxide layer by
attaching the free-standing TiO2 film directly to the substrate. The method has also made
it possible to fabricate the nanowire structure on different substrates, including some
substrates upon which the growth of TiO2 nanowires had not been previously reported.
The semiconductor in a DSSC plays a key role in collecting the excited electrons
from the dye molecules, so the conductivity of the semiconductor film is especially
important for improving the performance of a DSSC. During the fabrication of the
photoanode, high temperature annealing is required to improve the electrical properties of
the semiconductor. According to previous studies, the conductivity of Rutile single
crystal can be improved by annealing at high temperature. However, a FTO substrate will

be destroyed at 550℃ and higher temperature, which limits the annealing temperature. I
took advantage of the free-standing feature of the nanowire film and the fact that it can be
attached to the FTO substrate after the anneal step and then built into the DSSC. This
allowed me to investigated the effect of annealing at high temperatures beyond 500 ℃.

The performance of TiO2 photoanode was investigated using EIS and photocurrent–
voltage measurement. The characteristic parameters were estimated using a previously
reported equivalent circuit. The optimized annealing temperature was found and the
effect of high temperature annealing is discussed in this chapter.
The most important challenge for fabricating the nanowire photoanode is to control
the morphology and to increase the surface area of nanowire arrays. However, it is
technically difficult to grow longer nanowires with smaller diameters, because the
diameters of nanowires will increase during the synthesis. By stacking multiple freestanding TiO2 nanowire films together, the morphology can be precisely controlled and a
significant increase of surface area of the TiO2 nanowire anode can be obtained without
changing the diameter of the individual nanowires. A DSSC using this multi-layer
photoanode has been developed. The photocurrent–voltage and IPCE performance were
measured. The electrical characteristics of the stacked TiO2 layers and the roughness
factor were investigated using electrochemical impedance spectroscopy. The surface area
of nanowire photoanode can be increased by up to three times. A 60% increase of solar
energy conversion efficiency was obtained compared with previously reported direct
grown TiO2 nanowires on the substrate.
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4.2.

Fabrication of TiO2 nanowire electrode on FTO
To avoid potential damages of the conducting substrate and allow for high

temperature annealing, the TiO2 nanowire electrode can be fabricated by attaching the
free-standing film to substrates using an adhesive layer. The fabrication scheme for the
TiO2 nanowire photoanode was described in Figure 4-1.

Figure 4-1 Fabrication scheme of nanowire photoanode from a free-standing TiO2 film.

Before the fabrication of the photoanode, the free-standing films need to be annealed
at 700 °C for one hour to improve the conductivity of the nanowires and to remove
organic contamination. Different heating temperatures have been examined and 700 °C
annealing has shown the best results. The effect of annealing at different temperatures
will be discussed in detail later in this chapter.
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An adhesive layer is essential to attach the free-standing film to the FTO substrate or
other substrates. The desirable adhesive layer has to provide mechanical strength,
electrical contact and transparency to visible light. Different adhesive materials have been
examined, such as TiCl4 aqueous solution, titanium isopropoxide (TTIP), TiO2
nanoparticle paste etc. An aqueous solution containing a Ti IV complex, titanium(IV)
bis(ammonium lactato)dihydroxide (Aldrich), has shown the best result to stabilize the
TiO2 film on the FTO electrode. Titanium(IV) bis(ammonium lactato)dihydroxide is
stable in air and can be totally converted to a compact TiO2 layer without residual
contamination. The complex is also compatible with the spin-coating technique, which
can be used to precisely control the thickness of the adhesive layer. Also, titanium(IV)
bis(ammonium lactato)dihydroxide shows the ability to provide a uniform contact
between the free-standing film and the FTO substrate.
After the liquid Ti IV complex was spin-coated on the FTO substrate, a free-standing
TiO2 film was placed on the adhesive layer. Either the dense TiO2 side or the nanowire
side of the flexible film can contact the adhesive layer. These are called the face-up
design and the face-down design respectively, as shown in Figure 4-2.

Figure 4-2. Schematic diagram of two types of nanorod based solar cell. The arrangement on the left is
called the face up design and at right is the face down design.
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Different speeds of spin-coating have been investigated. Figure 4-3 shows the
electrodes fabricated by spin-coating the adhesive layer at 3000 r. p. m. and 5000 r. p. m.
According to the SEM results, 5000 r. p. m. spin coating is able to provide a thinner
adhesive layer, which is expected to reduce the vertical resistance and the number of
trapping sites in the adhesive layer. However, a thinner adhesive layer can cause nonuniform contacts within the electrode, eventually affecting the performance of the solar
cell. So the best spin-coating speed needs to balance the thickness and the uniformity of
the adhesive layer. Experimental results have shown that 1500 r. p. m. is the best speed
for spin-coating and then 1 N/cm2 pressure is applied for 30 seconds on the film to ensure
even contacts for multi-layer electrodes.

Figure 4-3 . Single layer elcetrode fabricated with different spin-coating speed. a) 3000 r.p.m. face up
design; b) 3000 r.p.m. face down design; c) 5000 r.p.m. face up design; d) 5000 r.p.m. face down
design. Scale bar is 1 𝜇m.
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After attaching the first film and heating the sample to decompose the Ti complex,
the surface roughness of the photoanode is changed, which causes difficulties is attaching
more layer onto it. Thus, multiple TiO2 films need to be attached together first and then
heated together. Multi-layer TiO2 nanowire photoanodes can be fabricated by repeating
step 2 to step 4 in the fabrication scheme as shown in Figure 4-1. The adhesive left over
was removed from the FTO substrate before heating for at least two hours to provide
clean contacts for the solar cell measurements. A low temperature heating for at least 2
hours was employed to evoperate the water from the adhesive layer; then the electrode
was heated to 450 °C at a heating rate of 5 °C/minute in air in a tube furnace with open
ends in air for one hour and gradually cooled down to room temperature. The slow
heating rate is essential to prevent the bubbles during the decomposition process of the Ti
complex. The formation of bubbles would adversely affect the mechanical strength,
uniformity and the electrical contacts of the photoanode.
Because of limitations caused by gas released by the Ti complex leading to bubbles
formed during the heating process, only up to three layers of TiO2 film were able to be
built into electrode with the face-up design and only a single layer for the face-down
design if we were to obtain uniform and good contacts as shown in Figure 4-4.
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Figure 4-4. SEM images of multiple layer TiO2 nanowire electrode with different designs. a) Single
layer face up design, b) double-layer face up design, c) triple-layer face up design, d) one layer with
face down design. Scale bar is 1 𝜇𝑚.

As shown in Figure 4-4, SEM results have demonstrated that the typical thicknesses
of the multi-layer nanowire electrodes are 2.8 𝜇𝑚 for the single–layer face up design, 6

𝜇𝑚 for the double–layer face up design; 8.6 𝜇𝑚 for the triple–layer face up design and

3.0 𝜇𝑚 for the single–layer face down design. The Ti complex only covers the top of the
film rather than filling into the space in between the nanowires, because of the

hydrophobicity of the film, which helps to increase the thickness of the nanowire
electrode and maintain the nanowire features at each layer.
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The last step involved in the electrode fabrication is TiCl4 treatment, which is
reported to increase the surface area of the electrode and also to get rid of Fe ions formed
during the preparation process.195 The prepared TiO2 nanowire electrode was therefore
placed in 0.05 M TiCl4 aqueous solution at 70 °C for 30 minutes, then washed with water
and ethanol separately and then air dried.
The TiCl4 solution can be prepared using the following procedure: 1) chill TiCl4
down to -20 °C using dry ice/acetone; 2) add 5 g of ice in a vial equipped with a stir bar
and place the vial in an ice water bath; 3) add 1 mL of the chilled TiCl4 to the stirring
ice. The ice melts and HCl gas is formed; 4) let the TiCl4 return to room temperature. A
clear solution is obtained, which is a 1.8 M TiCl4 aqueous solution. The solution is placed
in a freezer for long-term storage. When TiCl4 treatment is required, the prepared
solution is dispersed to a 0.05 M TiCl4 solution.
4.3.

Fabrication of dye-sensitized solar cells
After TiCl4 treatment, TiO2 photoanodes were annealed at 450 °C for 1 hour and then

cooled down to 80 °C. The photoanode was placed in a 0.03 mM N719 acetonitrile/tertbutanol (1:1) solution for 12 hours to dye-sensitize the film and then rinsed in 5 ml
acetonitrile to remove the loose dye molecules attached to the TiO2 surface, which can
absorb sunlight without releasing electrons and lower the efficiency of the solar cells. The
N719 dye solution was prepared as follows: 9.5 mg of N719 is added to 40 mL 1:1 (v/v)
acetonitrile/tert-butanol; the solution is sonicated for 30-45 minutes and then centrifuged
at 5000 rpm for 5 minutes to remove N719 aggregates/precipitate from the solution.
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Figure 4-5. schemetic diagram of solar cell fabrication procedure: a) FTO was cleaned in acetone and
ethanol, b) a small hole was fabricated from the back side of the FTO substrate, c) 50nm Pt was
sputtered onto the FTO substrate, d) a polymer spacer was placed on the Pt electrode, e) The TiO2
photoanode was placed on the spacer with TiO2 in the middle of the polymer spacer, the two electrodes
were sealed together by heating at 100 ℃ for 3 minutes, f) the assembly was flipped to expose the
prepared hole, g) the hole was sealed with a piece of polymer and the electrolyte was injected, h) the
cell was sealed.

83

The solar cells used in this study have been assembled using a previously-reported
method.195 A schematic diagram is shown in Figure 4-5. A hole was fabricated on a 1 cm
by 2 cm piece of FTO glass from the back side using a sand blaster, as shown in step b.
At step b, the FTO glass with a hole is cleaned in detergent and a water/ethanol/acetone
mixture and dried in N2. A 50 nm platinum film was deposited onto the FTO side of the
glass using a magnetron sputtering system (Kurt Lesker PVD 75), as shown in step c. A
piece of 1 cm by 1 cm Surlyn® polymer with a 6 mm by 6 mm hole in the middle was
prepared and placed on the top of the Pt electrode, as shown in step d. Please note that the
Surlyn polymer needs to be aligned with the electrode in the same fashion as
schematically shown in step d, with the hole on the Pt electrode in the middle of the
overlying polymer. Then a TiO2 electrode was placed on top of the polymer spacer with
TiO2 facing down. Hence, the two electrodes were assembled with a 25 μm thick Surlyn
spacer (Solaronix) in the middle. Step e shows that the part containing TiO2 needs to be
placed in the empty area of the spacer. At this point the whole assembly was placed on a
hot plate with the Pt electrode side contacting the hot plate. The device was heated at
100 °C for 5 minutes and a pressure was applied on it. The spacer can be observed to
melt and then completely seal two electrodes. The entirely assembly is then flipped to
expose the hole which is shown in step f. The assembly was cooled down in the hood
with the pressure still applied. Another small piece of Surlyn® was used to seal the hole
at the back of the Pt electrode. A small hole was made in the sealing Surlyn® at the back
of the Pt electrode with a needle, as shown in step g. The prepared sample was placed in a
small vacuum chamber, and a droplet of electrolyte was applied to cover the hole on the
sealing Surlyn. The chamber was pumped for 30 seconds until bubbles can be seen in the
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electrolyte droplet. The chamber was vented quickly to allow the electrolyte to be sucked
into the space between the two electrodes. The remaining electrolyte on FTO was cleaned
and the sample was fully sealed by placing a second layer of Surlyn and a piece of glass
cover slide on the top and melting them together, as shown in step h. The structure of a
finished nanowire film-based DSSC is shown in Figure 4-6. The solar cell will be
illuminated from the TiO2 anode side. Before testing, solder was melt onto the two FTO
electrodes to improve the electrical contacts.

Figure 4-6. Structure of nanowire based DSSC. The solar cell will be illuminated from the back side of
the TiO2 electrodes. The distance between the two electrodes is 25 𝜇𝑚.

Because the iodide/tri-iodide electrolyte can improve the efficiency of the cell and
reduce the recombination rate, an acetonitrile-based redox couple has been employed in
all samples, containing 0.1 M LiI, 0.05 M I2, 0.5 M 1,2-dimethyl-3-propylimidazolium
iodide, 0.5 M tert-butylpyridine and 0.1 M guanidinium thiocyanate. To achieve the
highest solar energy conversion efficiency, some additives have also been used in the
iodide/tri-diodide solution to improve Voc and Isc and to prevent recombination. In the
electrolyte, tert-butylpyridine was found to be able to attach to the TiO2 surface and shift
the semiconductor’s conduction band edge to a more negative potential and reduce the
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surface recombination sites, which can effectively increase the open circuit voltage. 1,2dimethyl-3-propylimidazolium iodide help to improve the fill factor of DSSCs in the
electrolyte.196 Guanidinium thiocyanate can help with the electron injection by
accumulating its positive charges on the surface of the semiconductor and shifting the
conduction band of the semiconductor in a more positive direction, which was observed
to increase both Voc and Isc. 197, 198
4.4.

Effect of electrode annealed at different temperature on the performance of

DSSC
High temperature annealing is expected to improve the conductivity of rutile single
crystals and remove the surface defects present in the nanowires. A set of experiments
was performed to study the effect of high temperature annealing on the performance of
the DSSC and to optimize the fabrication parameters for multi-layer photoanodes.
A free-standing film was cut into 4 mm by 4 mm pieces. All photoanodes were
prepared using the same piece of TiO2 film to avoid experimental bias. The small pieces
of TiO2 were annealed at different temperatures ranging from 500 ℃ to 900 ℃ for 1 hour.

After annealing, DSSCs were prepared using these samples. All other conditions were
kept the same except the TiO2 film annealing temperatures.
Photocurrent-voltage (I-V) measurements were performed using a Keithley 2400

digital source meter under a 100 mW cm-2 AM 1.5 G solar simulator (NEWPORT 1000W Xe lamp and an AM 1.5 filter). The scan speed of bias voltage is 0.01 s per step and
the step size is 0.04 V. The J–V curve was shown in Figure 4-14 for samples annealed at
different temperatures. All the cells have similar Voc and fill factors, but the
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photocurrents are different for samples annealed at various temperatures. The
photocurrent increases with increasing annealing temperature to 700 ℃, at which point it
starts to drop.

Figure 4-7. J–V measurement of electrodes annealed at different temperatures.

The parameters of DSSC are summarized in Table 4-1. Open circuit voltages of all
the cells are around 0.76 V. Because the Voc is determined by the number of excited
electrons in the conduction band of the semiconductor as well as the conduction band
position of the semiconductor, it is common to see a decrease in the voltage as the
photocurrent increases within the photoanode. The sample subjected to 700 ℃ annealing
shows the highest efficiency among these samples. The annealing boosted the efficiency
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by 15% compared with the sample annealed at 500 ℃. As expected, the efficiency of the

DSSC increases first as the annealing temperature is increased and then drops at a certain
annealing temperature. One reason for this phenomenon is that, because of the
enhancement of the electrical properties of the TiO2 electrode, the efficiency of the DSSC
is improved. But as the annealing temperature is increased, the surface area of the
nanowires is reduced, which can significantly lower the efficiency of the DSSC. The best
annealing temperature is determined to be 700 ℃ , which was then used for other
experiments.

Table 4-1. Efficiency of DSSCs using electrodes at different annealing temperatures.

Electrode
design
500 ℃ annealed
film
600 ℃ annealed
film
700 ℃ annealed
film
800 ℃ annealed
film
900 ℃ annealed
film

Isc
(mA/cm)

Voc
(V)

5.61
6.71
6.94
6.86
4.74

0.7
6
0.7
4
0.7
3
0.7
4
0.7
6

Fill
factor
0.66
0.66

Effici
ency
2.81%
3.26%

0.66

3.32%

0.63

3.23%

0.65

2.35%

In order to investigate the TiO2 electrode characteristics in the dye-sensitized solar
cell, electrochemical impedance spectroscopy (EIS) measurements were performed on
the dye-sensitized solar cells using TiO2 electrodes which were annealed at different
temperatures under one sun illumination (AM 1.5 G). The tested area of all five cells was
0.17 cm2. The signals were collected from 0.01 Hz to 105 Hz using a Gamry EIS 3000
Potentiostat. The scan amplitude was 10 mV and the bias of the open circuit voltage of
each cell was applied.
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Figure 4-8. Equivalent circuit for the electrodes in dye-sensitized solar cells. A) represents the
resistance of the TCO glass, B) represents the Pt-electrolyte interface and C) represents the TiO2electrolyte interface.

EIS has the ability to isolate each interface and study the components in DSSC under
working conditions. According to previous studies, the DSSC can be described using an
established equivalent circuit as shown in Figure 4-8. This model only includes the
response from the resistance of TCO, the Pt-electrolyte interface and the TiO2-electrolyte
interface. The part in the equivalent circuit labeled “A” represents the resistance of the
TCO layer on the substrate, corresponding to the intercept on the x axis in the Nyquist
plot of the DSSC; the part labeled “B” represents the Pt–electrolyte interface,
corresponding to the high frequency response in the Nyquist plot of the DSSC; and the
part labeled “C” represents the TiO2–electrolyte interface, corresponding to the middle
frequency response in the Nyquist plot of the DSSC. The low frequency response is from
the electrolyte, which is not included in this simplified model, but it is not expected to
significantly affect the accuracy of estimations.
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In the equivalent circuit, R1 represents the sheet resistance of the TCO layer at the

back electrode, R 2 represents the charge-transfer resistance related to recombination of
electrons at the Pt electrolyte interface and the electron transport resistance, CPE1 and

CPE2 are two constant-phase elements, which are contributed from the two
electrode/electrolyte interfaces, and R 3 and R 4 represent the charge-transfer resistance

related to recombination of electrons at the TiO2–electrolyte interface and the electron

transport resistance in the equivalent circuit. 178

Figure 4-9. Spectra of EIS for cells made of electrodes annealed at different temperatures.

Figure 4-9 shows the EIS spectra of electrodes with different annealing temperatures.
As previously discussed, three semi-circles should be obtained from the EIS
measurements. In Figure 4-9, the middle arc is much larger than the other two arcs. The
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high frequency arc is the very small semicircle on the left of the curve, because the sheet
resistance of the Pt film is very small and the low frequency arc is the deformation at the
right of the curve. Because the nanowire film has less surface area than nanoparticle film,
it results in a large charge-transfer resistance and causes a large semicircle of middle
frequency response. The large middle arc causes that the high frequency arc and low
frequency are not obvious in the EIS spectra. The charge-transfer resistance in the porous
semiconductor film was estimated from the diameter of the second semicircle. It clearly
shows that the charge-transfer resistance can be reduced by increasing the annealing
temperature. The semi-circle of the sample annealed at 900 ℃ is much larger than the

others, because the dye loading is much lower and fewer electrons were generated which

is equivalent to a resistance increase in the EIS measurements. Moreover, the sheet
resistance of the FTO glass in this study is about 30-40 Ω, which is larger than the most

commonly used 15 Ω FTO. This can explain why the efficiency of these samples

annealed at high temperatures is lower than that of the samples annealed at lower
temperatures.
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Table 4-2. Fitted parameters for DSSCs using the electrode annealed at different temperatures.

Tempera
ture
R1 (𝛀)

500 ℃

36.52

600 ℃

31.74

700 ℃

R2 (𝛀)

1.61

2.84

R3 (𝛀)

76.69

R4 (𝛀)
CPE1
(S*sn)
a1
C1 (F)
CPE2
(S*sn)
a2
keff (Hz)

38.04

900 ℃

2.14

3.54

2.37

68.08

62.01

53.64

88.89

9.73

8.07

6.818

13.26

25.24

1.03×
10−5

5.66×
10−5

2.32×
10−5

6.5×
10−5

4.81×
10−5

5.74×
10−5
2.03×
10−4

1.31×
10−4
4.65×
10−4

1.94×
10−4
6.11×
10−4

1.06
× 10−4
3.65×
10−4

3.69×
10−5
2.36×
10−4

11

7

6

7.5

8.5

0.95

0.87

0.78

0.79

31.16

0.87

0.76

800 ℃

0.76

0.89

33.08

0.79

0.86

The parameters in the equivalent circuit were fitted in Gamry Echem Analyst using
the Levenbeg-Marquardt method based on the equivalent circuit as shown in Figure 4-8.
The fitted parameters are listed in
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Table 4-5.

To fit the equivalent circuit, the effective rate constant for recombination,

keff, is estimated from the peak frequency of the central arc. R1 is estimated from the x
intercept in the Nyquist plot; R2 is estimated from the diameter of the high frequency arc;
R3 is estimated from the diameter of the middle frequency arc; R3/ R4 can be estimated
from the shape of the central arc. The impedance of a constant phase element can be
described by
1

Z

= CPE ∙ (jω)a.

4-1

The values of CPE and a are estimated for each constant phase element in the circuit.
The thickness of the TiO2 layer was measured using SEM. Because all electrodes use
the same TiO2 films, the thicknesses of the electrodes annealed at different temperatures
are same. For a working dye-sensitized solar cell, the impedance is expressed by
1

𝑍 = 𝑅3 +
3

𝑅4

𝑖𝜔
𝜔𝑘

1+

,

4-2

where
𝜔𝑘 = 𝜏.

4-3

𝜏 = 1/𝑘𝑒𝑓𝑓 .

4-4

Here, the lifetime 𝜏 of the electrons in the semiconductor can be estimated as

The dc resistance, 𝑅𝑑𝑐 , at 𝜔=0 is given as following equation.
1

𝑅𝑑𝑐 = 3 𝑅3 + 𝑅4.
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4-5

The effective electron diffusion coefficient can be estimated using the following
equation
𝑅3

𝐷𝑒𝑓𝑓 = (𝑅4)𝐿2 𝑘𝑒𝑓𝑓 ,

4-6

where L is the thickness of the TiO2 electrode. The electron density at the steady state in
the conduction band can be estimated from
𝑘 𝑇

𝐵
𝑛𝑠 = 𝑞2 𝐴𝑅4
𝐷

𝐿

4-7

𝑒𝑓𝑓

where 𝐿 is the thickness of the TiO2 electrode, 𝑘𝑒𝑓𝑓 is the previously estimated
recombination rate of the TiO2, 𝑘𝐵 is the Boltzmann constant, T is the absolute

temperature, q is the charge of an electron and A is the projected electrode area. The
parameters of electron transport in TiO2 were estimated from the fitted data and the
results were summarized in Table 4-3.
Table 4-3. Estimated parameters for electrodes annealed at different temperatures.

Temperature
keff (Hz)
wmax (s)
L (𝝁𝒎)
A (cm-2)
Deff (cm2s-1)
ns (cm-3)

500 ℃
11
0.09
3
0.17
7.8×

10−6
3.5×
1018

600 ℃
7
0.14
3
0.17
5.3×

10−6
6.2×
1018

700 ℃
6
0.17
3
0.17
4.9×

10−6
8.1×
1018

800 ℃
7.5
0.13
3
0.17
2.7×

10−6
7.9×
1018

900 ℃
8.5
0.12
3
0.17
2.7×

10−6
4.2×
1018

According to the estimated parameters, the sample annealed at 700 ℃ has the longest

lifetime of electrons which is twice as long as in a nanoparticle photoanode (0.08s). The
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effective diffusion coefficients were estimated for the electrodes annealed at different
temperatures.

Figure 4-10. effective electron diffusion coefficients of electrodes annealed at different temperatures.

Because the electron trapping process is faster than the detrapping process, the
electrons in the trapping states act as diffuse charges with diffusion coefficient Deff. The
plot shows that the effective electron diffusion coefficient decreases as the annealing
temperature increases. However, there is not a significant change after 800 ℃. The
oxygen vacancies on the TiO2 surface have demonstrated the ability to improve the

conductivity of the TiO2. When the sample was annealed at a high temperature in the air,
these oxygen vacancies were filled by oxygen atoms from the air. The diffusion
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coefficient of the electrons decreases when the number of vacancies is reduced. The
speed of reconstruction of the TiO2 surface is proportional to the heating temperature.
Higher temperature annealing is expected to result in fewer oxygen vacancies. When the
annealing temperature is increased beyond 800 ℃, the number of vacancies reaches the

thermodynamically stable state. Higher temperature or longer heating time cannot
remove more oxygen vacancies. Thus, the samples heated to 900 ℃ and 800 ℃ shows

similar diffusion coefficients. This suggests that heating to 800 ℃ will be enough for
removing vacancies from the TiO2 surfaces.

To understand the effect of electrode annealing at different temperatures on the
performance of solar cells, several competing processes during the high temperature
annealing need to be considered. Firstly, as discussed in the last paragraph, high
temperature annealing can help to remove oxygen vacancies. Oxygen vacancies affect the
performance of the photoanode in two aspects. Oxygen vacancies can help increase the
diffusion coefficient of the electrons and enhance the conductivity of the TiO2 porous
film. In the meantime, oxygen vacancies change the surface structure of TiO2, which
lowers the dye absorption and increase the recombination rate. Secondly, high
temperature annealing can improve the conductivity in the single crystal. Thirdly, when
the porous film is annealed at a high temperature, the film is sintered which may result in
a decrease in the surface area of the film.
So an electrode of high performance is required to balance all these three factors in
order to achieve a high efficiency solar cell. The electron density in the conduction band
in the steady state is related to the number of injected electrons from the dye molecules.
The photoanode was observed to have its two lowest values of electron density with 500
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℃ annealing and 900 ℃ annealing and to achieve the highest electron density in the

conduction band in the steady state with 700 ℃ annealing. This is because there are still

many oxygen vacancies present, which affect the dye absorption and the electron
injection from the dye molecule after 500 ℃ annealing. However, after 900 ℃ annealing

the nanowires are sintered and the surface area is reduced. Fewer dye molecules can be
absorbed, thus reducing the efficiency for very high temperature annealing.
To conclude, high temperature annealing can effectively remove the oxygen
vacancies and affect the nanowire film in several aspects, which can improve the
conductivity, decrease the surface area and influence the excited electron injection. To
achieve the best performance, the annealing temperature needs to be carefully selected.
The results also suggest that the number of oxygen vacancies can affect the electron
injection, but the vacancies also enhance the conductivity of TiO2 at the same time.
4.5.

Effect of stacking multiple layer of TiO2 nanowire films on the performance

of DSSC
Increasing the surface area of the TiO2 nanowire array is the most important
challenge for the nanowire growth techniques. However, the current synthesis methods
have technical difficulties that impede the growth of long nanowires with small diameters.
A new method was proposed to increase the total surface area of the TiO2 nanowire
electrode without changing the morphology of the individual nanowires. By stacking
multiple layers of free-standing TiO2 nanowire films together, a high surface area
electrode can be obtained and high performance DSSCs were built using these
photoanodes. The characteristics of the DSSC were investigated.
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The interfacial area of the porous semiconductor electrode is usually characterized
using the roughness factor, which is defined as the ratio between the actual surface area
and the projected area of the structure. The total surface area of the TiO2 anode was
measured by detaching the N719 molecules from sensitized electrode in 1 ml 0.01 M
NaOH and collecting the absorption spectrum of the resulting solution. The concentration
of N719 in the solution was examined using a Cary 5000 UV-Vis-NIR
Spectrophotometer. According to previous reports,2,
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Each N719 dye molecule is

estimated to occupy 0.9 nm2 on rutile TiO2. The concentration of N719 in the NaOH
solution was calculated using the Beer-Lambert Law,
𝐴 = −𝜀𝑙𝑐,

4-8

where A is the absorbance of the solution, 𝜀 is the molar extinction coefficient of the

material, ℓ is path length and c is the molar concentration of the substance in the solution.
Once the absorbance of the substance was measured by the spectrophotometer, the molar
concentration of the molecules could be easily calculated using its standard extinction
coefficient. The molar extinction coefficient of N719 was estimated to be 14.0 × 103 M-1
cm-1 at 540 nm.199 The light path length in the sample holder is 4 mm. The estimated
roughness factors of the multi-layer TiO2 electrodes were shown in Figure 4-11. The
roughness factor of the multi-layer electrode increases steadily as more layers were
assembled in the electrode. However, the increment in a surface area with an extra layer
is lower than the surface area of a single layer electrode. This is because when the new
layer was stacked onto the previous layer, the top surface of the nanowires of the first
layer and the bottom surface of the second layer are covered by nonporous TiO2
generated from annealing the Ti complex.
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Moreover, when the top part of nanowires was attached to FTO and the bottom layer
was exposed, the TiO2 electrode with the face-down design has 30% more surface area
than a single layer face-up electrode of the same size.

Figure 4-11. Roughness factor (RF) vs the number of layers for TiO2 nanowire arrays with two
photoanode structures.

Photocurrent-voltage (I-V) measurements were performed using a Keithley 2400
digital source meter in a 100 mW cm-2 AM 1.5G solar simulator (NEWPORT 1000-W
Xe lamp and an AM 1.5 filter). The scan speed of the bias voltage is 0.01 s per step and
the step size is 0.04 V. The results are shown in Figure 4-14. As expected, the short
circuit photocurrent has increased as more TiO2 layers were integrated into the electrode.
According to the roughness factor measurements, the total amount of loaded dye
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molecules increased as more layers were integrated into the electrode and the surface area
increased. Incident photon-to-current efficiency (IPCE) values were obtained by using a
75 W Xe Oriel6251/Oriel Cornerstone 260 monochromator from which light was coupled
through an optical fiber and made incident normal to the DSSC. The IPCE results in
Figure 4-12 also confirmed that, as the surface area increased, more light was converted
to electricity.

Figure 4-12. IPCE of solar cells with multi-layer face-up electrode design. IPCE results showed that
the photon to current efficiency was increased when more layers were stacked onto the electrode,
which agrees with the measurement of the short circuit currents.

However, the increment of photocurrent was not as much as the increase in dye
loading or the roughness. Figure 4-13 showed that the optical transmission of a single
layer sensitized TiO2 electrode was low and only 15% of the light at 550 nm could pass
through the first layer, which limited the photocurrent increment for multiple layer
designs.
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Figure 4-13. Absorption spectrum of single and double layer of sensitized TiO2 nanowires film on FTO
glass.

In the tested samples, the energy conversion efficiencies of solar cells with the
multiple layer face-up electrode design were evaluated as 3.79%, 4.50% and 4.85%, for
1-layer, 2-layer and 3-layer electrodes, respectively. The DSSC with the single layer
face-down photoanode design achieved a 4.4% overall solar energy conversion efficiency.
The photocurrent-voltage curves with various designs are presented in Figure 4-14 and
the results are listed in Table 4-4. The open circuit voltages are consistently around 0.68
V, which is determined by the material of photoanode and the composition of the
electrode. Also, as the photocurrent increases, Voc was observed to drop slightly. The fill
factor of 0.7 indicated that the cells were well built with good electrical contacts. There is
a 2.5 mA⁄cm2 increase of photo-current density for stacking three layers together, which
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causes a 30% efficiency boost from a single-layer electrode to a three-layer electrode.
Compared with previously reported 3% efficiency in a DSSC using nanowires as the
photoanode, the efficiency was enhanced by 60% by employing the new three–layer
electrode. Based on the roughness factor analysis, the face down design yields a higher
efficiency, only because it has more surface area. However, the ratio of dye loading in the
face up design to that in the face down design is larger than the ratio of the efficiencies of
the two designs, which suggests that the efficiency of a single dye molecule in the single
layer face up design is higher than that with face down design. One remarkable result is
that the single-layer free-standing TiO2 film-based solar cell with face up design can
achieve a similar efficiency to that of a porous nanoparaticle film but requires only one
quarter as much the dye.
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Figure 4-14. Photovoltaic performance of DSSC fabricated using TiO2 nanowire arrays in different
electrode structures: (a) I-V characteristics of solar cell with multiple layer face-up electrode design; (b)
I-V characteristics of solar cell with single layer face-down electrode design.

Table 4-4 Efficiency of DSSC using free-standing film.

Electrode Design

Isc (mA)

Voc
(V)

Fill
Factor

Efficienc
y

1-layer array face-up

8.23

0.67

0.69

3.79%

2-layer array face-up

9.59

0.68

0.69

4.50%

3-layer array face-up

10.68

0.66

0.69

4.85%

9.25 mA

0.68 V

0.70

4.40%

1-layer array face-down

By stacking three layers together, the roughness factor was significantly increased.
The question is if the new assembly electrode still performs like an electrode with longer
nanowires or if its electrical properties are changed. In order to investigate the TiO2
electrode characteristics in the dye-sensitized solar cell, electrochemical impedance
spectroscopy (EIS) measurements were performed on the dye-sensitized solar cells using
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TiO2 electrodes with the multiple layer face-up design under one sun illumination (AM
1.5 G). The tested area of all three cells was 0.17 cm2. The signals were collected from
0.01 Hz to 105 Hz using a Gamry EIS 3000 Potentiostat. The scan amplitude was 10 mV
and a bias of the open circuit voltage was applied to each cell. The results of the three
electrodes were fitted using established equivalent circuit as shown in Figure 4-8.

Figure 4-15. Fitted EIS results for multiple assemblies with face up design.

The parameters were fitted in Gamry Echem Analyst using the Levenbeg-Marquardt
method as previous described in Figure 4-8. The fitted parameters are listed in
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Table 4-5.
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Table 4-5. Fitted parameters for EIS measurements of multiple layer electrodes.

1-layer

2-layer

3-layer

R1 (𝛀)

19.84

17.53

15.24

R2 (𝛀)

2.99

1.07

1.36

R3 (𝛀)

44.55

40.81

41.48

R4 (𝛀)

6.35

5.85

4.49

C1 (F)

1.56× 10−4

2.42× 10−4

4.33× 10−4

0.86

0.99

1

CPE1 (𝑺 ∙ 𝒔𝒏 )
a1

CPE2 (𝑺 ∙ 𝒔𝒏 )
a2

Area (𝒄𝒎𝟐 )

Thickness (𝝁m)

2.04× 10−5
5.02× 10−4

0.78

6.97× 10−6
9.41× 10−4

0.56

4.52× 10−6
1.18× 10−3

0.57

0.172

0.173

0.177

3.7

7.9

12.2

The semi-circles in the Nyquist plot were attributed to the charge transferrecombination processes at the TCO, the Pt/electrolyte interface and the TiO2/electrolyte
interface, which were represented as three serial components in the equivalent circuit.
According to the Nyquist plot, the resistance of the FTO glass was estimated to be 15 Ω,

which agrees with the data provided by the vendor. The electron recombination rates in
the TiO2 were estimated from the peak frequency 𝑘𝑒𝑓𝑓 in the middle arc. The lifetime 𝜏

of the electrons in the semiconductor can be estimated as 𝜏 = 1/𝑘𝑒𝑓𝑓 . TiO2 film based

electrodes showed a lower recombination rate (8-10 Hz) than nanoparticle film (15 Hz)
for all three cells. The steady state electron density in the conduction band (𝑛𝑠 ) and the

total number of steady state electrons in the conduction band in the steady state were
evaluated using the following equations : 179
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𝑅3

𝐷𝑒𝑓𝑓 = (𝑅4)𝐿2 𝑘𝑒𝑓𝑓 ,
𝑘 𝑇

𝐵
𝑛𝑠 = 𝑞2 𝐴𝑅4
𝐷

𝐿

𝑒𝑓𝑓

𝑁𝑠 = 𝑛𝑠 𝐿,

,

4-9
4-10
4-11

where 𝑅3 and 𝑅4 represent the charge-transfer resistance related to recombination of

electrons at the TiO2/electrolyte interface and the electron transport resistance in the

equivalent circuit, 𝐿 is the thickness of TiO2 electrode, 𝑘𝑒𝑓𝑓 is the previously estimated

recombination rate of TiO2, 𝑘𝐵 is the Boltzmann constant, T is the absolute temperature,

q is the charge of an electron and A is the projected electrode area. As shown in Figure
4-16, the total number of electrons in the conduction band increased as more layers were
employed in the electrodes, but the electron density decreased as the thickness of the
TiO2 electrode increased. Because the multiple layer structure can increase the surface

area and more dye molecules to be attached, more electrons were collected. The first
layer of the TiO2 film would convert and block most of the incident light. Because the
transmission of the free-standing film is low, the intensity of the light incident on the
third layer is very small. So the two-layer electrode and the three-layer electrode
exhibited similar semi-circles in the Nyquist plot. When more semiconductor surface is
exposed to the electrolyte, the chance of excited electron recombination will also increase.
The overall efficiency of stack assembly solar cells is expected to drop at some thickness
of TiO2 electrode, but this phenomenon was not observed for up to three TiO2 layers. The
TiO2 film based electrode showed a higher conduction band electron density and
diffusion constant in trapping states compared with previously reported nanoparticle
samples.179
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Figure 4-16. Estimated the electron density in the conduction band and the total number of electrons in
the conduction band for the cells.

The three electrodes show similar behavior in IV, IPCE and EIS measurements and
they are fitted using one equivalent circuit. It suggests that by stacking more nanowire
layers together, the multiple layer assembly will perform like a longer nanowire array on
FTO. As observed in previous results, hydrothermal synthesis has some difficulties in
controlling the growth of longer nanowires on FTO. Firstly, because the diameter of the
nanowires will increase as the length of nanowires increases, which has been observed in
many nanowire growth processes, it is hard to grow longer and thinner nanowires.
Secondly, the TiO2 nanowire layer will be turned into a compact TiO2 layer after the
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nanowires reach a certain length as discussed in previous section, which limits the total
thickness of the nanowire array on the electrode.
The multiple layer assembly design using a free TiO2 nanowire film can help solve
the problems described above and allow precise control of the thickness of the TiO2 layer
and the diameter of the nanowires on the electrode. The thickness of the nanowires can be
controlled by individual growth of each film. By stacking several layers together, an
electrode with “longer” nanowires is obtained. The electrode shows high surface area and
good electrical properties.
4.6.

Summary
A new approach has been developed to produce a foldable TiO2 film with highly

ordered single crystalline nanowires. It was synthesized in the size of up to 3 cm by 4 cm
and then transferred to different substrates, such as silicon, TCO, or metal without risking
organic contamination. The effect on the performance of DSSC of annealing the TiO2
electrode at different temperatures was investigated and the mechanism of the effects
from annealing was discussed.
The stackable free-standing nanowire film provides a new way to precisely control
for the roughness factor of the nanowire array without changing the morphological,
electrical and optical properties of the nanowires. DSSCs using multiple layer TiO2 film
electrodes have demonstrated the advantage of incorporating this free-standing film, and
a DSSC with an efficiency of 4.8 % was built, which is 60 % higher than that of an
electrode with TiO2 nanowires grown directly on the substrate. The free-standing film
also allows the TiO2 nanowire array to be treated in extreme conditions such as high
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temperature and reducing gas environment and avoids damaging of the substrate. The
synthesis process is expected to be applied to the fabrication of different kinds of freestanding nanowire films, such as ZnO and WO3 for different applications. Moreover, a
highly flexible DSSC can be built using this material.
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CHAPTER 5
DYE-SENSITIZED SOLAR CELLS ON FLEXIBLE SUBSTRATE

Flexible DSSCs have shown a promising future in its commercial applications.
Plastics have been the most common substrate material for flexible solar cells, which has
been used in polymer-based flexible solar cells and silicon-based flexible solar cells.
Plastics have the advantages of low cost, low weight, high flexibility and high sunlight
transmission rate. However, the challenge for using plastics as the substrate in DSSCs is
that the TiO2 porous film requires a high temperature annealing step (above 450 ℃) to

enhance electrical conduction in the porous film; this step will totally destroy the plastic
substrate.
The nanowire structure has shown structural advantages in flexible solar cells. For
example, during bending, stress can be released along the nanowires and after bending
back and forth no significant damage has been observed in nanowire based electrodes.
Because the free-standing TiO2 nanowire film has the advantages of being flexible, selfsupporting and having a high surface area, a new process has been developed to fabricate
TiO2 nanowire film based electrodes with good electrical properties. This fabrication
process does not require a high temperature treatment. A DSSC has been built using this
new electrode.

5. 1

Fabrication of flexible dye-sensitized electrode
Polyethylene terephthalate (PET) is a widely used plastic substrate for flexible

electrodes, because it is transparent and chemically stable. ITO/PET is commercially
available with different sheet resistance. However, the melting point of PET is only 250
℃ and its glass transition temperature is 70 ℃. As discussed before, it cannot survive the
high temperature annealing required for the photoanode fabrication.

To prepare a nanowire based photoanode, two methods were used. The first method
was to fabricate the photoanode by attaching a TiO2 nanowire film to a conducting
flexible substrate using a conductive adhesive layer. The adhesive material is an
important factor in the overall performance of the solar cells. The desired properties of a
good adhesive material include transparency, chemical stability, the ability to conduct
electricity and the ability to provide mechanical strength in the cell. Different materials
were examined, such as TiO2 nanoparticles of 5nm particle size, TiO2 p25 paste and
PEDOT:PSS. A typical fabrication procedure using this design is shown in Figure 5-1.
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Figure 5-1. Schematic diagram of fabricating on of a nanowire based photoanode using an attaching
method. By attaching the free-standing TiO2 nanowire film to a conducting substrate directly using a
conductive adhesive layer, a flexible photoanode can be fabricated. a) the TiO2 free-standing film was
annealed at 450 ℃ to enhance the internal connection of the nanoparticle layer, b) An adhesive layer
was spin-coated onto a commercial conductive flexible substrate, c) The prepared TiO2 film was
attached to the adhesive layer.

According to experimental results, poly(3,4-ethylenedioxy-thiophene)-poly(styrenesulfonate) (PEDOT:PSS) is the best choice for the adhesive layer. It is a widely used
conducting polymer in organic solar cells and has exhibited the advantages of having
excellent electrical and optical properties in solar cell applications. High-conductivity
grade PEDOT: PSS water solution is purchased from Aldrich and then used as the
adhesive layer in the fabrication. The concentration of PEDOT:PSS is 1.1 % and sheet
resistivity is less than 100 Ω/sq.
The TiO2 film photoanode was fabricated following this procedure: the free-standing
TiO2 nanowire film was annealed at 700 ℃ for 1 hour to enhance the electrical properties

as discussed in Chapter 4. ITO coated PET with 60 Ω/sq sheet resistance was used as the

electrode substrate. The conducting flexible substrate was cleaned in UV ozone for 15
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minutes. PEDOT:PSS was spin-coated on the substrate at 2000 r.p.m for 20 seconds and
then a piece of the TiO2 nanowire film was immediately placed on the electrode. The
extra PEDOT:PSS was cleaned by a cotton wipe after spin-coating. Then the prepared
electrode was heated on a hot plate at 100 ℃ for 5 minutes to evaporate the water and
cooled down to 80 ℃ before placing it in 0.03 mM N719 dye solution for 12 hours.

This design can utilize a commercial flexible conducting electrode and build a
flexible photoanode easily, but without high temperature annealing it does not overcome
the contact problem between the semiconductor and the conducting oxide layer. So a new
method has been and developed to fabricate a nanowire based flexible photoanode.
A “direct deposition” method was used, which does not require heating the plastic
substrate to its melting temperature. Because the free-standing film is self-supportive and
has a thin compact layer at the bottom, a conducting oxide layer can be directly deposited
onto the flat side of the free-standing TiO2 film using pulsed laser deposition. Figure 5-2
shows the fabrication procedure using this method. This method will be referred to as the
“direct deposition” method in the remainder of this thesis.
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Figure 5-2. Schematic diagram of fabricating a flexible photoanode using the “direct deposition”
method: a) a) free-standing hybrid TiO2 film was prepared using the doctor blading method on the
TiO2 nanowire film; b) the free-standing TiO2 hybrid film was annealed at 450 ℃ to enhance the
internal electrical properties; c) a 200nm thick ITO layer was deposited onto the back side of the freestanding film using PLD; d) a supportive substrate was attached to the prepared sample. A flexible
photoanode is obtained.

To increase the dye absorption on the flexible electrode, hybrid TiO2 electrodes are
built by coating TiO2 nanoparticles on the top of the film. TiO2 Paste DSL 18NR-T made
of 20 nm anatase nanoparticles was purchased from DASOL. The paste was painted on
the TiO2 film using the doctor-blading method. The prepared TiO2 film was heated at 100
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℃ for 1 hour to dry the paste. Then the hybrid TiO2 film was sintered at 450 ℃ for 1 hour.
The hybrid TiO2 electrode composed of a 7-𝜇m-thick nanoparticle layer and a 3-𝜇m-thick
nanowire layer is still flexible.

Figure 5-3. Cross section of hybrid TiO2 electrode. 7 𝜇m thick nanoparticle film was coated at the top
of a flexible TiO2 nanowire film. 200 nm ITO layer was deposited from the back side of the hybrid flexible
electrode.

The conductive oxide layer on the photoanode needs to collect the electrons from the
semiconductor layer and transfer them to the circuit. Indium tin oxide (ITO) is the best
conducting layer material for the flexible photoanode, because of its high conductivity
and high transmission rate.
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Figure 5-4. PLD deposited ITO layer on TiO2 film. A 200nm thick ITO layer was deposited at the
bottom of the film.

Pulsed laser deposition (PLD) has been widely used in the materials processing
industry. With this technique, metal oxide can be ablated from the target and deposited
onto a substrate. By controlling the O2 pressure and the temperature of the substrate
materials of different morphology can be obtained. A 200 nm compact ITO layer was
deposited onto the back side of the free-standing TiO2 film by PLD. During the
deposition, the O2 pressure is 30 Pa and the substrate is heated at 200 ℃. The sheet
resistances of the ITO layer on glass and on the TiO2 film were also measured. The post

heating and hydrogen treatment were observed to improve the conductivity of the ITO
layer. A 200 ℃ post annealing was found to give the lowest sheet resistance. If the
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sample was treated at 450 ℃, the sheet resistance is increased. Heating ITO in a N2/H2
(10:1) mixture at 300 ℃ for one hour also can reduce the sheet resistance to 100 Ω and 25

Ω on the TiO2 film and on glass, respectively, as shown in Table 5-1. The sheet resistance

of ITO on the TiO2 films is found to be larger than the same film on a glass substrate,

because the back side of the film is not as smooth as glass and the surface roughness
increases the resistance.
Table 5-1. Effects of post treatments on the sheet resistance of ITO layer on TiO2 film and glass slide.

TiO2 film
No treatment
200 ℃ post annealing
200 ℃ + H2 treatment
450 ℃ post annealing

250 Ω
197 Ω
100 Ω
545 Ω

glass
slide
150 Ω
118 Ω
28 Ω
N/A

After depositing a conducting oxide layer on the TiO2 film, the photoanode was
heated to 80 ℃ and placed in dye solution for 12 hours. The prepared photoanode was

washed in acetonitrile and dried in air. A thin PDMS layer was spin-coated onto the PET
substrate using 10000 r.p.m. for 40 seconds. The PET sample with the PDMS layer was
heated on a hot plate at 100 ℃ for 5 minutes. A piece of sensitized hybrid TiO2 film was

then placed on the substrate and heated at 80 ℃ for another 30 minutes to cure the
polymer. The prepared photoanode shows flexibility and good mechanical properties as
demonstrated in Figure 5-5.
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Figure 5-5. Demonstration of a flexible photoanode.

Because there is no conducting layer on the plastic substrate, the ITO layer on the
back of the TiO2 film needs to connect the working photoanode and the outer circuit. The
electrode was built using the structure shown in Figure 5-6. The TiO2 film needs to be
extended from the working area to the outside of the solar cell. Because a thicker
Surlyn® spacer was used, the two electrodes can be completely sealed together. No
leakage of electrolyte was detected.
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Figure 5-6. Schematic illustration of flexible TiO2 film based electrode. Part of the flexible photoanode
film was attached to a supporting substrate using PMMA. The other free-standing part was used to
provide the electrical connection to the outer circuit.

5. 2

Fabrication of DSSC using flexible TiO2 electrode

FTO glass sputter-coated with 50 nm of platinum was employed as the counter
electrode to examine the performance of the flexible TiO2 hybrid electrode. The two
electrodes were assembled using a 100 μm thick Surlyn spacer (Solaronix) to prevent a
short circuit that has been observed in some experiments. The acetonitrile-based redox
couple, containing 0.1 M LiI, 0.05 M I2, 0.5 M 1,2-dimethyl-3-propylimidazolium iodide,
0.5 M tert-butylpyridine and 0.1 M guanidinium thiocyanate, was filled using the onehole method as described in section 4.3.
The photocurrent density (J) vs voltage and the IPCE of solar cell were measured by
letting a gold-coated cooper probe contact the ITO layer on TiO2 film. The gold coating
was used to lower the work function of the probe and provide ohmic contact between the
testing probe and the metal oxide conducting layer.
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5. 3

Characterization of low temperature fabricated DSSC
Incident photon-to-current efficiency (IPCE) values were obtained by using a 75 W

Xe Oriel6251/Oriel Cornerstone 260 monochromator from which light was coupled
through an optical fiber and made incident normal to the DSSC. IPCE measures the
efficiency of conversion of the incident photons to current, which includes three
components as described in the following equation:
IPCE(λ) = αabs αinj αcoll

5-1

αabs =

number of absorbed photons

αinj =

number of injected electrons

αcoll =

number of incident photons

number of excited electrons

,

,

number of injected electrons

number of collected electrons

5-2

5-3

.

5-4

To achieve a high incident photon to current efficiency, it requires a high efficiency
in all three processes: the dye molecules must be able to absorb most of the sunlight and
excite the electrons from the ground states of the molecules; the excited electrons need to
be injected into the TiO2 porous film; and the injected electrons need to be collected and
transferred to the circuit without bias potential.
The first sample photoanode was prepared using the “direct deposition” method as
described earlier: 200 nm ITO layer was deposited onto a free-standing hybrid TiO2 film;
the prepared electrode was sensitized in dye solution for 12 hours; then the dyed
electrode was attached to the PET substrate by a thin PDMS layer as illustrated in Figure
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5-6. The solar cell was fabricated and placed on a holder to prevent deformation of the
solar cell during measurement. The holder is shown in Figure 5-7.

Figure 5-7. Schematic illustration of sample holder for solar cells fabricated by the “direct deposition”
method. The sample holder was used to prevent the deformation during the measurements. The two
electrodes of the solar cell were connected with gold connectors. During the measurements, the
flexible photoanode was kept flat.

Two gold coated copper connectors were used to connect the electrodes of the solar
cell to the circuit. The IPCE measurement of the solar cell fabricated by the “direct
depostion” method is shown in Figure 5-8. According to the IPCE spectrum, the prepared
solar cell converted 48% of the incident photons to current at 530 nm without bias
potential, which indicates that the photoanode fabricated by this method can efficiently
collect the injected electrons and transfer them to the circuit. The surface properties of the
TiO2 photoanode were maintained during the ITO deposition and PDMS attaching
processes, which allowed for dye absorption and fast electron injection from the dye
molecules. Also, the ITO layer showed good contact with the semiconductor film and
provides an electrical pathway to the circuit.
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Figure 5-8. IPCE of the solar cell fabricated by the “direct deposition” method. The hybrid photoanode
converted 48% of photon to electricity at 520 nm. The result agrees with the short circuit current
results. The nanoparticle layer in the hybrid electrode helps to increase the dye loading and the IPCE of
the photoanode.

Photocurrent-voltage (I-V) measurements were performed using a Keithley 2400
digital source meter under a 100 mW cm-2 AM1.5 illumination (NEWPORT 1000-W Xe
lamp and an AM 1.5 filter. The results are shown in Figure 5-9. The short circuit current
density was 7.1 mA/cm2 and the open circuit voltage was estimated to be 0.75 V. An
overall efficiency of 1.53% was achieved on the plastic substrate using the “direct
deposition” method. The solar cell showed a low fill factor as defined in section 2.3.2,
compared with that of a typical DSSC (0.5-0.7).

123

Figure 5-9. J-V curve of the solar cell produced using the “direct deposition” method.

The shunt resistance and the series resistance in the equivalent circuit were fitted
from the J-V curve.
1

R series = − slope at V = 989 Ω cm2
1

oc

R shunt = − slope at I = 1910 Ω cm2
sc

5-5

5-6

The fitted R series showed that the series resistance is large which could be due to the

resistance of the ITO layer. The equivalent circuit also shows a small estimated R shunt ,
which will cause current loss when a bias potential is applied. A typical value of R shunt

in a high efficiency solar cell is about 10000 Ω cm2 . The low resistance of R shunt is due

to a larger area of the ITO layer being exposed to the electrolyte, causing electrons to
recombine with the ions in the electrolyte directly and not contribute to the current.
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The full J-V curve of the solar cell under illumination and in the dark is shown in
Figure 5-10. The J-V curve in the dark shows the solar cell acted as a diode, which
demonstrates that the cell is well built and the electrons can be transferred through the
electrolyte. But the J-V curve was distorted in its working range, because of its large
R series and small R shunt .

Figure 5-10. Full J-V curve of solar cell using flexible hybrid nanowire electrode in light and in dark.

In order to investigate the TiO2 electrode characteristics in the dye-sensitized solar
cell, EIS measurements were performed on a DSSC fabricated by the “direct deposition”
method at low temperature under one sun illumination (AM 1.5). The signals were
collected from 0.01 Hz to 105 Hz using a Gamry EIS 3000 Potentiostat. The scan
amplitude was 10 mV and a bias of the open circuit voltage was applied. The result of
the EIS measurement is shown in Figure 5-11. The EIS results showed that the ITO layer
in the electrode has a 700 Ω sheet resistance, which is close to the series resistance
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calculated from the equivalent circuit. The resistance of the ITO layer is much larger than
the resistance of the FTO glass (15 Ω). This large resistance causes the low fill factor of

the DSSC fabricated using this method.

Figure 5-11. EIS result for low temperature fabricated DSSC using build-up process.

The second sample was prepared by attaching a TiO2 hybrid film directly to an ITO
coated PET substrate using PEDOT:PSS as the adhesive layer. The hybrid flexible
electrode was annealed at 450 ℃ for 1 hour. A PEDOT:PSS water solution was spin-

coated onto a ITO/PET substrate (the sheet resistance is 60 Ω) at 1500 r.p.m. for 20

seconds. The hybrid photoanode was placed on the adhesive and heated at 100 ℃ for 10

minutes. Then, the prepared electrode was placed in 0.03 mM N719 solution for 12 hours.
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Figure 5-12. J-V curve of DSSC using TiO2 film attached to ITO/PET substrate.

The J-V curve showed a low open circuit voltage of 0.25 V and dark current has a
rapid drop. The sample prepared by attaching method showed a low efficiency. Because
PEDOT:PSS is a hole conductor and thus the electrolyte cannot transfer the electrons to
the counter electrode and the PEDOT:PSS will increase the recombination rate in the cell.
The low open circuit voltage is governed by the Fermi level of the photoanode. This
result suggests that a new transparent and conductive adhesive layer could help to
improve the performance of solar cells constructed with this.
5. 4

Summary
Taking advantage of the free-standing TiO2 nanowire film, a new procedure, called

"direct deposition”, was developed to fabricate a TiO2 photoanode on a plastic substrate
at low temperature. By coating a TiO2 nanoparticle layer on the top of a free-standing
film, a hybrid flexible TiO2 film was fabricated and used to fabricate an electrode on a
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PET substrate using the "direct deposition” method. The solar cell using this electrode
shows 1.5 % overall solar energy conversion efficiency with 7.1 mA/cm2 short circuit
current density and 0.75 V open circuit voltage.
Both the I-V curve and EIS results show that the low fill factor is caused by the large
resistance of the ITO layer, which reduces the efficiency of collection of the injected
electrons in the circuit and increases the recombination rate in the cell. Additional
treatments are expected to increase the conductivity of the ITO layer and therefore the
efficiency of the DSSC using flexible photoanode, such as increasing the thickness of
ITO, annealing at a higher temperature and treatment in H2 environment.
The “direct deposition” method provides a new way to fabricate a TiO2 photoanode
on a plastic substrate at low temperature. The procedure has shown the promise to
achieve a flexible DSSC of high efficiency. Moreover, this procedure is expected to be
used for other applications that require extreme environments that FTO or ITO cannot
withstand, such as high temperature annealing and hydrogenated treatment for photo
water splitting.
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CHAPTER 6
CONCLUSION

Because of their unique electrical properties and high surface area, vertically grown
nanowire structures have attracted considerable attention and a lot of applications have
been demonstrated. Different kinds of material were selected as the substrate to build the
device, but there is no general protocol to follow when it comes to fabricating nanowires
structures on all these substrates. However, since each substrate demonstrates the
different crystal structure and surface properties, efforts have been made to grow
nanowires on each substrate. Moreover, nanowires grown on different substrates show
different morphologies, so it is hard to compare these substrates for nanowire based
devices. There is a challenge to provide a general and simple solution to fabricate a
nanowire structure on different substrates and have good control of the morphology of
the nanowires. Although some transfer techniques were developed with the help of
polymer materials, polymer materials used in the transfer techniques can contaminate the
surface of the semiconductor, which is undesirable because in some applications such as
DSSCs and photo water splitting, the surface properties of semiconductor were even
more important than the morphological properties. This surface contamination would
significantly limit the performance of the semiconductors. So developing a new

transferring technique without having to utilize any polymer material is the goal for the
next generation of vertical nanowire fabrication and is desired for many applications.
In our study, a new method was developed to fabricate a free-standing film that is
composed of vertically aligned TiO2 nanowires. This free-standing film can be used to
transfer nanowire structures to different substrates instead of growing nanowires or
fabricating nanowires on the substrate, which is removes the limitation that many
substrates do not sustain the growth of nanowire structures. The effects of different
parameters on the nanowire growth were investigated and a new growth mechanism was
proposed. Moreover, by controlling the morphology of the individual layers of film and
stacking layers on the top of each other together, a multi-layer assembly can be fabricated
with desired morphological features, such as a certain total thickness and roughness of
the surface. DSSCs using these electrodes were built and tested, and show a significant
efficiency increase by adopting more layers into the photoanode. A 60% efficiency boost
was seen, compared with the directly grown nanowires on the substrate.
Flexible solar cells have demonstrated promising commercial applications in our
everyday life, because they are light weight and can easily wrap over surfaces or portable
electronics. DSSCs also have been prepared on flexible substrates. However, the
annealing step during TiO2 photoanode fabrication cannot be applied in the traditional
process of preparing a semiconductor porous film on a plastic substrate, because the
annealing temperature will exceed the melting point of the plastic and damage the
substrate. Without high temperature annealing, the electrical interconnection of the TiO2
porous film will limit the performance of the flexible DSSC. A “direct deposition”
method was developed to overcome this difficulty in the fabrication of a flexible
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photoanode utilizing a free-standing TiO2 film. The free-standing TiO2 porous film was
prepared on the nanowire film and annealed at 450 ℃. A conducting metal oxide layer

was deposited onto the bottom of the annealed film and then the photoanode was attached
to plastic substrate. The new direct deposit process can enhance the interconnection of the
TiO2 porous photoanode without requiring the annealing of the substrate at high
temperature. A hybrid flexible photoanode was built using this method and the result was
reported in chapter 5.
A unique way was developed to fabricate and treat the TiO2 nanowire structures on
different substrates, which requires the use of a free-standing TiO2 nanowire film. The
free-standing TiO2 film can be treated first and then attached to different substrates. This
new process can effectively avoid damage to the substrate and thus make it possible to
fabricate nanowire structures on substrates where nanowires cannot be grown. A similar
growth mechanism is expected to be extended to grow other metal oxide nanowire
structures. This “growing and attaching” strategy can help to provide a general process to
fabricate nanowire structures on different substrates the necessity of developing a growth
technique for each individual substrate.
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