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Abstract  
 

The n-type semiconducting, vertically oriented TiO2 nanotube and nanowire arrays 

constitute a mechanically robust, high surface area, easily functionalized architecture with 

vectorial electron percolation pathways and have been the focus of interest for variety of 

applications including but not limited to solar cells, water photoelectrolysis and photocatalysis, 

hydrogen sensors, drug delivery, stem cell differentiation and glucose sensors. Novel 

applications and better performance in present applications require innovative and more complex 

TiO2 nanostructures.  

We reported on fabrication of multipodal TiO2 nanotubes. Multipodal refers to the 

nanotubes with more than one leg and are desirable for applications relying on differential 

surface functionalization and volume filling of individual legs. Capillary and hydrogen bonding 

forces dominant on the micro- and nanoscale strong enough to bend the TiO2 nanotubes by tens 

of degrees are generated during the imbibition of electrolyte into and out of the intertubular 

spaces between adjacent tapered nanotubes. These forces were exploited to develop a mechanism 

we call “nanotube combination” to produce multipodal nanotubes.  

Very large diameter TiO2 nanotubes with inner diameters as large as 900 nm, were also 

generated which surpass the largest inner diameter reported thus far for anodically formed self-

organized TiO2 nanotubes by a factor of 2.5. Such nanotubes with pore diameters comparable 

with the optical wavelength make it possible to perform unprecedented resonance scattering and 

effective medium regime studies. Large diameter nanotube arrays were simulated using the finite 

difference time domain (FDTD) method, and the simulated optical properties were compared to 

those measured experimentally. 
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Inefficient absorption of red/near-IR light by sensitized TiO2 nanostructures limits the 

efficiency of light harvesting involved applications they are employed in, and utilizing Förster 

resonance energy transfer (FRET) is promising for resolving the problem. However, FRET 

efficiencies benefit strongly from the deterministic placement of chromophores. We tested the 

possibility of FRET phenomenon in nanoporous anodic aluminum oxide (AAO) by 

encapsulating Alq3 molecules into the nanvoids in the pore wall fissures and coating 

carboxyfluorescein onto the surface of the walls. Due to the efficient FRET for such a 

chromophore placement in AAO, such deterministic positioning might also be advantageous to 

apply to TiO2 nanotubes.  

We performed the first direct measurement of charge carrier mobility in TiO2 nanowire 

arrays. We reported an effective electron drift mobility of 1.9 × 10
-5

 cm
2
V

-1
s

-1
 in rutile nanowire 

arrays directly measured using the time of flight and space charge limited current techniques. In 

addition, we measured an equilibrium free electron concentration of ~10
14

 cm
-3

 and a trap density 

of 3.5 × 10
16

 cm
-3

 in rutile nanowires. These results point to the importance of reducing traps to 

improve charge transport in rutile nanowires. 

We also introduced magnetic field for the first time to the process of electrochemical 

anodization of TiO2 nanotube arrays and demonstrated its advantages in addressing limitations of 

the conventional anodization method. The use of magnetic fields provides the possibility of 

anodic growth of TiO2 nanotubes through anodization of discontinuous Ti films which is 

unprecedented. It expands the possibilities of employing TiO2 nanotube arrays in complex 

devices such as MEMS, lab-on-a-chip and microchips. 
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Chapter 1 

1. Introduction  

1.1. Overview  

In 1959 Richard Feynman gave a lecture at the California Institute of Technology on the 

possibility of molecular level manipulation of materials. Many believe it was the first lecture on 

the topic of nanotechnology. In the mid-1980s, the term nanotechnology introduced by Eric 

Drexler and experienced a fast growth worldwide since then
1
. Nowadays it is an indispensable 

part of the human life and can be traced in a vast number of applications such as food industry
2, 3

, 

water treatment 
4, 5

, clothes
6, 7

, energy conversion
8, 9

, constructions
10, 11

, medicine
12, 13

, 

environmental protection
14, 15

 and many cutting edge technologies.  Nanotubes
16-19

, nanowires
20-

23
, mesoporous materials

24-26
, nanoshells

27, 28
, nanorings

29, 30
, nanofibers

31, 32
, nanocages

33, 34
 and 

many other nanostructures have been introduced so far among which the first three are the 

subjects of the works of present thesis. Depending on the applications and their requirements 

different materials have been employed in the fabrication of the nanostructures. Nanotubes of 

carbon
16

, titanium dioxide
17

, boron nitride
19

, tungsten sulfide
35

, molybdenum disulfide
35

 and tin 

sulfide
36

, nanowires of titanium dioxide
37

, zinc oxide
23

, indium phosphide
38

, gallium nitride
39

 

and silicon
22

 and mesoporous structures in materials such as alumina
26

, titanium dioxide
40

, 

silica
24

 and magnesium oxide
41

 are examples of well-studied nanostructures which have been 

exploited in variety of applications. There have been different methods reported for nanotube and 

nanowire growth such as templating
42

, sol-gel
43

, seeded growth
44, 45

, hydrothermal
46-48

 and 

anodization
49-52

 among which electrochemical anodization and hydrothermal methods have been 

utilized for synthesis of TiO2 nanotube and nanowire arrays respectively. Porous anodic 

http://en.wikipedia.org/wiki/Tungsten(IV)_sulfide
http://en.wikipedia.org/wiki/Molybdenum_disulfide
http://en.wikipedia.org/wiki/Tin(IV)_sulfide
http://en.wikipedia.org/wiki/Tin(IV)_sulfide
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aluminum oxide (AAO) has been generated using anodization method as well. As a general 

outline of the works presented in present thesis, novel titanium dioxide nanostructures have been 

generated, different properties in particular optoelectronic properties of TiO2 nanostructures have 

been directly investigated for the first time, deterministic placement of chromophores into the 

nanostructured materials has been performed, Förster resonant energy transfer (FRET) has been 

studied using a novel geometry for embedding two types of chromophores into the structure of 

porous AAO, a new technique called magnetic-field-assisted electrochemical anodization has 

been established for growth of TiO2 nanotube arrays which makes it possible for the first time to 

grow TiO2 nanotube arrays through anodizing discontinuous Ti films. It is also advantageous in 

facilitating the incorporation of titania nanotube arrays in applications such as 

microelectromechanical system (MEMS) devices, lab-on-a-chip devices and sensors. 

 

1.2. Titanium dioxide as a semiconductor 

Titanium is the fourth most abundant metal in the world and is exceeded in abundance  

only by aluminum, iron and magnesium. It is also the ninth most abundant element that 

constitutes 0.63% of the earth’s crust. Its oxide in the form of TiO2 is a large band gap n-type 

semiconductor and has attracted lots of attention due to retaining a variety of unique and 

remarkable properties such as chemical stability, non-toxicity and low cost
53

. Possessing 

relatively high reactivity and chemical stability under ultraviolet (UV) light makes it a decent 

candidate for photocatalytic applications. Photocatalytic activity of the TiO2 has been enhanced 

by extending its photo-response towards visible spectrum through reducing its band gap by 

doping it by metallic and non-metallic compounds
54

. Photoinduced superhydrophilicity has been 
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observed by trapping holes at the surface of TiO2 which results in high wettability
53

. Majority of 

TiO2 applications rely on its nanostructured forms which will be discussed later.  

Rutile, anatase and brookite are three polymorphs of TiO2 which have the same chemical 

structure but different crystal structures. The crystal structures of rutile, anatase and brookite are 

tetragonal-P42/mnm, tetragonal-I41/amd and orthorhombic-Pbca respectively
55

. When TiO2 is 

synthesized via hydrolysis of inorganic or organic titanium compounds it is in anatase and rutile 

phases mainly and brookite is usually a by-product which is presented along with the other two 

forms
56

. One of the properties of titanium dioxide is the fact that its crystal structure changes 

under the temperature variation. At low temperatures lower than about 100 
o
C brookite phase is 

present, at temperatures higher than 700 
o
C, TiO2 is mainly in rutile phase and anatase can be 

isolated from the other two phases at intermediate temperatures
57

. Reported research results have 

revealed that brookite-to-anatase and anatase-to-rutile conversions occurring due to temperature 

increment are irreversible; furthermore phase transition temperature depends upon several 

parameters such as grain size, impurity content, heat treatment and synthesis methods
58

. Rutile is 

thermodynamically the most stable phase of TiO2 which has the lowest Gibbs free energy
59

. 

When the particle size is smaller than 14 nm, the anatase phase is more stable than rutile
60

. This 

is due to the lower surface free energy of the small size anatase polymorph
61

. The coordination 

number of neighboring octahedra is different for anatase and rutile. In the case of anatase, each 

octahedron has connection with 8 nearest neighbor octahedra such that 4 share an edge and the 

other 4 share a corner. In rutile, there exists a connection with 10 neighbors where 2 share an 

edge and 8 sharing a corner.  Since the number of TiO2 units per cell are 4 and 2 for anatase and 

rutile respectively, the former has a larger unit cell than the latter one
62

. Rutile is hence known to 

be denser than anatase. Moreover, the shapes of OTi3 units are Y and T in rutile and anatase 
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respectively and repulsion between Ti cations is smaller in rutile compared to anatase
63

. Highest 

part of the valence band and lowest part of the conduction band in TiO2 correspond to the O2p 

and Ti3d states respectively. In fact, there is a strong hybridization between O2p and Ti3d orbitals 

which influence the electronic properties as well as the band gap size
63-65

. Larger unit cell of 

anatase results in a smaller Brillouin zone concomitant with narrower bands. This is why anatase 

has a larger band gap (3.2 eV) than rutile (3.0 eV)
62

. Rutile phase has the higher refractive index 

of 2.6 compared to anatase with refractive index of 2.5
66,67

. TiO2 nanostructures exhibit 

distinctive chemical, electrical and optical properties in different phases which make them better 

fits for certain applications. However, fabrication of certain types of nanostructures is still 

challenging. For instance, despite the success in the fabrication of polycrystalline anatase TiO2 

nanotube arrays
68

 as well as polycrystalline rutile nanotube arrays
69, 70

 and single crystal rutile 

nanowire arrays
71

, growing monocrystalline vertically oriented TiO2 nanowire arrays in the 

anatase phase is not well-established and forms the subject of research work for many 

researchers worldwide. 

 

1.3. Titanium dioxide nanostructures 

Among the variety of TiO2 nanostructures - nanotubes, nanowires and nanoparticles have 

attracted lots of attention due to variety of applications they have employed in, including but not 

limited to solar cells 
9, 72-74

, water photoelectrolysis and photocatalysis 
75-77

, hydrogen sensors 
78, 

79
, stem cell differentiation

80, 81
, glucose sensors

82, 83
, biomarker assays

84
, bone emplants

85
 and 

drug delivery 
86, 87

. TiO2 nanotube and nanowire arrays were the subject of interest in research 

works presented here because of their remarkable properties that are advantageous for 

applications they are employed in including high surface to volume ratio
88, 89

, mechanical 
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robustness
90

, easily functionalization
91, 92

 and ability to provide vertical electron percolation 

pathways
93, 94

. The methodology of electrochemical anodization and solvothermal methods that 

were employed for generating TiO2 nanotube and nanowire arrays, respectively, will be 

discussed in chapter 2. 

1.3.1. Motivation and research goals 

As mentioned, TiO2 nanostructures play a decisive rule in numerous scientific and 

technological applications and many researchers worldwide competitively work on such a hot 

topic. In spite of significant improvements during the last few years, there is still room for 

improvement and many challenges still need to be addressed to meet the requirements of novel 

applications. Some the challenges which were the subject of research work during my PhD study 

and were successfully addressed are as follows. 

Geometrical properties of anodized TiO2 nanotube arrays including pore diameter, length, wall 

thickness, inter-tubular distance can be manipulated using anodization parameters. Maximum 

achievable pore diameter was limited to about 350 nm
95

. Reaching the pore diameters in the 

range of several hundreds of nanometers was always a subject of interest for researchers due to 

advantages such a structure could introduce. More importantly diameter could be adjusted to fall 

in the range comparable with the wavelength of the visible light (400-700 nm). It could facilitate 

performing unprecedented studies such as light and TiO2 nanotube array interaction in effective 

medium regime, resonant scattering of visible light and confining light in a way such that 

nanotubes act as waveguides.  

Most of the studies were focused on anodically grown vertically oriented cylindrical TiO2 

nanotube arrays
75, 96, 97

. Despite the impressive progress in tuning the length, wall thickness, 
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diameter, and pattern order of anodically formed TiO2 nanotube arrays, there was still an unmet 

need for more complex hierarchical nanostructures, which not only improve their functionality in 

present applications but also make novel applications possible. Applications and techniques 

which rely on volumetric filling or surface functionalization of nanotubes will particularly benefit 

from the production of multipodal (multiple legs) nanotubes with a more complex topology. The 

differential chemical functionalization of the individual legs allows for multiplexed sensing and 

the loading of multiple drugs. Moreover, since the multipodal structure provides more than one 

leg for each of the nanotubes, a more robust attachment of nanotubes onto desired substrates is 

possible, which also renders them good loadbearing elements for mounting heavier structures. 

The branched topology of multipodal titania nanotubes consisting of a large diameter nanotube 

dividing at the end into several smaller size nanotubes could be applied for molecular separation 

in a multiphase multicomponent fluid and for microfluidic and optofluidic applications. The 

multipodal topology also lends itself to use in three-terminal devices, electrical interconnect 

networks, and nanoelectromechanical systems. The multipodal structure is highly advantageous 

in applications such as photocatalysis and photovoltaics due to the larger surface-to-volume ratio 

and more facile charge separation at the core-leg interfaces. 

Electrochemical anodization is a well-established technique for growing TiO2 nanotube arrays
98-

102
. However, there are several drawbacks which limit incorporation of TiO2 nanotubes in 

particular applications. First of all, Ti sample is not free standing into the electrolyte and needs to 

be connected to the anode electrode. Hence, some area of the sample needs to be devoted to 

electrode connection or for O-ring sealing which is wasteful especially in small samples. Since 

sample cannot be fully immersed into the electrolyte, fast anodization rate of Ti at air/electrolyte 

or o-ring/electrolyte interface due to higher local electric fields is another concern. More 
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importantly, in the present method continuity of the deposited Ti film is required when growing 

TiO2 nanotubes on various substrates. Therefore, nanotube growth through anodization of 

discontinuous/patterned Ti (on MEMS devices for example) becomes impossible. It seems to be 

impossible to address all these issues using the present anodization technique and introducing 

new external parameter(s) may resolve the problem. If so, it would fulfill the requirements of 

novel applications and TiO2 nanotube arrays will be used more easily and vastly in the structure 

of MEMS, sensor and photovoltaic devices. 

 

1.4. Optoelectronic properties of titanium dioxide nanostructures 

TiO2 is a widely studied transition metal oxide for electronic applications. In 

nanocrystalline films consisting of sintered anatase nanoparticles, TiO2 has been used to  

generate high performance as the electron transporting scaffold in dye-sensitized
103

 and bulk 

heterojunction solar cells
104

, as the electron injecting layer in organic light-emitting diodes
105

 and 

active layer in photocatalysts
106, 107

. However, charge transport in nanocrystalline films of titania 

is known to be highly dispersive and posited to follow a continuous random walk
108-111

. 

Structural disorder, hopping transport and trapping states are frequently cited as the reasons for 

dispersive transport.       

1.4.1. Motivation and research goals 

Improving charge transport in TiO2 nanostructures has been an enduring goal to improve 

device performance. In response,  one-dimensional  nanostructures  oriented  vertically from the 

substrate, such as arrays of nanowires and nanotubes, have been synthesized and applied in 

electronic devices  in  order  to  provide  vectorial  charge  percolation paths and thereby, prevent 

a random-walk type of transport
71, 112-115

. Anodically grown and annealed TiO2 nanotubes are 
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polycrystalline structures
116

 and charge carrier transport in such structures is slow due to 

thermally-activated hopping across grain boundaries. Solvothermal-grown rutile nanowire arrays 

on the other hand, have the advantage of eliminating hopping at grain boundaries due to their 

monocrystallinity and ensuring band-like transport. Polycrystalline TiO2 nanotubes and single 

crystal rutile nanowire arrays have been used in conjunction with dyes, organic semiconductors 

and lead halide perovskites to generate high performance solar cells
117-121

 and in high-rate 

photoelectrochemical water-splitting
37, 122

. Rutile nanowire arrays are also attracting research 

interest as potential lithium ion battery anodes, photocatalysts and field emitters
123-125

. Therefore, 

an improved understanding of charge transport in TiO2 nanotubes and nanowires is much 

needed. There has been no report on direct measurement of charge transport on such structures 

and it has hitherto been inferred indirectly via impedance/intensity-modulated spectroscopy
126, 127

 

and terahertz spectroscopy techniques
128, 129

. These techniques have been employed to study 

charge transport through dye-coated TiO2 nanotube/nanowire arrays in dye sensitized solar cells 

for instance. Present research work includes direct measurement of charge transport in titania 

nanostructures using a method called time of flight (TOF) in an experimental configuration 

adapted to the transport regime in TiO2. The methodology of performing the TOF measurement 

will be discussed in more detail in chapter 2.  

 

1.5.  Förster resonance energy transfer 

Highly distance sensitivity of Förster resonance energy transfer (FRET) especially at 

distances in the range of tens of angstroms have introduced them in lots of applications including 

but not limited to biological applications
130-132

, accurate distance determination of acceptor and 

donor fluorophores
133

, light harvesting in photovoltaic devices
134, 135

, highly sensitive sensors
136, 
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137
 and labeling

138, 139
. In contrast to spontaneous radiative decay processes such as fluorescence 

and phosphorescence, FRET is a non-radiative transmission process of the electronic excitation 

from a donor (initially excited) to an acceptor (at ground state) when there is enough overlap 

between their emission and absorption spectra respectively
140

. The rate of FRET between 

isolated point dipoles is given by   

                                                                   (1.1) 

where r is the distance between the donor and acceptor molecules, n is the refractive 

index of the medium,  is the dipole orientation factor,  is the Avogadro number,  is the 

fluorescence quantum yield od donor,  is the fluorescence lifetime of the donor, and J is the 

spectral overlap integral given by the relation: 

                                                                    (1.2) 

where  is the normalized donor emission spectrum (dimensionless property) and  is the 

acceptor absorption spectrum (expressed as an extinction coefficient)
141

. As can be seen in equ. 

(1.1), the energy transfer rate is inversely proportional to the sixth power of the r, distance 

between the donor and acceptor molecules which is an indication of high distance sensitivity of 

the FRET. 

There has recently been a surge of interest in the construction of arrays of hierarchical 

nanostructures consisting of pores on two or more size scales
142-144

.  Hierarchical nanostructures 

offer the opportunity to place distinct molecules or nanoparticles with plasmonic, excitonic, 

catalytic, magnetic and other properties in close proximity to each other, and to study and exploit 
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their interactions. The nanoscale pore systems of zeolitic crystals have been used to incorporate 

dyes and nanoclusters of metals and semiconductors. Zeolite-encapsulated dyes can act as 

chemical sensors, second harmonic generators, optical switches and dye microlasers
145

. By using 

optically inert stop-cock molecules to spatially position and isolate dye molecules in zeolite 

channels, donor-acceptor dye assemblies have been constructed for use as light harvesting 

antennas and as functional energy transfer labels in biosensing
145, 146

. Energy transfer from zinc 

phthalocyanine molecules confined in the inter-nanowire spaces of a close-packed rutile 

nanowire array to Ru-based organometallic dye anchored to the surface of the nanowires was 

used to improve the harvesting of red photons in dye-sensitized solar cells
135, 147, 148

.  Likewise, 

exciton-plasmon interaction effects were noted in Au-AgI nanoparticle pair structures 

electrochemically prepared in porous anodic aluminum oxide (AAO) to either be in contact or 

separated by the porous host
149

. AAO has been used to prepare SERS-active substrates
150

.  AAO 

with its cylindrical pores filled with Alq3 dispersed in a polymeric host has also been used to 

construct an organic electroluminescent device
151

. In addition, confining organic molecules in a 

rigid solid state matrix is known to improve their photostability
152

 and alter their spontaneous 

emission characteristics
153

.  

1.5.1. Motivation and research goals 

TiO2 nanostructures are large band gap semiconductors and absorb photons in the UV range 

hence need to be sensitized using appropriate dyes/quantum dots in order to extend their 

absorption towards visible and IR region to be functional in light harvesting applications such as 

solar cells, photocatalysis and photoelectrolysis. Most of the utilized sensitizers suffer from week 

absorption in the red and near-infrared region. Since the solar spectrum includes a large number 

of photons in the red and near-infrared region, addressing the light harvesting issue of sensitized 
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TiO2 nanostructures in that spectral region would improve the efficiency of applications they are 

employed in. FRET is a promising candidate for promoting broad spectrum light absorption by 

utilizing appropriate donor and acceptor dyes. Using FRET, an improvement in the solar cell 

efficiency have been reported in which donor and acceptor dyes were placed onto inner/outer 

walls of nanotubes
154

 and surface of the nanowires and electrolyte
147

 in the cases of TiO2 

nanotube/nanowire based solar cells respectively. FRET has also been used to improve the 

crystalline TiO2 nanoparticle based solar cells in which donor quantum dots coated onto the TiO2 

nanoparticles were separated from acceptor dyes by a very thin layer of amorphous titania 

layer
155, 156

. There is still room for improvement by finding new arrangements for distinctive 

placement of donor and acceptor dyes onto the structure of TiO2 nanotubes in order to improve 

FRET efficiency. FRET happens at distances in the range of 2-10 nm and smaller the distance, 

higher the energy transfer efficiency
157-159

. The closest imaginable distance proximity is achieved 

when donor and acceptor molecules are embedded onto and into the walls respectively. While 

finding techniques for embedding acceptor molecules into the walls of TiO2 nanotubes is still 

under investigation, the possibility of FRET phenomenon can be tested in another material’s 

nanostructures which can fulfill the requirements of proposed geometry of donor-acceptor 

placement. Presence of cracks has already been reported onto the inner wall of pores in porous 

AAO. High stress accompanying the volumetric change from Al to Al2O3 during the rapid 

anodic growth results in the creation of 1-2 nm sized voids connected to the surface through 

narrow cracks.
160

 Wall cracks provided a site for encapsulating dyes into it. Testing the 

possibility of FRET phenomenon using voids of the porous AAO is one of the goals of present 

research work. If performed successfully it could be applied for TiO2 nanotubes as well. 
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1.6. Thesis outline and organization  

Chapter 2 includes a detailed description of the methodology used in performing 

experiments. Electrochemical anodization for growing TiO2 nanotube arrays and solvothermal 

method for generating TiO2 nanowire arrays are explained. These methods have been utilized for 

generating required titania nanostructures for the research works presented in chapters 3, 4, 6 and 

7. It also contains explanation about the methodology of performing time of flight measurement 

for studying charge transport properties of TiO2 nanostructures. 

Chapter 3 contains the report on fabrication of large diameter TiO2 nanotubes with pore 

sizes comparable with optical wavelength. Finite-difference time domain (FDTD) simulation of 

such nanotube structure has been performed and obtained light interaction behavior has been 

compared with experimentally measured values.  

In chapter 4 the first report on fabrication of multipodal TiO2 nanotube arrays is 

presented. A detailed study on the mechanism of generation of such nanostructures is also 

performed. 

Chapter 5 reports on the possibility of performing Förster resonance energy transfer 

(FRET) through embedding dye molecules into the voids in the walls of porous AAO and 

coating the walls with another type of chromophore. Finding such geometry for placement of 

donor/acceptor molecules makes it feasible to be applied to other structures including TiO2 

nanotube arrays for the sake of improving the efficiency of applications that deal with light 

harvesting. 

Studying charge transport properties of TiO2 nanowires and nanotubes is of special 

importance for variety of applications. However charge carrier transport along the length of such 
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nanostructures has never been directly performed. Chapter 6 reports on the first direct study of 

charge transport along rutile TiO2 nanowires using the time of flight measurement method. 

Although the electrochemical anodization method is well-established for growing TiO2 

nanotube arrays with a variety of geometrical and morphological structures, however it alone 

seems to be incapable of generating more complex nanotube structures in order to meet the 

requirements of novel applications. Chapter 7 contains the first report on the utilization of 

magnetic fields in the process of anodization of TiO2 nanotube arrays and shows how this 

modification addresses many of the drawbacks of the conventional electrochemical anodization 

method. 

The conclusion of present dissertation and suggested future research works are presented 

in chapter 8. 
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Chapter 2 

2. Methodology 

2.1. Electrochemical anodization of TiO2 nanotube arrays 

A variety of electrochemical cells such as the Tait cell, Corrosion cell, Haber-Luggin 

capillary and Flat Cell are used to perform electrochemical anodization.  We have found that a 

flat two electrode electrochemical cell provides maximum flexibility for the anodic growth of 

TiO2 nanotube arrays, in which the anode electrode is a Ti foil or Ti coated substrate and the 

cathode consists of Ti foil, Pt or graphite. As shown schematically in Figure  2.1, anode and 

cathode need to be partially soaked into the electrolyte.  

  

Figure ‎2.1 (a) schematic image of the electrochemical anodization setup used by us.  If needed, a 

reference electrode, thermometer, or gas purge could be introduced. (b) Photograph of a 

commercially available O-ring sealed flat electrochemical cell (Princeton Applied Research, 

Inc.). 

 

(a) (b) 
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In the case of Ti coated substrates, a higher anodization rate at the air-electrolyte interface is 

problematic and precautions need to be taken into account. Otherwise Ti will get fully anodized 

at the interface, causing the anode to be electrically disconnected from the rest of the sample 

which is soaked into the electrolyte following which anodization will stop and sample will not be 

fully anodized. Deposition of second Ti layer at the interface area could be a solution
115

. We 

found that this problem could be simply addressed by covering the interface area with parafilm 

during anodization. The electrolyte consists of aqueous or organic solutions such as ethylene 

glycol (EG), diethylene glycol (DEG), glycerol, dimethyl sulfoxide (DMSO) and formamide 

containing fluoride based chemicals such as HF and NH4F. The advantage of electrochemical 

anodization is that the geometrical and morphological properties of TiO2 nanotubes including 

length, pore diameter, wall thickness, order and roughness can be controlled by manipulating 

anodization parameters including electrolyte composition, pH and applied voltage. Pore diameter 

of the nanotubes for instance is directly dependent on the applied voltage. Chemical reactions 

occurring during anodization are presented in chapter 4. In summary, field-assisted oxidation 

initiates the nanotube formation process by generating a thin oxide layer known as the “Barrier 

Layer” (Figure  2.2a) which is followed by pit formation as a result of field-assisted oxide 

dissolution (Figure  2.2b). The electric field, which is strongest at the pore bottom, promotes the 

solid-state migration of oxidizing ions (O2
-
, OH

-
) in the barrier layer and enables the pores to 

grow deeper into the Ti. Due to the equilibrium between the field-assisted oxidation at the 

metal/oxide interface and field-assisted oxide dissolution at the oxide/electrolyte interface, the 

metal-oxide interface keeps moving into the Ti (Figure  2.2c). While the barrier layer penetrates 

deeper into the Ti, the stronger electric field affects the un-anodized metal existing in the walls 

and due to the field-assisted oxidation and oxide dissolution inter-pore voids are generated which 
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give rise to nanotubes instead of nanpores (Figure  2.2d). Chemical dissolution is always present 

at the mouth of the nanotubes and gradually etches them away. Nanotube length continues to 

increase as long as the rate of movement of the Ti-oxide interface is higher than the chemical 

dissolution rate. Optimizing the water content in organic electrolytes is crucial because it affects 

the rates of oxidation and oxide dissolution hence the rate of nanotube growth
161

.In fact, the 

effect of water content is two-fold. Basically the presence of water is needed in order to generate 

the oxide layer at the pore bottom, at the same time it increases the chemical oxide dissolution at 

the mouth of the nanotubes. Its concentration needs to be adjusted properly otherwise the 

nanotubular structure begins to vanish if the chemical dissolution rate of the nanotubes 

overcomes the nanotube growth rate
162

.    

 

Figure ‎2.2 Schematic images showing the mechanism of TiO2 nanotube growth including (a) 

formation of oxide layer (b) formation of pits (c) penetration of barrier layer into the Ti foil/thin 

film (d) tube formation. 

 

Ti metal 
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 The fact that TiO2 is transparent can be used to realize the anodization stop point while 

anodizing Ti coated substrates. If anodization continues for too long chemical etching at the 

mouth of the nanotubes will etch them away. Too long anodization is not also good when 

anodizing Ti foil because chemical etching rate will become progressively stronger as the 

reaction proceeds (due to the acidification of the electrolyte), and will eventually start dissolving 

the nanotubes. 

Anodized TiO2 nanotube arrays are amorphous and annealing them in air/oxygen renders 

them polycrystalline. Annealing at temperatures lower and higher that 700 
o
C will result in 

anatase and rutile phases respectively. Annealing has other advantages such as filling the oxygen 

vacancies and converting the any remaining Ti metal into TiO2 and making the sample 

completely transparent. Anodized TiO2 nanotube arrays are usually coated with a thin debris 

layer with the thickness of about 200 nm. I established an optimized method for removing the 

debris using SF6-based reactive ion etching (RIE).  

Characterization of TiO2 nanostructures have been very well documented in the literature
71, 

163-170
. In our work, morphologies of grown nanostructures were imaged using JEOL6301F and 

Hitachi S4800 field emission scanning electron microscopes, X-ray diffraction (XRD) patterns 

were obtained using Bruker D8 Discover and Rigaku powder X-ray diffractometers and diffuse 

reflectance and transmittance UV-Vis spectra were collected using Perkin Elmer, Lambda 1050 

and 900 spectrophotometers respectively. Figure  2.3 shows cross-sectional SEM image of highly 

ordered, closely packed, TiO2 nanotube arrays generated by anodizing Ti foil in an ethylene 

glycol (EG)-based electrolyte containing 0.3 wt.% NH4F and 2 vol.% deionized water at 40 V.   
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Figure ‎2.3 SEM image of ordered TiO2 nanotube arrays grown on Ti foil. 

 

Anodically grown TiO2 nanotube arrays were amorphous and were crystallized by annealing. 

Annealing was performed at 500 
o
C for 2 hours in air and 1 hour in flowing oxygen with 

temperature ramped up at 5 
o
C/min. After the annealing process was completed, the furnace was 

turned off and samples cooled down overnight. X-ray diffraction patterns of crystalline TiO2 

nanotube arrays are presented in Figure  2.4a which clearly indicate that fabricated nanotubes are 

polycrystalline. Ti foil was considered to be the substrate for anodized TiO2 nanotube arrays. 

Due to non-transparency of the substrate, optical properties of nanotube arrays could not be 

investigated using transmission UV-Vis spectroscopy. Hence, absorbance of the nanotube 

sample was obtained using diffuse reflectance UV-Vis spectroscopy which is depicted in Figure 

 2.4b. It showed that annealed semiconducting TiO2 nanotube arrays had their absorption edge at 

roughly 380 nm. 
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Figure ‎2.4 (a) XRD patterns and (b) UV-Vis diffuse reflectance spectrum of TiO2 nanotube 

arrays grown on Ti foil. 

 

2.2. Hydrothermal growth of TiO2 nanowire arrays 

Single crystal rutile TiO2 nanowire arrays have been grown using a hydrothermal method 

for the research works presented in chapter 6. The terms “hydrothermal” and “solvothermal” 

refer to chemical reactions in a closed system containing one or several precursors in the 

presence of water and other solvents respectively at temperatures higher than the boiling point of 

the solvent 
171, 172

.  The key factors governing these processes are solvent, thermodynamic 

parameters (temperature and pressure) and chemical composition/concentration of precursors 
171, 

172
. Hydrothermal method is used for the synthesis of new materials, establishing novel processes 

for generating functional materials, stabilization of hybrid materials (inorganic/organic, 

inorganic/biological), crystal growth and producing well-defined micro/nano crystallites in terms 

of size and morphology. Hydrothermal growth is performed at mild temperatures (T < 400 
o
C) 

173
. Pressure plays a key role in the process and depending on the application and required 

structure wide range of pressures can be applied to it. In the case of growing micro/nano 

crystallites, pressure controls the crystal size. Since the crystal size is mainly controlled by 

(a) (b) 
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nucleation and crystal growth, higher pressures result in larger crystallites by improving the 

concentration of the solvated species 
173

. Pressure also improves the solubility which is favorable 

for hydrothermal process 
172

. In most hydrothermal processes taking into account the presence of 

some additives is indispensable. The additives might be favorable for the whole process by 

modifying one or more parameters including solubility, oxidation-reduction properties and 

crystal growth. For the latter parameter, the additives could be capping agents, surfactants or bio-

molecules. These materials have the capability of controlling growth orientation in order to 

obtain anisotropic nanostructures such as TiO2 nanowire arrays
171

.  

In this work, TiO2 nanowire arrays were grown on fluorine doped tin oxide (FTO) coated 

glass. The morphology and pattern order of nanowire arrays were controlled by manipulating 

solution composition. Highly compact, vertically oriented and small diameter nanowire arrays 

were grown in a solution containing water, acetic acid, hydrochloric acid and titanium butoxide. 

Without acetic acid, separated larger diameter nanowire arrays were generated. The chamber was 

a chemical digestion vessel in which a teflon container was filled with solution up to a certain 

level (10 mL solution) and FTO coated glass was placed against the wall face down at an angle 

of about 45 degrees. The teflon vessel was secured into a specially designed metallic container in 

order to tolerate high pressures. Hydrothermal setup was then placed into an oven at the 

temperature of 180 
o
C for at least 1.5 hours. Several micrometer length nanowire arrays were 

generated using this method and longer process times resulted in longer nanowires. Length of the 

nanowire arrays was also sensitive to the cleanness of the teflon vessel. In the course of time 

materials coated onto the vessel walls were acting as nucleation centers consuming the solution 

agents and leaving fewer agents into the solution to be used for nanowire growth onto the FTO 

coated glass. After the required time was passed the hydrothermal reactor was taken out of the 
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oven and cooled down in water for 15 minutes before being opened. TiO2 nanowire coated 

sample was rinsed with deionized (DI) water and dried in nitrogen flow. Obtained TiO2 nanowire 

arrays were monocrystalline and of the rutile phase.  

Top and cross-sectional view SEM images of hydrothermally grown TiO2 nanowire 

arrays (generated in 5mL DI water, 2.5 mL hydrochloric acid, 2.5 mL acetic acid and 0.2 mL 

titanium butoxide) has been depicted in Figure  2.5a and b respectively. It can be seen that 

nanowire arrays are vertically oriented and highly compact and that possess rectangular cross-

section with the width of about 20 nm.  

   

Figure ‎2.5 (a) Top and (b) cross-sectional view FESEM images of hydrothermally grown TiO2 

nanowire arrays. 

Rutile TiO2 nanowire arrays grown on FTO were monocrystalline which can be seen in XRD 

pattern spectrum shown in Figure  2.6a where a single dominant peak corresponding to the (200) 

reflection is observed, indicative of vertical c-axis orientation of the nanowires. UV-Vis 

spectrum of the nanowire sample is also shown in Figure  2.6b with a clear semiconductor band -

edge at 405 nm together with an Urbach tail at longer wavelengths.  

(a) (b) 
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Figure ‎2.6 (a) XRD patterns and (b) UV-Vis spectrum of TiO2 nanowire arrays grown on FTO. 

 

2.3. Time of flight measurement 

Time of flight measurement is a technique for studying charge transport behavior of low 

conductivity materials including but not limited to, intrinsic or low-doped inorganic 

semiconductors, wide band gap metal oxide semiconductors and organic semiconductors. 

Chapter 6 of the present thesis reports on time of flight measurements on single crystal TiO2 

nanowire arrays for the first time. As shown schematically in Figure  2.7, TiO2 nanostructures 

need to be sandwiched between two conducting layers.  

(a) (b) 
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Figure ‎2.7 Schematic image of the time of flight measurement setup 

 

TiO2 nanotube and nanowire arrays were directly grown on conducting substrates such as 

FTO coated glass, which served as one of the contacts. The top contact was generated later by 

depositing a metallic layer such as aluminum. A N2 laser was used to generate charge carriers at 

one end of titania nanostructures by illuminating the pulsed laser beam through transparent glass 

and FTO layers. In order to avoid double injection and to ensure that purely the drift of optically 

excited charge carriers of a single type are observed, blocking contacts are preferred; applied 

electric fields were typically lower than 10
5
 V cm

-1
. Transit of charge carriers along the length of 

the sample was stimulated by applying a potential difference between the two electrodes. 

Polarity of the applied voltage determined which type of charge carriers (electrons or holes) 

transited and which type vanished quickly due to carrier collection and/or recombination. The 

time that it takes for the charge carriers to travel along the length of nanostructures is an 

indication of their mobility in the sample and will be discussed in more details in chapter 6. The 

laser beam needs to meet several criteria to be suitable for TOF measurement. Penetration depth 
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of the beam needs to be small compared to the thickness of the sample to guarantee the 

generation of charge carriers at one end of the sample. In this case, the penetration depth of 337 

nm laser light was ca. 200 nm and TiO2 nanotube/nanowire arrays needed to be more than one 

micrometer in length. Pulse duration needs to be short enough to approximate a delta-function to 

generate charge carriers almost instantaneously (in relation to the transit time) and the pulse 

repetition time should be longer than transition time of charge carriers to ensure that generated 

charges complete their transition before new sets of charge carriers get generated. Utilized laser 

had the pulse duration and frequency of 4 ns and 30 Hz respectively. The laser pulse was close to 

rectangular and generated harmonics higher than the fundamental, a behavior intrinsic to pulse 

waveforms.  Keeping all the above factors in mind, to measure the transit time of charge carriers, 

a digital sampling oscilloscope with a band-width of at least 50 MHz, a memory depth of at least 

16,000 points and a sampling rate of at least 1 GSa/s was used in the circuit. Generated current 

passes through a resistor and enters the oscilloscope to be depicted in terms of signal voltage 

versus time. A higher utilized oscilloscope input resistance increases the voltage signal in 

oscilloscope as result of ohm’s law. However a higher resistance also increases the RC time 

constant of the measurement circuit thereby effecting the measured time of flight value. In order 

to understand the dielectric relaxation time of the samples and the system response time, steady-

state current-voltage (I-V) and capacitance-voltage (C-V) measurements were performed prior to 

TOF measurements using a Keithley 4200-SCS semiconductor parameter analyzer. A 

transimpedance amplifier was sometimes used but once again, the response time and bandwidth 

of the amplifier are critical. Hence there exists a tradeoff between measured signal strength and 

accuracy of measured transit time. Therefore, the sample capacitance was typically measured 

before the measurements, allowing estimation of the parasitic delays. Also, triggering issues 
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were important for transit detection and measurement.  When the signal was strong, the 

oscilloscope could be triggered on the rising edge of the sharp initial increase in current, 

associated with charging of the parasitic measurement capacitances.  When the signal was weak, 

the oscilloscope needs to be triggered on the firing of the laser pulse. Even though the pulse 

width was a few nanoseconds, the fast photodiode used to trigger the oscilloscope had a delay 

time of at least 70 ns. To compensate for this delay, a 70 ns delay was artificially introduced in 

the signal-to-oscilloscope line by using a 50 ft RG-58 BNC cable. A Faraday cage was used to 

attenuate laser noise, especially for the measurement of weak signals. Also, shielded cables were 

used for all connections.  Arc lamps, computers and electronic equipment in the vicinity of the 

sample, not directly required for the experiment were turned off to minimize electromagnetic 

interference. An oscilloscope terminal resistance of 50 Ω was most frequently used for 

measuring the TOF of TiO2 nanowire arrays but occasionally, resistances as high as 1 kΩ were 

used.    
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Chapter 3
 

3. Growth of large diameter TiO2 nanotube arrays
1
  

3.1. Introduction 

Extending the diameter of the nanotubes to larger sizes on par with the wavelength of visible 

light is an important frontier in the synthesis of TiO2 nanotube arrays. Macropore arrays with 

pore diameters comparable to optical wavelengths allow exploitation of the geometrical 

resonances due to interaction of light with the nanotube architecture which contains a high 

refractive index contrast between the TiO2 (n = 2.42 for anatase) and the surrounding 

environment (typically air or organic solvent or polymer-depending on the application). If the 

pattern order of the visible wavelength-sized macropores is regulated and periodicity is 

produced, either by superior control of the anodization process or by seeding the pores with 

suitable structuring techniques, two-dimensional photonic crystals can result
174

. Macropore 

arrays, upon coating with organic dyes and filling with noble metals, also form excellent 

substrates for Surface Enhanced Raman Scattering (SERS)
175

. Optical simulations have shown 

that cylindrical dielectric rods with diameters in the 300 nm to 3 mm range embedded in a low 

permittivity matrix function as all dielectric metamaterials exhibiting negative refractive index at 

infrared and microwave frequencies
176

. TiO2 nanotube array-based metallodielectric 

architectures have also been proposed to construct negative index material lenses at optical 

frequencies
177

. Apart from the applications resulting from the unique optical properties and 

 
1
Results of this work were published as a journal paper entitled “Anodic TiO2 nanotube arrays with optical 

wavelength-sized apertures” in Journal of Materials Chemistry 20(39) pp. 8474-8477, 2010. 
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periodicity of visible wavelength-sized pores, large diameter nanotubes are also useful in drug 

delivery to achieve faster drug elution rates, and as catalytic surfaces and supports, adsorbents 

and chromatographic materials. In spite of the technological importance of pores in the 350–900 

nm size regime, few bottom-up synthetic methods exist for producing materials with uniform 

pores at these larger length-scales. We demonstrate that anodization, a general method for 

producing porous valve metal oxides, can also be used to produce visible wavelength-sized 

pores. Macak et al.
178

 formed TiO2 nanotube arrays with diameters as large as 300 nm by 

anodization in electrolytes containing glycerol, water and NH4F. Yoriya and Grimes
95

 

synthesized TiO2 nanotube arrays with a pore size as large as 350 nm in an electrolyte containing 

DEG, water and HF. However, the pore-sizes reported by the aforementioned papers were still 

short of the size range of visible wavelengths. We report here for the first time, the anodic 

synthesis of nanotube arrays with controllable diameters in the range 350–900 nm, comparable in 

size to visible and near-IR wavelengths.  

3.2. Experimental details 

Titanium foil (99.7%, Sigma Aldrich) with a thickness of 0.25 mm was anodized for 

synthesizing large pore size nanotube arrays. A two electrode anodization setup was used in 

which both the anode and cathode were titanium foils with dimensions of 1.25 cm  3.8 cm and 

0.6 cm  3.8 cm respectively and only half of their length was immersed into the solution. 

Anodization was carried out at room temperature in an electrolyte consisting of a mixture of 

DEG (Fisher Chemical), HF (48% solution, Sigma Aldrich) and de-ionized water. The applied 

voltage was 120 V and water concentration was kept constant at 1% of the solution. Subsequent 

to anodization, the cleaning process was completed by immersion of the foils into 0.1 M HCl for 

one hour followed by drying them in the oven for one hour at 100 
o
C. Morphology of the 
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nanotubes including their length, diameter, wall thickness and separation was investigated using 

a hot filament scanning electron microscope (SEM, ZEISS) as well as a cold cathode field-

emission scanning electron microscope (FESEM, JEOL 6301F). 

3.3. Results and discussion 

Figure  3.1a and b show nanotubes with optical wavelength-sized pores obtained by anodization 

for 47 hours and 42 hours respectively at an applied anodization voltage of 120 V in DEG 

electrolyte containing 0.25% HF and 1% water; it can be clearly seen that most of the pores are 

larger than 600 nm. From the measurements of 34 nanotubes, we found the average diameter of 

nanotubes shown in Figure  3.1a to be 709 nm with a standard deviation of 144 nm. We found 

that in DEG-based electrolytes, the diameter of the nanotubes depends sensitively on both the 

anodization duration and the fluoride ion concentration, in addition to the usual dependence on 

voltage. This is in sharp contrast to the behavior in most of the electrolytes employed to perform 

the fabrication of anodic TiO2 nanotube arrays where the outer diameter of the nanotubes is 

primarily determined by the anodization voltage within a large range of anodization durations 

and fluoride ion concentrations. 

    

Figure ‎3.1  (a and b) SEM images of very large diameter nanotubes with optical wavelength-

sized pores. 

(a) 
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For instance, nanotubes of nearly identical diameter were formed by anodization at 20 V 

for 3 hours in a water/glycerol electrolyte containing different concentrations of NH4F (varied 

from 0.135 M to 0.54 M)
178

. Similarly, Shankar et al. found that the diameter of the nanotubes 

formed in formamide/water/F
-
 electrolytes was mainly a function of anodization voltage and was 

only weakly dependent on the type of cation, the anodization duration or the concentration of 

fluoride ions
179

. We were able to generate such large diameter TiO2 nanotube arrays due to using 

DEG as an organic electrolyte that introduced C into the barrier layer
180, 181

 and increased its 

breakdown voltage by reducing its dielectric constant. Hence higher voltages could be applied in 

order to generate larger diameter nanotube arrays compared to aqueous electrolytes. Secondly, it 

was due to using an optimized electrolyte recipe which introduced a balance between the 

conductivity and viscosity of the electrolyte. In general, organic electrolytes result in longer TiO2 

nanotube arrays than aqueous electrolytes because of thinner barrier layer formation; hence 

increased ionic conductivity and concominant faster tube growth into the Ti foil. Water 

concentration used in this work was high enough to maintain the required conductivity for 

nanotube formation and was low enough to keep the chemical dissolution rate at the mouth of the 

nanotubes lower (by decreasing the H
+
 concentration) than the growth rate at the tube bottom. 

More importantly it kept the electrolyte viscosity in a level that was favorable for large diameter 

TiO2 nanotube growth. Thirdly, the species incident on the barrier layer  were not naked ions but 

large diameter solvated ionic shells which while attacking the oxide surface during the pit 

formation process, generated large diameter pits. Fourthly, the high viscosity damped local 

inhomogenuities in concentration, field and ion velocities thus reducing local geometrical non-

uniformities in the barrier layer. This resulted in a uniform distribution of large diameter TiO2 

nanotube arrays by eliminating localized filamentary currents. 
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Figure  3.2 shows nanotube arrays with different inter-tubular spacings. We have found 

that by tuning the processing conditions, we can tailor the spacing between the tubes in three 

regimes: (a) nearly close-packed architecture with adjacent nanotubes touching each other, (b) 

nanotubes located such that the inter-tubular spacing is approximately equal to the nanotube 

diameters and (c) nanotubes located significantly distant from each other where the average 

inter-tubular spacing is several times the nanotube diameter. 

    

Figure ‎3.2 FESEM micrographs showing (a) compact close-packed nanotubes and (b) widely 

separated nanotubes. 

 

While Yoriya and Grimes
95

 have shown how to form nanotube arrays with separations of 

the order of the nanotube diameters (regime b), we demonstrate the formation of widely spaced 

nanotubes (regime c). For all the light harvesting device applications of large diameter 

nanotubes, such as photocatalysis and excitonic solar cells, the transmission, reflection and 

absorption of light in the pore direction are important. We have used three-dimensional finite-

difference time domain (FDTD) method
182

 for the first time to simulate the propagation of 

electromagnetic waves in the pore direction for geometrically well-defined arrays of straight 

large diameter TiO2 nanotube arrays. The simulations offer an efficient way, in terms of cost and 



31 
 

time, to examine the optical properties of the architecture while varying the length, pore-size and 

wall-thickness. Although this method can be very helpful in optimizing the architecture of ever 

developing titanium dioxide nanotube/nanowire arrays for light harvesting applications, we are 

aware of only two reports on FDTD simulations of small diameter TiO2 nanotube arrays, and in 

both two-dimensional FDTD simulations were performed
183, 184

. Unlike small-diameter 

nanotubes (diameter <50 nm) which lend themselves to a simplified analytical treatment using 

various effective medium theories, the size scale of the pores of large diameter nanotubes is 

equal to or comparable to the wavelength of light considered, so that the high refractive index 

contrast large diameter TiO2 nanotube array architecture cannot be treated as an effective 

medium. This fact necessitates the use of a more powerful computational technique, such as one 

afforded by FDTD. Herein, three-dimensional (3-D) FDTD simulations of large diameter TiO2 

nanotube arrays are presented for the first time, which provide a more realistic understanding of 

optical properties under different illumination conditions. The presence of a finite wall-thickness 

differentiates the nanotube architecture from a typical macropore array. To distinguish the 

unique optical properties that result, we simulated both a TiO2 nanorod architecture (with no 

pore) as well as TiO2 nanotube arrays of the same diameter but possessing different finite wall-

thickness. OptiFDTD 8.0 (Optiwave, Inc.) was used for simulation of TiO2 nanotubes in which 

the nanotubes were characterized with respect to their length, inner diameter, outer diameter and 

the refractive index of the nanotube material. The mesh used for most simulations had 

dimensions of 25 nm, 25 nm and 30 nm in x, y and z directions respectively. The size of the time 

step was s and each simulation was run for 5000 steps. The simulations were run 

one wavelength at a time on a 16-CPU computer equipped with 128 GB of random access 

memory (RAM). The run-time of each such simulation was approximately 150 minutes. A finer 
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mesh with dimensions of 5 nm  5nm  30 nm (X  Y  Z) was used to simulate thin-walled 

nanotube arrays. The optical investigation was performed in the wavelength range from 350 nm 

to 1000 nm in which the refractive index of TiO2 was defined through Sellmeier equation and 

Lorentz–Drude model for the wavelength regions of 350–399 nm and 400–1000 nm respectively. 

In fact, the imaginary part of the refractive index is negligible for the wavelengths larger than 

400 nm and only its real part is taken into account for that region. The Sellmeier equation has the 

general form of 

                                                                                           (3.1) 

in which  is the permittivity at infinite frequency and  and  are constants. In the present 

work only the first two terms of the above equation were taken into account in a way that 

,  4.6 and  0.1 for anatase nanotubes. For the wavelengths of 350, 360, 370, 380 

and 390 nm where TiO2 absorbs significantly, the Sellmeier equation was used. For wavelengths 

of 400 nm and larger the Lorentz–Drude model was utilized in which the dielectric function can 

be expressed as 

                                                                                (3.2) 

where  is the relative permittivity at infinite frequency,  the plasma frequency,  the 

resonant frequency and  is the damping factor or collision frequency. In the OptiFDTD 

program, the parameters for Lorentz–Drude model were defined as follows: S as strength of the 

corresponding resonance terms, P (rad s
-1

) as plasma frequency, R (rad s
-1

) as resonant frequency 
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and D (rad s
-1

) as collision frequency or damping factor which were considered to be 1, 1.8 10
-

16
, 8.1  10

-15
 and 0 respectively for our simulations.  

The first architecture to be simulated was one consisting of 300 nm length nanotubes with 

a pore size of 80 nm and a wall thickness of 30 nm which were standing on a barrier layer with a 

thickness of 50 nm. We considered 19  19 nanotubes organized adjacent to each other in a 

square lattice in the x–y plane and oriented in the z-direction. An x-polarized Gaussian beam 

with a time-offset of 3.5  10
-15

 s and a half-width of 1  10
-15

 s illuminated the sample in z-

direction. We used Anisotropic Perfectly Matched Layers (APMLs) absorbing boundary 

condition to truncate our 3-D simulations; 15 APML layers with a theoretical reflection 

coefficient of 1  10
-12

 were used. The results of this simulation as well as the illumination 

geometry are shown in Figure  3.3. The obtained transmission is qualitatively similar to the 

empirical transmittance data
183

 of transparent nanotube arrays of similar dimensions consisting 

of a broad peak in the short wavelength region, a trough in the mid-wavelength region and gently 

rising for longer wavelengths. The differences in peak and trough position are chiefly attributable 

to the differences in the underlying substrate–glass in the case of Ong et al.
183

 and a 50 nm thick 

TiO2 barrier layer in our case. Simulations were then performed for nanotubes with optical 

wavelength-sized apertures. Appropriate numbers of nanotubes were used for different nanotube 

diameters to ensure that the same area was covered by the nanotube array in each case. In each 

case, the nanotubes were considered to be organized in a square lattice in the x–y plane and the 

two x and y directions perpendicular to the light propagation direction had the same length of 8.4 

m, each including 21 and 12 nanotubes for those with diameters of 400 and 700 nm 

respectively. 
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Figure ‎3.3 3-D FDTD simulation of the transmittance of 19  19 nanotubes with the length, 

pore size and wall thickness of 300, 80 and 30 nm respectively onto a 50 nm thick barrier layer. 

(Inset) Illumination geometry used for FDTD simulations. 

 

Figure  3.4a shows a nanotube array with an average outer diameter of 400 nm formed by 

anodization in a DEG-based electrolyte containing 0.5% HF and 0.5% water for 49.5 hours at 80 

V. Figure  3.4b shows the results of the corresponding optical simulations performed for a 2 m 

thick (tube length) macroporous architecture consisting of features with an outer diameter of 400 

nm and varying wall-thickness. The curve shown in red corresponds to a fully solid rod array 

while the curve in blue corresponds to a nanotube array with a wall-thickness of 100 nm. Figure 

 3.4c shows the corresponding results for an identical simulation performed for an architecture 

consisting of large-pore nanotubes with an outer diameter of 700 nm and varying wall-thickness. 

Unlike the gradual variation in transmittance with wavelength exhibited by the 300 nm long, 80 
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nm diameter nanotubes (Figure  3.3), the 2 m long large diameter nanorod arrays exhibit rapid 

oscillations (Figure  3.4b and c) in the transmittance as a function of wavelength. 

 

Figure ‎3.4 (a) SEM micrograph of an array of TiO2 nanotubes with an average outer diameter of 

400 nm. (b) Transmission through macroporous nanotybe array structures with a length of 2 m, 

an outer diameter of 400 nm and varying wall-thickness. (c) Transmission through nanotubes 

with a length of 2 m, an outer diameter of 700 nm and varying wall-thickness. 

 

The oscillations depend strongly on the geometrical parameters of the nanotube array and 

are retained in the case of nanotubes with 100–150 nm thick walls. In our simulations, we have 
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assumed that the nanotubes are all of the same height, thus forming a regular top-surface. TiO2 

nanotubes longer than 1 m grown by anodization do not, in general, present such a regular 

surface to incoming light. The resulting scattering would make it impossible to observe 

interference fringes. However, techniques to form a more regular top exist—for instance 

anodization in a double layer configuration has been successfully used to establish the requisite 

optical smoothness and obtain interference patterns from anodic TiO2 nanotubes. The 

simulations show that light propagates through the TiO2 rod array without pronounced scattering. 

Light propagating through large diameter nanotube arrays with a wall-thickness of 100 nm 

experiences some scattering but the interference pattern is still quite clear. For large diameter 

nanotubes with a wall-thickness of 10 nm, scattering dominates and the interference fringes are 

of poorer quality and barely visible. For nanotubes with very thin walls, wherein the wall-

thickness is much smaller than the wavelength of light, the walls act as subwavelength Rayleigh 

scattering elements. Considering purely the relative volume fractions of low permittivity material 

(air) and high permittivity material (TiO2), there is a more abrupt change in refractive index at 

the surface of the rod array compared to the tube arrays. Therefore, effective medium theories 

would suggest that the reflectance of the nanotubes would be much smaller than the reflectance 

of the nanorods through most of the visible wavelength region, resulting in increased 

transmittance for the tubular architectures (since the absorption of TiO2 is negligible at visible 

wavelengths). However, the results of our simulations show that for TiO2 cylinder arrays with a 

400 nm outer diameter and 2 m tube-length, nanotubes with a wall-thickness of 100 nm and 

150 nm exhibit similar transmittance to the rods over much of the spectrum differing mainly in 

the positions of the peaks. For arrays of 700 nm diameter and 2 m tube-length, the nanotubes 

have lower transmittance than the rods throughout the entire visible wavelength spectrum. Figure 
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 3.5, which are snapshots of electric field distribution inside the TiO2 nanotube/rod arrays when a 

380 nm electromagnetic plane wave is propagating through them, shows the scattering and 

resonance of light within the architecture. Figure  3.5 shows the occurrence of both resonances 

between the discrete rods/tubes constituting the array and also within individual rods/tubes. 

Since the diameter of the nanorod (400 nm) is larger than the wavelength of incident light (380 

nm), a discrete nanorod can accommodate waveguide modes, thus accounting for the resonances 

within individual nanorods in Figure  3.5a. 

 

Figure ‎3.5 Snapshots of the electric field component (Ex) of an EM plane wave ( 380 nm) 

propagating through arrays of 2 m  length and 400 nm outer diameter: (a) rods (no pore), (b) 

nanotubes with 100 nm wall-thickness and (c) nanotubes with 10 nm wall-thickness. 
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For the nanotubes of 200 nm wall-thickness (as well as for the nanorods), certain sections 

of the annulus in the x-direction can accommodate guided modes (of the x-polarized radiation), 

which also percolate between adjacent nanotubes, resulting in the elongated resonances in Figure 

 3.5b (and also in Figure  3.5a). For the nanotubes of 10 nm wall-thickness, the walls are too thin 

to significantly accommodate guided modes, due to which the resonances in Figure  3.5c are 

much weaker. For an infinite array of cylinders subjected to co-axial plane wave illumination (as 

in our case), the optical field modal structure is represented by slow (lower phase velocity) 

waveguide array modes mainly confined in the dielectric cylinders and fast modes which mainly 

propagate in the surrounding low permittivity medium
185

. Interference between the slow and the 

fast modes causes intensity oscillations. The fast modes are weak in the close-packed solid rod 

arrays and strongest in the thin-walled nanotube arrays, where the volume fraction of air is 

larger. 

3.4. Summary 

We have synthesized TiO2 nanotube arrays with diameters similar in size to optical 

wavelengths. We are also able to form widely spaced TiO2 nanotube arrays where the inter-

tubular spacing is several times the nanotube diameter. The 3-D FDTD simulations presented 

here for the large diameter nanotubes provide a vivid picture of their optical behavior and enable 

us to determine what kind of architectures with respect to their pore size, wall thickness, length 

and separation work well for different applications. Extremely well-defined Fabry–Perot 

interference fringes are obtained for the TiO2 rod arrays, both of 400 nm diameter and 700 nm 

diameter and for TiO2 nanotube arrays with 100–150 nm wall-thickness. 
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Chapter 4 

4. Growth of multipodal TiO2 nanotubes
1
 

4.1. Introduction 

Despite the impressive progress in tuning the length, wall thickness, diameter, and pattern 

order of anodically formed TiO2 nanotube arrays, there is still an unmet need for more complex 

hierarchical nanostructures which not only improve their functionality in present applications but 

also make novel applications possible. Applications and techniques which rely on volumetric 

filling or surface functionalization of nanotubes
186, 187

 will particularly benefit from the 

production of multipodal nanotubes with a more complex topology. The differential chemical 

functionalization of the individual legs allows for multiplexed sensing and the loading of 

multiple drugs. Moreover, since the multipodal structure provides more than one leg for each of 

the nanotubes, a more robust attachment of nanotubes onto desired substrates is possible, which 

also renders them good loadbearing elements for mounting heavier structures. The branched 

topology of multipodal titania nanotubes consisting of a large diameter nanotube dividing at the 

end into several smaller size nanotubes could be applied for molecular separation in a multiphase 

multicomponent fluid and for microfluidic and optofluidic applications. The multipodal topology 

also lends itself to use in three-terminal devices, electrical interconnect networks, and 

nanoelectromechanical systems
188

.The syntheses and applications of multipodal quantum dots 

(mainly tetrapodal nanocrystals of II-VI semiconductors such as ZnO, CdS, and CdTe
188

) are a 

focus of intense research activity.  

1
Results of this work were published as a journal paper entitled “Anodic Growth of Large-Diameter Multipodal 

TiO2 Nanotubes” in ACS Nano 4(12) 7421-7430 2010. 
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The multipodal structure is highly advantageous in applications such as photocatalysis
189

 and 

photovoltaics
190

 due to the larger surface-to-volume ratio and more facile charge separation at 

the core-leg interfaces. 

4.2. Experimental details 

Titania nanotube arrays were obtained by anodization of a 0.25 mm thick titanium foil (99.7%, 

Sigma Aldrich) in a two-electrode anodization setup in which titanium foils were used as both 

the anode and cathode and only half of their length was immersed into the solution. Titanium 

foils were cleaned ultrasonically prior to anodization with soap, deionized water, and isopropyl 

alcohol and were dried with nitrogen gas. Anodization was carried out at room temperature in an 

electrolyte consisting of a mixture of DEG (Fisher Chemical), HF (48% solution, Sigma 

Aldrich), and deionized water under the applied voltages of 120 and 150 V. The electrochemical 

cell had a closed lid to reduce variation in electrolyte concentration with time, and the 

anodization was performed inside a fume hood with the sash half-closed. After anodization, the 

titanium foils containing the nanotubes were rinsed with isopropyl alcohol and dried in air. 

Subsequently, the cleaning process was completed by immersing the foils into 0.1 M HCl acid 

for an hour and drying it in the oven for 1 h at 100 °C. 

Morphology of the nanotubes including their length, diameter, wall thickness, and separation 

was investigated using a scanning electron microscope (SEM, ZEISS) as well as a field-emission 

scanning electron microscope (FESEM, JEOL 6301F). Contact angles with the sessile drop 

technique and the surface tension with pendant drop technique were measured using Kruss DSA 

100 (Kruss GmbH, Hamburg, Germany). For the surface tension measurement, electrolytes of 

different degree of aging were selected, whereas the contact angle of a fresh electrolyte on 

various TiO2 substrate was measured. In the case of surface tension measurement, an image of a 
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drop in hydromechanical equilibrium condition is captured. DSA drop shape analysis, in-built 

software in the Kruss DSA 100 system, was used for the image processing to determine the 

surface tension and contact angle of the electrolytes. The software relies on the derivation of 

surface tension based on the Laplace pressure equation. As the hydromechanical equilibrium 

condition of the pendant drop is a more important parameter than the drop volume, the change in 

the drop volume was ignored during the surface tension measurement. Five measurements on 

each sample with a specific degree of aging were taken, and the average surface tension of the 

corresponding electrolytes was determined. For the contact angle measurement, the drop was 

disposed from needle to obtain a sessile drop on the substrate. It was observed that the substrate 

shows perfect wetting conditions. Further details of such measurement procedure can be found 

elsewhere
191

.  

4.3. Results and discussion 

To the best of our knowledge, multipodal titania nanotubes have not been reported so far. 

Herein we report on the production of multipodal titania nanotubes (see Figure  4.1) which result 

from a newly introduced process that we call nanotube combination. Almost every nanotube in 

the images of Figure  4.1a and b 1b is at least bipodal. Figure  4.1c shows two bipodal nanotubes 

in the process of forming a tetrapodal nanotube, while Figure  4.1d is a tetrapodal nanotube, 

which appears bipodal at first glance because the process of nanotube combination for the 

constituent bipodal nanotubes is complete. We propose a mechanism that explains the formation 

of multipodal nanotubes and also explains some of the unique features associated with the 

growth of TiO2 nanotube arrays in DEG-based electrolytes. Anodization in DEG-based 

electrolytes exhibits some unusual features such as the formation of nanotubes with very large 

pore sizes (up to 900 nm)
192

 and discretization of nanotubes by large intertubular spacings
95, 192, 
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193
, a deviation from the close-packed architecture found in other electrolytes. Our studies 

indicate that the process of nanotube combination has a decisive role in the simultaneous 

increment of the both pore size and intertubular spacing of nanotube arrays anodically formed in 

a HF containing DEG electrolyte. 

 

Figure ‎4.1 SEM images of multipodal titania nanotubes anodized in a DEG electrolyte with 

0.25% HF and 2% water (a) at 120 V for 44 h, (b) at 120 V for 47 h, and (c,d) at 150 V after 47 

h. Arrows in panel a point to easily identifiable multipodal nanotubes not obscured by the 

topology or tilt angle. 

 

Field-assisted oxide dissolution and cation migration, field-assisted oxidation of Ti, and 

chemical etching are the competing reactions responsible for the growth of TiO2 nanotube arrays 

(a key difference from the formation of nanoporous alumina, in which only the field-assisted 

processes are important). The field-assisted reactions occur on either side of the barrier layer at 

the bottom of the nanotubes and are responsible for driving the Ti/TiO2 interface deeper into the 
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Ti foil, a process that increases the length of the nanotubes. Chemical etching shortens the length 

of the nanotubes
50, 194

. 

Field-assisted oxidation: Ti + 2H2O  TiO2 + 4H
+
 + 4e

-
                                                       (4.1) 

Field-assisted migration: Ti
4+

 + 6F
-
                                                                       (4.2) 

Field-assisted dissolution: TiO2 +6F
-
 + 4H

+
   + 2H2O                                          (4.3) 

Chemical dissolution: TiO2 + 6HF   + 2H2O + 2H
+
                                              (4.4) 

Nanotubes formed in HF-bearing DEG-based electrolytes at large anodization potentials 

exhibit a definite taper with a wider base and a narrower mouth, as shown in Figure  4.2a. The 

taper occurs as a consequence of the significant variation in the conductivity of the electrolyte, 

which occurs over the course of the anodization process. The low conductivity of the DEG-based 

electrolyte has been remarked upon by others
95

 and occurs due to a combination of three factors: 

(a) the high viscosity of DEG and the concominant low ionic mobilities;
195

 (b) low concentration 

of ionic charge carriers due to low dissociation of the weak acid (HF); and (c) large 

hydrodynamic radius of dissociated ions due to solvation
179

 by water and DEG molecules. As the 

anodization of Ti proceeds, the concentration of   ions increases with time due to the 

chemical reactions represented by eqs 4.2, 3, and 4. Due to a more delocalized distribution of 

charge in the complex
196

,   ions are also less solvated and therefore more mobile. 

Consequently, the conductivity of the electrolyte increases with anodization duration, which 

manifests itself in a higher anodization current density at the same potential, an effect clearly 

seen in the anodization current transient plot of Figure  4.2b, during the first 20 h of anodization. 

The increase in the conductivity of the electrolyte makes a large proportion of the applied 
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anodization potential available for the anodization process since the potential drop across the 

electrolyte (anodization current i  electrolyte resistance R) reduces with time. Therefore, the 

base of the nanotubes which form later in the process experiences higher effective anodization 

voltages than the top (mouth) of the nanotubes, which are formed relatively early in the process. 

  

Figure ‎4.2 (a) SEM image of the cross section of titania nanotubes formed by anodization at 120 

V in a DEG electrolyte with 0.25% HF and 1% water, showing a clear taper from mouth to base. 

(b) Anodic current density as a function of anodization time for 120 V anodization identical 

DEG electrolyte (0.25% HF and 1% water). 

 

Due to the well-known dependence of the diameter of the nanotubes on the anodization 

voltage, a tapered nanotube morphology wider at the base than at the top is produced. The field-

assisted oxidation process generates H
+
 ions according to eq 4.1 and results in local acidification 

at the pore bottom
197

. On the other hand,  ions are consumed by dissolution reactions. 

Therefore, while  concentration is maximum at the mouth of the tubes (nearly equal to 

concentration in the bulk electrolyte) and drops to a minimum at the pore bottom, H
+
 ion 

concentration is maximum at the pore bottom and decreases toward the mouth of the tubes. Such 

a fluoride ion concentration gradient along the length of the nanotubes has been confirmed by 

compositional analysis using X-ray photoelectron spectroscopy (XPS)
198

. It is also fairly well-
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known that less fluoride results in a thick oxide layer which suppresses the transport of titanium, 

oxygen, and fluorine ions, and excess fluoride results in a thin oxide layer that enhances the 

transport of titanium, oxygen, and fluorine ions, thus inducing inward growth faster
199

. Nanotube 

length increases so long as the rate of movement of the Ti/TiO2 interface is faster than the rate of 

loss of TiO2 nanotubes by chemical etching. The anodization current is roughly proportional to 

the strength of the field-assisted reactions and is thus indicative of the rate at which the Ti/TiO2 

interface is moving into the Ti foil
200

. As shown in Figure  4.2b, the anodization current increases 

for the first ~20 h of anodization and then decreases nearly monotonically. As discussed 

previously, the increase in anodization current occurs due to an increase in electrolyte 

conductivity. Thus the rate of movement of the interface peaks ~20 h into the anodization 

process and declines thereafter due to a paucity of fluoride ions at the pore bottom. At this point 

in the anodization process, field-assisted dissolution weakens relative to field-assisted oxidation, 

resulting in an increase in the thickness of the barrier layer. 

 

Figure ‎4.3 SEM images of the surface of a Ti foil anodized in a DEG-based electrolyte 

containing 0.25% HF and 1% H2O for 43 h at 120 V. Two distinct regions consisting of close-

packed and widely separated nanotubes are demarcated by the yellow border. 
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The thicker barrier layer retards the solid state ionic transport of reactants through the 

barrier layer and causes a decrease in the anodization current density. If purely high-field ionic 

conduction was involved, then the current would be expected to continuously decrease with time. 

If this was purely a mass transfer limited process, the anodization current would be expected to 

level off instead of decreasing. In our scheme, the anodization reaction is under mixed control of 

the high-field solid state ionic transport and mass transport. Chemical etching, in contrast, is 

relatively constant and becomes more dominant as the anodization current decreases. We 

propose a mechanism that explains our observations and accounts for the unique formation of 

multipodal TiO2 nanotubes in HF/DEG/water electrolytes. As mentioned previously, a gradient 

in fluoride-bearing species exists along the length of the growing nanotube, with the highest 

concentration corresponding to that of the bulk existing at the mouth of the tube and decreasing 

toward the barrier layer. Consequently, in the first 20 h of the anodization process, when 

nanotubes are increasing in length, chemical etching, even though isotropic, only shortens the 

height of the nanotubes by etching from the top. The solid state transport of reactant ions through 

the barrier layer occurs through a high-field process exponentially dependent on the electric field 

across the barrier layer and therefore sensitive to barrier layer thickness. When the anodization 

current begins to decrease after 20 h, there is increased competition for the lower current from all 

of the nanotubes and minor variations in barrier layer thickness play a significant role in 

allocating current among nanotubes. As chemical etching becomes more dominant, nanotubes in 

regions where the barrier layer is slightly thicker grow into the Ti foil more slowly but 

experience the same rate of chemical etching, thus gradually becoming shorter than nanotubes in 

regions where the barrier layer is slightly thinner. Due to the tapered structure of the nanotubes, a 

decrease in the height of such nanotubes also increases intertubular spaces where the viscous 
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bulk electrolyte (richer in fluoride) can now penetrate thus the same nanotubes experience more 

accelerated rates of dissolution due to chemical attack from the sides in addition to etching from 

the top. Soon, these nanotubes are completely consumed. Also, since the Ti/TiO2 interface in the 

regions of thicker barrier layer moves into the metal more slowly, these regions are gradually 

more elevated with respect to adjacent regions with a thinner barrier layer. This effect is clearly 

seen in Figure  4.3, which shows two such regions adjacent to each other. The region enclosed by 

the yellow border in Figure  4.3 has relatively close-packed nanotubes as well as dark regions 

indicative of depth and greater topographic contrast. The barrier layer is visible in the region 

outside the yellow border, which is lighter on account of being at a higher elevation. In this 

elevated region, several nanotubes have been consumed by chemical etching, resulting in a wider 

separation. Several of the still-remaining nanotubes in this region have experienced severe side 

wall etching (some of these are pointed out by the orange arrows in Figure  4.3). 

 

Figure ‎4.4 SEM images of titania nanotubes anodized at 120 V in a DEG electrolyte with 0.25% 

HF and 1% water after (a) 40 h, (b) 43 h, (c) 45 h, and (d) 47 h. 
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Figure  4.4 shows SEM images of the obtained titania nanotube arrays at different 

anodization times. After 40 h of anodization (Figure  4.4a), the nanotubes are still fairly close-

packed, but from this point onward, chemical etching becomes dominant. From Figure  4.4b-d, it 

can be clearly seen that the nanotube structures become successively less close-packed in the 

course of the next few hours, resulting in a dramatic decrease in the areal density of nanotubes on 

the substrate. The absence of side wall chemical etching in the regions of closely packed 

nanotubes preserves those nanotubes. Nanotubes of very large diameter (extending to optical and 

near-infrared wavelengths) may be obtained in DEG electrolytes
192

, as seen in Figure  4.5a,b. 

Two concurrent processes are responsible. Although closely packed nanotubes do not undergo 

significant chemical etching of their side walls, they do experience etching from the top, which 

shortens them because of the presence of the electrolyte at their mouth. 

In process I, nanotubes of large pore size are formed by the top- etching process, which 

increases their diameter due to their tapered conical shape. In process II, nanotubes of large pore 

size form by the combination of small pore size ones. As shown in the diagram of Figure  4.5c, 

the pore size of both process I (individual nanotubes) and process II (multipodal nanotubes) was 

increased for longer anodization times subsequent to the formation of the self-organized 

nanotubular structures on the surface, growing from just more than 300 nm after 40 h of 

anodization to about 900 nm after 47 h for combined nanotubes. The reason for the pore size 

increment of the process I nanotubes is shown schematically in Figure  4.5d. The nanotube 

combination process is schematically shown in Figure  4.5e, in which Figure  4.5e (step I) 

represents the common surface area of the two leaning nanotubes. 



49 
 

 

Figure ‎4.5 SEM images of titania nanotubes anodized at 120 V in a DEG electrolyte with 0.25% 

HF and 1% water (a) after 45 h of anodization and 1 h in the same bath without electric field. 

Four consecutive bipodal nanotubes can be seen and (b) top view after 45 h of anodization. (c) 

Pore size increment diagram of the individual and combined nanotubes vs anodization time and 

schematic image of the pore size increment in (d) individual and (e) combined nanotubes. 

 

Like EG and water, DEG is a highly structured solvent with a three-dimensional spatial 

network of hydrogen bonds. It is known that  ions,  ions, and glycoxide ions have 

anomalously high conductance and mobility in these electrolytes due to the proton jump 



50 
 

mechanism. Halide ions, on the other hand, have much lower conductance and mobility in EG 

and DEG
201

. A consequence of this asymmetry is that hydroxyl ions and glycoxide ions 

consumed at the Ti/TiO2 interface during oxidation are replenished from the bulk electrolyte 

more quickly than fluoride ions consumed in the electrochemical dissolution of the barrier layer, 

and this asymmetry becomes more pronounced as nanotube length increases. Also, the bulkier 

 ions produced at the pore bottom do not disperse quickly into the bulk electrolyte due to 

their low mobility in the viscous electrolyte and their Coulombic attraction to the anode. It 

should be mentioned that the chemical etching at the nanotube mouth occurs continuously and 

the high viscosity of the electrolyte limits the long distance movement of the dissolved material, 

which increases its concentration in the electrolyte/nanotube interface region. As depicted in 

Figure  4.5e (step II), this highly saturated electrolyte etches both the side wall and interface 

between the leaning nanotubes, the small amount of saturated electrolyte at the mouth becomes 

supersaturated, and additional dissolved nanotube material becomes deposited onto the inner 

surface of the nanotube (the electrolyte/nanotube interface). Hence, the side wall becomes 

thicker, which results in the reduction of in chemical etching rate relative to that of the nanotube 

interwall. The SEM images in Figure  4.5a,b clearly show this stage after 45 h anodization with 

the same electrolyte mentioned before. According to Figure  4.5e (step III), the difference in the 

chemical etch rate dissolves the interwall deeper into the nanotube, which results in the 

combination of nanotubes leaning toward each other, as seen in the SEM image in Figure  4.1d 

for 47 h of anodization. As can be seen in Figure  4.5a,b, if the leaning nanotubes possess a larger 

interface from top to bottom, the resulting combined nanotube looks like a single large pore size 

nanotube; otherwise, it would be a multipodal large diameter nanotube having several legs 

depending on the number of combined nanotubes. Less than 40 h of anodization resulted in a 
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closely packed compact nanotube architecture. To investigate the effect of the presence of 

electric field in preserving the nanotubes against the chemical etching, the electric field was 

removed after 40 h of anodization, and the results for different etching times are provided in 

Supporting Information. It can be clearly seen from Figure  4.5a that, during the first hour after 

voltage removal, the combination process was at its initial stage and the interwall between the 

nanotubes is still visible and has not etched very deeply into the nanotubes. Nevertheless, at 

longer times, the nanotubes are completely etched and an irregular film is redeposited from the 

supersaturated electrolyte (Figure  4.6a, b and c).  

  

 

Figure ‎4.6 SEM images of titania nanotubes anodized at 120V in a DEG electrolyte with 0.25% 

HF and 1% water for 40 hours and etched without applied voltage for 5 h (a), 7 h (b) and 8 h (c). 

 

(a) (b) 

(c) 
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It is clear from SEM images, such as those in Figure  4.1c, d and Figure  4.4a, b, that the 

nanotubes bend before combining. Bending and bunching of high aspect ratio (AR > 150) TiO2 

nanotubes grown in fluoride-ion-bearing glycerol water electrolytes has been previously 

observed due to surface tension effects during the drying process. By supercritical drying in CO2 

, such bending has been minimized or even eliminated
202

. The nanotubes formed in the present 

study have much lower aspect ratios of ~5-25, therefore implying that the force causing the 

bending is much larger.  We present a theoretical analysis to support the bending of nanotubes to 

form bipodal nanotubes based on the calculation of deflection of the nanotube due to the 

capillary force on its surface. The capillary force is exerted on the nanotubes by the wetting of 

the electrolyte during the growth of the nanotubes. With high-viscosity ionic liquids, Roy et al.
203

 

found that preferential wetting occurred in the intertubular spaces of TiO2 nanotube arrays. 

Furthermore, hardly any penetration of the ionic liquid into the nanotubes occurred even after 5 

h, whereas the intertubular spaces were wetted. The wetting in such a scenario takes place 

preferentially between the nanotubes only, and the electrolyte penetration into the nanotubes is 

minimal
203

. In the present study using highly viscous DEG electrolytes, it is assumed that such 

wetting takes place along the circumference of the tubes only, which creates a circumferential 

interface formed between the nanotubes. The separation distance between the nanotubes is 

termed as the base separation distance (BSD). On the basis of the wetting properties of the 

electrolyte and the surface of the nanotubes, such as the surface tension of the electrolytes and 

contact angle of the same electrolyte with the nanotube surface, one can determine the capillary 

force as 

                                                                                       (4.5) 
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where,  is the surface tension of electrolyte,  is the static equilibrium contact angle of the 

electrolyte with the nanotube surface,  is the taper angle of the nanotube at the base, and  is 

the outer diameter of the nanotube at distance L from base, that is, at the tip of the nanotube. It is 

assumed that this is the only force responsible for the deflection of the nanotube at the tip. One 

can determine the deflection of the nanotube of Young’s modulus E with capillary force as the 

pre scribed load at the tip as follows 

                                                                                                                               (4.6) 

where the moment of inertia  can be determined with the geometrical dimensions of the 

nanotubes. As anodized TiO2 nanotubes are amorphous. The density of amorphous TiO2 is 

known to vary from 3.0 to 4.0 depending on the conditions of growth
204

. We calculated the 

deflection of titania nanotubes in DEG due to capillary forces for limiting cases of the density of 

amorphous TiO2, 3.88 g cm
-3

 representative highly dense TiO2 tube walls and 3.0 g cm
-3

 for the 

condition of amorphous TiO2 of much lower density. Figure  4.7 shows the variation in the 

deflection of the nanotube with different contact angles of the electrolytes. The point of 

attachment is the length at which the deflection of the nanotube crosses half the distance between 

the nanotubes (i.e., 0.5 times the tip separation distance (TSD)). The tapered configuration of the 

nanotubes has a direct bearing on the calculation of  and the capillary force. It is observed that 

for lower contact angle, that is, 20° with surface tension of 0.06 N/m, the magnitude of the 

deflection is too small to achieve the point of attachment. Further increment in the contact angle 

increases the deflection for the same length of the nanotube. 
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Figure ‎4.7 Variation in the deflection of the nanotube with the increment in the length of the 

nanotubes under different contact angle conditions assuming the density of amorphous anodized 

TiO2 to be (a) 3.88 g cm3 and (b) 3 g cm3. BSD and TSD are the base separation distance and tip 

separation distance, respectively. 

 

Under the assumption that the amorphous TiO2 constituting the nanotube walls is highly 

dense (3.88 g cm
-3

), the point of attachment is obtained for a contact angle of 70° and a tube 

length of 1.17 m. When the amorphous TiO2 is assumed to be less densified (3.0 g cm
-3

), the 

nanotubes are easier to deflect. Therefore, for this case, the point of attachment occurs at a much 

lower contact angle of 50° but the tube length remains very similar at 1.09  

m. The exact nanotube length at which combination occurs is not known; however, the point 

of attachment is inferred from SEM images to be in the range of ~1-2 m, which supports the 

present analysis. It is to be noted that the measured value of the surface tension of electrolyte 
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(98.75DEG + 0.25HF + 1H2O) increases from 0.386 to 0.403 N/m for 56 h, whereas with the 

same electrolytes, the TiO2 nanotube array substrate shows perfect hydrophilic conditions. It is 

known that the chemical process and the operating conditions during the growth of the nanotubes 

have the ability to alter the surface tension and the contact angle in comparison to those 

measured values under ex situ sessile and pendant drop methods. Also, the nanoscopic surface 

roughness of the tube walls
205

 affects imbibition, and their surface charge
205

 can influence the 

contact angle of the liquid on the nanotubes. However, we ignore these effects in our simplified 

model. Hence, it is conceivable that the actual value of surface tension and contact angle are 

within the prescribed limits of those presented in Figure  4.7. Such a process-dependent change in 

contact angle for completely hydrophilic surfaces has been reported in the literature
206, 207

. There 

are reports of branched pores in anodically formed nanoporous alumina
208

 and nanotubular 

titania
209

. In those reports, the branched pores with the inverted Y configuration were the result 

of modifying the growth parameters such as the anodization voltage or the temperature during 

anodization. In our case, we do not deliberately modify any growth parameters during the 

anodization. Furthermore, the operating mechanism is entirely different we have shown that the 

nanotubes are grown in a nonbranched fashion and become branched due to a process called 

nanotube combination. In our process, distinct nanotubes combine together, which is why we call 

the structures multipodal nanotubes instead of branched nanotubes. An important consequence of 

the mechanism being different is the ability to form multipodal nanotubes wherein the angle 

between the constituent nanotubes (branches) is large (> 20°). SEM images in Figure  4.1c,d and 

Figure  4.8 show several multipodal nanotubes where this angle is large. On the contrary, in the 

branching process reported in other papers (inverted Y), only a very narrow range of 

internanotubular angles are possible. Nanotube combination efficiently allocates scarce fluoride-
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bearing species since two or more nanotubes can obtain fluoride-bearing species from the same 

puddle of bulk electrolyte after nanotube combination. Consequently, multipodal nanotubes that 

obtain access to fluoride-bearing species in the bulk electrolyte by the process of pore 

combination continue to grow subsequent to attachment (the Ti/TiO2 interface below them keeps 

moving deeper into the Ti metal). This is clearly evident in Figure  4.8, where multipodal 

nanotubes are able to survive much longer than others subsequent to the first 40 h of anodization, 

when field-assisted processes weaken, leaving chemical etching dominant. 

This is why we propose that the weaker dissociation of HF, which results in fluoride ion 

scarcity, and the nature of the solvent (DEG in this case) used to form the electrolyte are the 

critical factors for nanotube combination. When ammonium fluoride (which has higher 

dissociation) and tetrabutyl ammonium fluoride (which dissociates completely) are used instead 

of HF as the fluoridebearing species in the anodization electrolyte,  ions are not scarce, the 

formed nanotubes remain close-packed for very long anodization durations, and the diameters 

are capped at ~300 nm. 
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Figure ‎4.8 SEM image of the surface of a Ti foil anodized in a DEG-based electrolyte 

containing 0.25% HF and 1% H2O for 45 h at 120 V. Similar to Figure  4.3, two distinct regions 

consisting of close-packed and widely separated nanotubes are seen; however, the chemical 

dissolution of the widely separated nanotube region is more advanced. Note how a majority of 

the surviving nanotubes in the chemically etched region are multipodal (orange circles point to 

obvious multipodal nanotubes; other surviving nanotubess are likely multipodal, too, but with 

one or more legs obscured). 

 

We observe the formation of multipodal nanotubes in a narrow window of process 

parameters in DEG electrolytes: anodization voltages of 120 V or greater, anodization durations 

>40 h and HF concentrations lower than 0.5%. 
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Chapter 5 

5. Förster resonance energy transfer through placement of chromophores in 

void & wall geometry
1
 

5.1. Introduction 

We report on a hierarchical nanoarchitecture wherein distinct chromophores are 

deterministically placed at two different types of sites in a nanoporous metal oxide framework.  

One chromophore, namely Tris(8-hydroxyquinoline)aluminium(III) (Alq3), is embedded in the 

1-2 nm sized nanovoids of anodic aluminum oxide (AAO) and another chromophore 

(carboxyfluorescein or pyrenebutyric acid) is anchored in the form of a monolayer to the surface 

of the walls of the cylindrical nanopores (~20 nm in diameter) of AAO.  We found the 

luminescence maximum to occur at 492 nm, blueshifted by at least 18 nm from the value in 

solutions and thin films.  The excited state decay of Alq3 molecules in nanovoids was found to be 

biexponential with a fast component of 334 ps and a slower component of 2.26 ns, significantly 

different from Alq3 thin films and solutions. Using a combination of steady state and time-

resolved luminescence studies, we found that efficient Förster-type resonance energy transfer 

(FRET) from Alq3 in the nanovoids to the carboxyfluorescein monolayer could be used to pump 

the emission of surface-bound chromophores.  Conversely, the emission of nanovoid-confined 

Alq3 could be pumped by energy transfer from a pyrenebutyric acid monolayer. 

 

1
Results of this research work were published as a journal paper entitled “Photophysics and Energy Transfer Studies 

of Alq3 Confined in the Voids of Nanoporous Anodic Alumina” in Journal of Nanoscience and Nanotechnology 13, 

pp. 2647-2655, 2013. 
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Such intra-nanoarchitecture interactions between chromophores deterministically placed in 

different spatial locations are important in applications such as organic light emitting diodes, 

chemical sensors, energy transfer fluorescent labels, light harvesting antennas and organic 

spintronics. As mentioned in section 1.5.1, for being used in applications involving light 

harvesting, TiO2 nanostructures need to be sensitized using dyes/quantum dots to extend their 

light absorption towards visible and IR spectral region. Most of the utilized sensitizers do not 

absorb efficiently in red and near-IR region and FRET seems to be helpful in this regard. FRET 

efficiency is highly sensitive to the geometry of donor/acceptor placement. Generating cracks 

into the inner walls of TiO2 nanotubes and embedding donor or acceptor molecules into the 

cracks and coating the wall surface with the other chromophore molecules seems to be a proper 

geometry for highly efficient FRET phenomenon since it provides required close proximity 

while keeping donor and acceptors strictly isolated from each other. While generating cracks into 

the inner walls of TiO2 nanotubes is under investigation meanwhile possibility of FRET to occur 

in such geometry could be investigated using similar structures which are already present. As 

mentioned previously, presence of 1-2 nm voids connected to the wall surface through narrow 

cracks have already reported for nanoporous anodic aluminum oxide. This could provide a 

template for donor and acceptor molecular arrangement with a high similarity to what needed in 

TiO2 nanotube arrays. 

By controlling the preparation conditions, nanoporous AAO can be grown in a single or step 

to have pores corresponding to two different size scales, voids of size 1-2 nm embedded in the 

walls of the nanoporous scaffold and cylindrical nanopores with diameters of 10-200 nm. On the 

other hand, the widely used organic semiconductor Alq3 exhibits unusual properties when 

confined in the nanovoids of AAO.  The first such property is the shift in the wavelength of the 
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luminescence maximum of Alq3 to 492 nm in the nanovoids. The luminescence maximum is 

blue-shifted by 18-20 nm from the peak of the thin film luminescence spectrum of Alq3
160, 210

. 

The second unusual property is the anomalously long spin dephasing times exhibited by Alq3 

confined in the nanovoids as opposed to bulk Alq3. The long dephasing time is attributed either 

to a phonon bottleneck resulting in a weakening of spin-phonon coupling within the nanovoid or 

to confinement-induced quenching of rotational/vibration modes, due to which the coupling of 

Alq3’s spin to these modes is suppressed
211, 212

. The exact mechanism underlying Alq3 

entrapment in the voids is still unknown but the correspondence of the size of Alq3 molecules 

with the size of the voids and weak bonding interactions are clearly important. Once Alq3 

molecules are entrapped in the voids, even repeated and thorough rinsing does not remove 

them
213, 214

. Furthermore, not all molecules exhibit entrapment in the voids to the same degree.  

For instance, when we attempted to infiltrate metallophthalocyanine molecules into the voids 

using an identical procedure, all optical signals corresponding to residual molecules in the voids 

were removed after a thorough rinse. In this work, we first introduced Alq3 molecules into the 

nanovoids and subsequently formed a self-assembled monolayer of a chromophore with suitable 

optical properties, on the remaining free surface of the nanoporous AAO architecture as shown 

in Figure  5.1a-d.   
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Figure ‎5.1 Schematic of the (a) porous alumina structure (b) cross-section of a single cylindrical 

pore showing self-assembled monolayer of a chromophore (yellow) on the surface and Alq3 

molecules in the nanovoids (c) donors in the voids/acceptors on the walls (d) FRET 

phenomenon
215

 and (e) field emission scanning electron microscope (FESEM) top-view of AAO 

used in this work.   

(a) (b) 

(c) (d) 

(e) 



62 
 

5.2. Experimental details 

5.2.1. Sample preparation 

Porous anodic aluminum oxide (AAO) has been frequently used as a template for the growth 

of variety of nanostructures including, but not limited to, nanowires of Ni
216

, ZnO
217

, CdS
218

, 

CdSe
219

, Fe
220

, Co
221

, Ag
222

, Bi2Te3
223

, Bi
224

, multilayer nanowires of Co–Ni–Cu/Cu
225

 and 

nanotubes of C
226

, TiO2
227

, Co, Ni and Cu
228

. The length and diameter of the alumina pores can 

be controlled by anodization parameters such as applied voltage, anodization time and electrolyte 

composition
229

. There have been reports on the fabrication of porous alumina through 

anodization of Al foil
230

 and Al thin films deposited on variety of substrates
226, 231, 232

. 

Electrolytes used for anodic fabrication of porous alumina are usually composed of oxalic 

acid
233

, phosphoric acid
234

, sulfuric acid, malonic acid
235

 and their combinations
236

. Electric 

field-assisted processes of barrier layer formation and nanochannel dissolution contribute to the 

formation of AAO in which there is an equilibrium between oxide formation at the metal/oxide 

interface and oxide dissolution in the oxide/electrolyte interface
237

 resulting in a constant barrier-

layer thickness. Two-step anodization results in highly ordered porous structures
238

. In order to 

produce the nanoporous alumina template, 2 cm  2 cm coupons of annealed high purity 

unpolished aluminum (99.997% Alfa Aesar) with a thickness of 250 µm were used. A highly 

regular pattern of cylindrical pores was obtained using the two-step process. The unpolished 

coupons were subjected to a chemical polishing step in an etchant consisting of 15 parts of 68% 

nitric acid and 85 parts of 85% phosphoric acid. The etching was carried out for 5 minutes at 85 

o
C and then the samples were neutralized in 1M sodium  hydroxide  for  20  minutes 

239
. 

Subsequently, the polished samples were anodized for 1 hour in 0.3 M sulfuric acid electrolyte at 

20 V DC bias at ~ 15 
o
C.

240
 The nanopores formed in this step were randomly distributed on the 
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surface of the anodic alumina. This thin oxide film was dissolved away in hot (60 
o
C) chromic-

phosphoric acid
239

 leaving behind an array of textured scallops.  Anodization was then performed 

in a second step.  Highly order regular nanopores with a diameter of ~20 nm were formed  over  

the  surface  after  second  step  anodization  in  0.1 M  sulfuric  acid (Figure  5.1e). The pore 

growth rate was ~12µm hr-1.
240

 The morphology of the nanoporous alumina was imaged using a 

JEOL 6301F field emission scanning electron microscope (FESEM).   

                       

Figure ‎5.2 Molecular structure of the (a) Alq3 (b) CF and (c) PBA 

 

In addition to Alq3 (98% pure), 5(6)-carboxyfluorescein, (>95% pure, henceforth referred to 

as CF) and 1-pyrenebutyric acid, (97 % pure, PBA) were also used in this study. Figure  5.2 

shows their molecular structures.  All three chemicals were purchased from Sigma-Aldrich Corp. 

and used as obtained.  Due to the size of the Alq3 molecule (around 0.8 nm)
160

 being smaller than 

that of the voids (1-2 nm), it is known that individual molecules of Alq3 are able to penetrate into 

the voids and be encapsulated in them.
160

 To perform the filling of the voids with the fluorescent 

Alq3 molecules, a dilute (1mM) solution of the dye was prepared in chloroform and the porous 

alumina was left immersed in this solution for 21 hours. The long time is necessary for the Alq3 

molecules to diffuse and percolate through the cracks into the nanovoids. To completely remove 

the dye from the cylindrical pores and the sample surface, the sample was thoroughly rinsed with 

chloroform. On the other hand, to investigate the presence of the Alq3 in the voids and its 
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difference from a film of Alq3, another identical sample was dipped and dried for several times 

in a 10 mM solution of Alq3 in the same solvent. In this case, an Alq3 film was conformally 

coated on the surface of nanoporous AAO and Alq3 penetration into the voids was expected to be 

minimal due to the higher concentration of the solution and the shorter film preparation time.  

Self-assembled monolayers of PBA and CF were formed by immersion for 30 minutes in 10 mM 

solutions in dimethylformamide (DMF) of the respective dyes subsequent to the filling of the 

nanovoids by Alq3. The short immersion time and the high viscosity of the solvent (DMF) are 

chosen to cause as little disruption as possible to the Alq3 molecules present in the nanovoids.   

 

5.2.2. Spectroscopy 

Optical absorption measurements were performed using a Perkin Elmer Lambda-900 

spectrophotometer. Steady-state PL spectra were collected using a Photon Technology 

International MP-1 fluorimeter. Time resolved fluorescence measurements were performed using 

second harmonics of a femtosecond Ti:sapphire laser (Spectra Physics, Hurricane + May Tai 

system) for sample excitation. The laser pulses had 130 fs duration and energy of about 10 μJ 

with a repetition rate 1 kHz. The energy density on the surface of the samples was around 10 

μJ/cm
2
. We did not observe the photobleaching-induced degradation of the photoluminescence 

signal during measurements. A fast vacuum photodiode (Hamamatsu, R1193U) with 250/100 ps 

rise/fall time and a fast oscilloscope (Textronics 7104) were used for the photoluminescence 

signal detection. The combined bandwidth of the detection system was 800 MHz. The time 

constants of the photoluminescence decay were obtained by deconvolving a recorded 

oscilloscope signal with the apparatus response function.  Single photon fluorescence imaging of 

was performed using a Zeiss LSM 710 laser scanning confocal microscope. Two-photon 
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fluorescence imaging and fluorescence lifetime imaging (FLIM) was performed using a Zeiss 

LSM 510 NLO multi-photon microscope equipped with a FLIM module consisting of a 

Hamamatsu RS-39 Multi-channel plate detector, a filter wheel and a Becker Hickl SPC730 

photon-counting board. Because of the random distribution of nanovoids from sample to sample, 

we verified our studies of energy transfer involving Alq3 in the nanovoids by performing 

photoluminescence measurements on the same sample(s) before and after self-assembled 

monolayer (SAM) formation.   

5.3. Results and discussion 

5.3.1. Optical properties of the chromophores  

Table 1 displays the absorption and photoluminescence (PL) maxima for the three chromophores 

in their solution phase at concentrations of ~0.001-0.01 M. The chromophores were chosen in 

such a way as to act as good FRET donors or acceptors to Alq3. The emission of PBA in solution 

overlaps very well with the absorption of Alq3, which when coupled with the high emission 

quantum yield of PBA, would suggest efficient energy transfer from PBA to Alq3. Similarly, the 

emission of Alq3 in the nanovoids overlaps with the absorption of CF suggesting that CF could 

function as a good FRET acceptor to Alq3.   

Chromophore Absorption peak (nm) Luminescence peak (nm) 

Tris-(8-hydroxyquinoline)-

aluminium(III) 
368 (CHCl3) 512 (CHCl3) 

5(6)-carboxyfluorescein 492 ( Tris buffer, pH 8.0)  517 (Tris buffer, pH 8.0) 

1-pyrenebutyric acid
241

 313, 325 and 346 (toluene) 377, 387 and 396 (toluene) 

Table 5.1 Optical absorption and photoluminescence peaks of Alq3, CF and PBA in solution 
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5.3.2. Blue-shifted luminescence of Alq3 confined in the nanovoids of nanoporous 

AAO 

The photoluminescence spectra of the two samples in Figure  5.3 clearly shows a 18 nm blue-

shift from 510 nm to 492 nm for Alq3 in the voids compared to the Alq3 thin film on the surface 

of the alumina, which is known to be a signature of Alq3 entrapment in the voids
213, 214

.  Alq3 

molecules can exist in two geometric isomeric forms, namely facial (fac) and meridionial (mer) 

that differ in the relative position of oxygen and nitrogen atoms coordinated octahedrally to the 

aluminum atom. The green emitting mer form is the more commonly observed isomer in both 

thin films and solutions of Alq3 while the blue emitting fac form is rarer. In some reports, the 

blueshift is attributed solely to the confined environment of the nanovoids, which suppresses 

aggregation and intermolecular interactions, further screened by the high dielectric constant of 

the Al2O3 host.
242

 However, it is known that when Alq3 molecules are confined in rigid solid 

state matrices such as SiO2, a similar blueshift is obtained.  For Alq3 molecules doped into SiO2 

films by co-evaporation at concentrations of 1% or lower, Levichkova et al
243

 found that 

ensembles of single molecules were predominantly obtained and claimed the presence of fac-

Alq3 on the basis of the observed blue-shift, the higher probability of formation of the facial form 

in a rigid matrix and matrix evaporation rate effects.  Also, Muccini et al
244

 used the differing 

NMR spectra of the fac and mer isomers to demonstrate the existence of pure fac-Alq3 in a 

CdCl3 solution at -50 °C whose fluorescence maximum was blue-shifted from that of mer-Alq3 

by 0.23 eV.  At temperatures higher than -20 °C, the fac-isomer converted completely into the 

more thermodynamically favorable mer-form. It was further claimed that the blue emission was a 

molecular property and that the spectral fluorescence emission provided a distinctive fingerprint 

for each species. A different interpretation was provided by Baldachhini et al,
242

 who explained 

the varying blue-shifts of Alq3 trapped in various silica and zirconia matrices as occurring purely 
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due to mer-Alq3 whose molecular orbitals were perturbed differently during interactions with 

different trapping matrices. The refractive index of alumina is 1.77, higher than air, SiO2 and 

most organic solvents. Ignoring the polarity of the dye and the matrix, the higher index of 

alumina would suggest a redshift of the spectra instead of the observed blue-shift. Polar and non-

polar dyes have been reported to show 5-10 nm redshifts upon confinement in an alumina matrix.  

In this context, the absence of a strong spectral feature at 429 nm in the excitation spectrum 

(Figure  5.4a) of void-confined Alq3 corresponding to the theoretically predicted absorption peak 

of the facial isomer argues goes against the presence of fac-Alq3.   

 

Figure ‎5.3 Emission scan spectra of a nanoporous alumina sample with Alq3 on the surface (blue 

solid-curve) and in the voids (red dot-curve). Note the prominent blueshift of the Alq3 emission 

maximum to shorter wavelengths when confined in the nanovoids.   

 

5.3.3. Steady state studies of the Alq3-CF system 

The excitation spectra of the Alq3-CF donor-acceptor system in nanoporous AAO are shown in 

Figure  5.4.  In Figure  5.4a, wherein the emission is monitored at 515 nm, a wavelength at which 
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both Alq3 and CF emit, the excitation spectrum of Alq3 in the nanovoids (black curve) shows a 

characteristic broad absorption band centered around ~368 nm, corresponding to the optical 

absorption of Alq3. The same absorption band is also seen in the excitation spectrum for the 

sample containing Alq3 in the nanovoids and CF SAM on the surface (red curve).  In addition, a 

new broad band from ~440-500 nm is observed, which corresponds to the optical absorption of 

the carboxyfluorescein. In Figure  5.4b, wherein the emission is monitored at 480 nm, only the 

sample containing Alq3 alone displays the characteristic absorption feature of Alq3, which is 

conspicuously absent in the sample containing both Alq3 and CF. Such behavior is consistent 

with Förster-type energy transfer from the Alq3 in the nanovoids to the CF SAM.   

When energy transferred has occurred, the photons are finally emitted from CF, which 

however does not luminesce at 480 nm, due to which no feature is observed.  On the other hand, 

when Alq3 alone is present, the final emission of the photons occurs from the Alq3 molecules in 

the nanovoids, which have an appreciable luminescence at 480 nm due to the confinement-

induced blue-shift.  The optical properties of the CF SAM in Figure  5.4c indicate twin absorption 

peaks at 459 and 483 nm, and an emission peak at 530 nm. The plot shows that a large spectral 

overlap between the emission of void-confined Alq3 and the absorption of CF, a necessary 

condition for energy transfer from Alq3 to CF, is present.  Using the optical properties of Alq3 

and CF in dilute solutions, a Förster radius of 3.3 nm was calculated.  The blue-shifted emission 

of Alq3 confined in the nanovoids improves the spectral overlap with the absorption of CF and a 

Förster radius of 3.9 nm was calculated for this case.   

Energy transfer from Alq3 to CF is further confirmed by the data in Figure  5.4d, which 

shows a complete suppression of the Alq3 emission with a peak at 492 nm, replaced only by the 

emission of the CF peaking at 530 nm. Figure  5.4e provides further confirmation that thin film 
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Alq3 has significantly different optical properties from Alq3 in the nanovoids and shows why the 

observed behavior does not result from intra-film energy transfer between Alq3 and CF 

molecules at the surface of the walls. It clearly makes clear that in the Alq3-CF donor-acceptor 

system, the emission at 516 nm originates only from Alq3 in the nanovoids and from the CF self-

assembled monolayer and not from thin film Alq3, thus indicating that Alq3 is found only in the 

nanovoids having been completely removed from the surface by the rinsing process. Also, unlike 

CF molecules anchored to the surface by carboxylate bonds, Alq3 molecules are not bound and 

are easily removed by rinsing steps. The void distribution, which results from volumetric stresses 

during the anodization process, is random due to which no two samples even with identical 

preparation conditions, have exactly the same number density of voids per unit area.  However 

on average, we observed as in Figure  5.4f, that the steady state emission intensity of the CF SAM 

normalized to sample area, was higher in the presence of Alq3 in the nanovoids rather than in its 

absence, which we attribute to energy transfer from the Alq3 increasing the emission of the CF 

SAM. 
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Figure ‎5.4 (a) and (b) Excitation scans of the nanoporous AAO samples with only Alq3 in the 

nanovoids (black)  and containing Alq3 in the nanovoids along with a self-assembled monolayer 

of at CF (red)  monitored at emission wavelengths of 515 nm and 480 nm respectively, (c) 

Excitation and emission spectra of CF SAM alone adsorbed onto nanoporous alumina, (d) 

Emission scans of nanoporous AAO samples with only Alq3 in the nanovoids (black) and 

containing Alq3 in the nanovoids along with a self-assembled monolayer of CF (blue) excited at 

380 nm (e) Photoluminescence excitation spectra of the (blue) thin film of Alq3 on nanoporous 

alumina formed by dip and dry method and (red) Alq3 in the voids and CF on the walls ; the 

emission was monitored at 516 nm (f) Photoluminescence emission spectra (λexc=380 nm) of 

(red curve) a CF coated nanoporous alumina sample without Alq3 in the voids and (blue curve) 

an identically prepared nanoporous alumina sample with CF SAM but with Alq3 previously 

infiltrated into the nanovoids.   
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5.3.4. Steady state studies of the PBA-Alq3 system 

The second FRET system studied by us, based on a supramolecular organization of dyes in a 

hierarchical nanoporous AAO architecture, consisted of a self-assembled monolayer of 1-

pyyrenebutyric acid as donor and nanovoid-confined Alq3 as acceptor. As indicated in table 1, 

monomeric 1-pyrenebutyric acid has emission maxima at ultraviolet wavelengths. However, 

when PBA molecules are present at high concentration, they form an excimer with a broad 

emission peaking at 470 nm. In addition to monomeric and excimeric emission, in rigid 

environments, PBA can also exhibit emission due to a bimolecular ground-state association 

(dimer) with a peak at ~450 nm, which is distinguishable from the excimeric form by its 

different fluorescence decay and depolarization dynamics.
245

  The broad blue emission exhibited 

by PBA monolayers
246

 with a peak wavelength of ~450 nm is attributed by some reports
247, 248

 to 

the dimeric form. We observe this behavior in the PBA SAM on nanoporous alumina when no 

other chromophores are present, as shown in Figure  5.5. Also shown is the emission of Alq3 in 

the nanovoids when no other chromophores are present, displaying the characteristic blue-shifted 

mission peak at 492 nm. When Alq3 is present in the nanovoids together with a monolayer of 

PBA on the surface, we observe the disappearance of the PBA emission peak and an increase in 

the intensity of the Alq3 peak, a signature of Förster-type resonance energy transfer from the 

PBA to the Alq3.  Due to the much higher number density of PBA molecules in the architecture 

compared to Alq3 molecules in the nanovoids, energy is funneled from multiple PBA molecules 

into isolated Alq3 molecules, resulting in a large increase in the Alq3 emission.  Monomeric PBA 

and Alq3 have a very good spectral overlap while the spectral overlap integral of the PBA 

excimer and blue-shifted Alq3 is poor (Förster radius = 1.8 nm) due to the shift in emission of the 

PBA in monolayer form.  Yet, as Figure  5.5 shows, FRET from the PBA to Alq3 is highly 
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efficient, which strongly suggests that energy transfer to Alq3 occurs faster than excimer 

formation in PBA.   

 

Figure ‎5.5 Emission scan spectra of a nanoporous alumina sample with only Alq3 in the 

nanovoids (black curve), with only a PBA SAM (red curve), and with both Alq3 in the nanovoids 

and a PBA SAM. The excitation wavelength used was 350 nm.    

 

5.3.5. Time-resolved photoluminescence studies  

We report on the first time-resolved fluorescence studies of Alq3 in the nanovoids of AAO, 

which are shown in Figure  5.6 and Figure  5.7. The time evolution of the Alq3 emission was fit to 

a single exponential with a lifetime of 1.7 ns (χ
2
=1.9). But a superior fit (χ

2
=1.0) was obtained to 

a biexponential fit consisting of a fast component of 338 ps and 2255 ps. This is significantly 

different from the reported lifetimes of Alq3 thin films (~6-19 ns depending on purity) as well as 

dilute solutions of Alq3 (~12-17 ns).
249
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Figure ‎5.6. Time-resolved photoluminescence of a hierarchical nanoporous alumina sample 

containing void-confined Alq3 acceptors and surface anchored PBA donors. The excitation 

wavelength used was 400 nm.   

 

Figure ‎5.7 Time-resolved photoluminescence of hierarchical nanoporous alumina samples 

containing a) void-confined Alq3 alone b) surface anchored CF SAM alone and c) void-confined 

Alq3 donors together with surface anchored CF SAM donors.  The decays were obtained using 

FLIM in a two-photon confocal fluorescence microscope.  The excitation wavelength used was 

800 nm.   



74 
 

The results from time-resolved fluorescence are summarized in Table 2. Steady state 

emission spectra in section 3.4 indicated near-complete extinction of the PBA fluorescence due 

to energy transfer to the Alq3 molecules confined in the nanovoids despite a spectral overlap 

integral of only 1.85  10
-15

 cm
3
 M

-1
. Furthermore, Figure  5.5 clearly shows that the previously 

weak emission of void-confined Alq3 is greatly enhanced in the presence of PBA donors due to 

FRET-mediated optical pumping. The fluorescence lifetime data indicates that the underlying 

processes are more complex. The fluorescence of the self-assembled monolayer of PBA on 

nanoporous alumina exhibits a bi-exponential decay with a two relatively fast components (244 

ps and 493 ps). Thus, nanovoid-confined Alq3 and PBA both possess faster components with 

lifetimes in roughly the 300 ps range but they differ more substantially in the lifetime of their 

slower components. In the presence of nanovoid-confined Alq3, the fluorescence of the Alq3-

PBA system is still bi-exponential with a similar highly weighted fast component of lifetime 192 

ps but the second component is slower with a lifetime of 1827 ps and a spectral weight of 5.5 %. 

The appearance of the longer-lived component with a lifetime of 1827 ns is definitive evidence 

of energy transfer from the PBA to Alq3 and enables us to estimate the rate of energy transfer 

rate from PBA to Alq3 to be in the range 2-5  10
9
 . This is also observable in Figure  5.6 

where the fluorescence decay curve of the combined Alq3-PBA system initially closely follows 

the decay of PBA but converges to the decay of Alq3 for longer times.  
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 Lifetimes (ps) and 

component weights  

 

Configuration of dyes τ1 τ2 χ2 

Alq3 in voids 
338 

(62.8 %) 

2255 

(37.2 %) 
1.90 

CF on surface 
100 

(85.5 %) 

474 

(14.5 %) 
2.19 

Alq3 in voids and CF 

on surface 

130 

(82.9 %) 

734 

(17.1 %) 
1.73 

PBA on surface 
244 

(62.9 %) 

493 

(37.1 %) 
1.00 

Alq3 in voids and 

PBA on surface 

192 

(94.5 %) 

1827 

(5.5 %) 
1.00 

Table 5.2. Summary of FLIM studies of donor-acceptor systems involving nanovoid-confined 

Alq3 as either donor or acceptor.  The second dye in the FRET pair was anchored to the free-

surface of the nanoporous alumina as a self-assembled monolayer.   

For the case of the Alq3-CF system (Figure  5.7), a bi-exponential decay similar to that of 

the CF self-assembled monolayer in isolation is observed. The optical pumping of the CF 

emission due to energy transfer increases the lifetimes of both components of the CF emission 

and is fully consistent with the steady state PL studies in section 3.3 which indicated highly 

efficient FRET between void-confined Alq3 donors and CF-acceptors in the hierarchical 

nanostructure through the complete suppression of donor fluorescence.  Based on these results, 

we estimate the energy transfer rate from Alq3 to CF to be ~10
10

 s
-1

. The higher rates occur due 

to the relatively large spectral overlap integral (1.82  10
-13

 cm
3
 M

-1
) between the emission of 

nanovoid-confined Alq3 and the absorption of the CF monolayer.   

In summary, a hierarchical porous anodic alumina consisting of a highly ordered array of 

~20 nm nanopores and 1-2 nm-sized voids in the pore-walls has been used to construct a 
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supramolecular dye assembly with Alq3 molecules embedded in the nanovoids, and a self-

assembled monolayer of carboxyfluorescein or pyrenebutyric acid on the surface. The 

deterministic placement of distinct chromophores at defined locations in a nanostructured matrix 

is not-trivial since the potential for placement defects is enormous.  However, we have found that 

ensemble-averaged steady-state and time-resolved luminescence data are consistent with Alq3 

molecules being confined primarily in the voids and other chromophores (CF, PBA) being 

located only on the surface of the walls. Confinement in the nanovoids not only prevents the 

aggregation of the Alq3 molecules but also provides an environment suitable for highly efficient 

FRET if a layer of acceptor molecules is present on the surface of the pore walls.  We present the 

first time-resolved fluorescence measurements of Alq3 confined in the voids which showed an 

excited state lifetime of 1.7 ns. In the case of the CF-Alq3 pair, the carboxyfluorescein self-

assembled monolayer acted as a very efficient acceptor to Alq3 donors in the nanovoids. In the 

case of the PBA-Alq3 pair, energy transfer occurred from 1-pyrenebutyric acid self-assembled 

monolayer donors to the void-confined Alq3 acceptors faster than the competing PBA 

excimer/dimer formation. The high efficiency of the FRET process in the hierarchical AAO 

architecture is promising for applications in biological labeling and spectroscopic rulers, organic 

electroluminescence and spin-Förster transfer.  

5.3.6. FRET using mixed monolayers in TiO2 nanotube arrays 

While alumina is amorphous and non-conducting, other valve metal oxides which lend 

themselves to anodic nanostructuring, such as TiO2, Ta2O5 and Fe2O3 have semiconducting 

and/or photocatalytic properties. In light of our results, extension of the dual pore size scale 

concept to such systems would be particularly attractive in enhancing the performance of solar 

cells and photocatalysts by the use of light harvesting antennnas. In order to apply FRET 



77 
 

phenomenon using crack and wall geometry (tested for insulating AAO) into semiconductors 

such as TiO2 nanostructures, one needs to not only generate similar crack structures in them but 

also has to take into account their absorption as an additional interfering factor. Producing 

similar cracks on the walls of TiO2 nanotubes is still under investigation. Meanwhile we thought 

it would be interesting to investigate the FRET using TiO2 nanotubes while the chromophores 

co-exist on the walls of nanotubes and their excitation wavelengths overlap with the absorption 

spectrum of TiO2 nanotube arrays. Such co-esistence of two different chromophores was 

engineered by forming self-assembled mixed monolayers of two different luminescent dyes. 

TiO2 nanotubes were anodically grown on Ti foil in an EG based electrolyte containing 0.3 w% 

NH4F and 2 v% DI water at 40V for 2 hours. Top debris layer was removed using RIE by SF6 

gas followed by annealing for 2 hours in air and 1 hour in oxygen flow with ramp up rate of 5 

o
C/min. After annealing was finished, furnace was turned off and samples cooled down 

overnight. Ti foil with TiO2 nanotube layer on it was then cut into small pieces in order to 

fabricate different samples on identical TiO2 nanotube arrays. 1 and 6.1 mg/mL solutions of 

poly[3-(3-carboxypropyl)thiophene-2,5-diyl] (P3HT-COOH) and CF were prepared in DMF. 

The reason we did not use Alq3 in this experiment was that it lacks appropriate anchoring groups 

to be attached to the walls of TiO2 nanotubes whereas carboxylic acid group present in both CF 

and P3HT-COOH makes them anchor well. P3HT has the additional advantage that it has been 

already utilized in TiO2 nanotube-based solar cells
250-252

 and studying FRET using it may result 

in further improvement in the efficiency of such devices. Individual annealed TiO2 nanotube 

samples were immersed into each of the solutions for 17 hours to form the first layer of the 

corresponding dye. For second and third layer coatings, immersion time was 100 minutes. Figure 

 5.8a-c depict the emission scan spectra of blank and different types of dye-coated TiO2 nanotube 
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arrays with the excitation wavelengths of 380, 400 and 440 nm respectively. Figure  5.8a shows 

that broad absorption from 550 nm to 650 nm can be attributed to P3HT-COOH since it does not 

exist in blank and CF coated annealed TiO2 nanotube spectra. It can also be seen that strong 

defect emission of blank TiO2 nanotube sample at wavelengths higher than 650 nm significantly 

decreases in chromophore coated samples, which  is because TiO2 absorbs photons of the 380 

nm excitation wavelength and organic dyes (CF and P3HT-COOH) compete with it in absorbing 

photons hence reducing its emission. Figure  5.8b and c in which there is noticeable emission at 

higher wavelengths is absent, further prove that strong emission at wavelengths higher than  650 

nm is due to TiO2 since as can be seen in Figure  5.8d, both 400 nm and 440 nm excitation 

wavelengths are strongly absorbed by dyes compared to the blank TiO2 nanotube sample. In 

Figure 5.8c, the strong green luminescence of the CF coated TiO2 nanotubes is in stark contrast 

to the remaining spectra, and is attributable to both poor charge injection into the TiO2 

conduction band from the lowest unoccupied molecular orbital of CFand the high PL quantum 

yield of CF.  When P3HT-COOH coexists with CF on the nanotube walls, the aforementioned 

green luminescence is completely quenched which is strongly suggestive of intra-monolayer 

FRET from CF to P3HT.  This is not the only additional parameter since upon light absorption, 

since a noticeable imbalance in the absorption coefficients of two chromophore components 

(much higher for P3HT-COOH than CF)
253-255

 makes P3HT-COOH preferentially absorb most 

of the photons when both chromophores are present. On the other hand, there is also imbalance 

in the luminescence quantum yields of P3HT-COOH and CF (much lower for P3HT and its 

compounds
256, 257

). This makes P3HT-COOH to act as a PL quencher if one supposes that FRET 

occurs from CF to P3HT-COOH. There is also a huge overlap between the absorption spectra of 

CF and P3HT-COOH
254, 258

 which makes the FRET interpretation more challenging.  



79 
 

  

  

Figure ‎5.8 Emission scan spectra with the exciting wavelengths of (a) 380 nm, (b) 400 nm and 

(c) 440 nm. Excitation scan spectra with emission wavelengths of 550 and 520 nm for dye-

coated and blank TiO2 nanotube arrays respectively.  

Initial experimental results presented here reveal the fact that studying the FRET on TiO2 

nanotube arrays is more complicated than on AAO which was well studied in the previous 

sections. Hence, further experiments need to be designed and executed in order to address both 

(d) (c) 

(a) (b) 
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the proper interpretation of the observations presented above as well as the fabrication of voids 

in the walls of TiO2 nanotube arrays. 
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Chapter 6  

6. Charge carrier transport in single crystal TiO2 rutile nanowire arrays
1
 

6.1. Introduction 

TiO2 nanotube and nanowire arrays constitute functional oxide nanomaterials with potential 

applications in photovoltaics
259, 260

, photocatalysts
261, 262

, field emitters
263, 264

 and electrochemical 

battery anodes
265, 266

. Carrier transport in such nanostructures is of fundamental importance but 

to the best of our knowledge has never been directly measured. In this research work, we 

perform direct measurements of the majority carrier mobility of rutile nanowires obtained using 

transient  and  steady-state  space  charge  limited  currents (SCLC),  and  free  carrier  and  trap  

densities  obtained  by SCLC. 

6.2. Experimental  

6.2.1. Nanowire  synthesis  and  characterization  

FTO-coated  glass (TEC-15, 15 Ω/square)  substrates  were  first  cleaned  with  Triton-X 

detergent  followed  by  thorough  rinsing  in  water,  then cleaned in acetone, methanol in an 

ultrasonic bath and subsequently dried in a nitrogen jet. The substrates were loaded into a 23 ml 

capacity, sealed Teflon reactor in a PARR acid digestion vessel containing 5 ml of H2O, 2.5 ml 

glacial acetic acid and 2.5 ml concentrated HCl. 0.2 ml titanium butoxide was then added drop- 

by-drop and stirred until a clear solution was obtained. The hydrothermal synthesis was 

performed at 180 °C for 6 hours. Morphological and structural  characterization  were performed 

 

1
Results of this research work were published as a journal paper entitled “Majority carrier transport in single crystal 

rutile nanowire arrays” in Phys. Status Solidi RRL 8, No. 6, 512–516 (2014). 
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using  a  Hitachi  S4800  cold  field  emission  scanning  electron  microscope and a Hitachi 

HF3300 transmission electron microscope, respectively.    

6.2.2. Time-of-flight and SCLC studies 

Schematic image of the TOF measurement setup is shown in Figure  6.1. Aluminum 

electrodes were deposited onto the nanowires through a shadow mask in an electron beam 

evaporation system. The samples were mounted such that deposition occurred at an oblique 

angle, in order to minimize the depth of penetration of the deposited metal between the 

nanowires. 

 

Figure ‎6.1 Schematic image of TOF measurement setup for TiO2 nanowire arrays grown on 

FTO 

Voltage bias was applied between the FTO:glass substrate and the aluminum  top  electrode  

using  a  DC  power  supply.  The maximum electric field used was 2 × 10
4
 V cm

-1
. Charge 

carriers were optically injected into the sample from a nanosecond pulsed N2 laser (VSL337ND-
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S, Spectra-Physics) through the FTO:glass substrate which served as the transparent, blocking 

electrode. Transients were observed at room temperature and ambient air using an Agilent 

DSO1034B sampling oscilloscope using terminal resistances ranging from 50–1000 Ω. To 

enhance the measurements, signal-to-noise ratio (SNR), 256 single measurements were 

averaged, which increased the SNR by a factor of 16. The current–voltage characteristics and 

capacitance of the samples were measured using a Keithley 4200 semiconductor parameter 

analyzer equipped with a CVU module.   

 

6.3. Results and  discussion 

As evidenced by Figure  6.2, the nanowires are ca. 1.26 μm in length, vertically oriented from 

the FTO:glass substrate, and 10–20 nm in width. The insets in Figure  6.2 show the square facets 

of the terminal (001) crystal planes and the d-spacing of 0.288 nm corresponding to the (001) 

crystal plane of rutile, obtained along the length of a nanowire. Figure  6.3 shows the transient 

photocurrent obtained when the Al top electrode is biased +2 V with respect to the FTO 

substrate. Under laser illumination through the FTO, most electron–hole pairs are generated 

within a penetration depth of the transparent contact. For 337 nm radiation, the penetration depth 

of rutile, given by the inverse of the absorption coefficient, is ~200 nm. Photogenerated holes are 

collected by the closely-lying FTO contact and electrons are injected into the bulk of the 

nanowires, where  they  drift  under  the  influence  of  the  applied  field (2 × 10
4
  V cm

-1
).  
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Figure ‎6.2 Transmission electron micrograph of the cross-section of rutile nanowire array. One 

inset (top-right) shows the FESEM top-view of the nanowires and another inset (bottom-right) is 

the selected area diffraction pattern of the lateral crystal plane of the nanowires. 

 

By measuring the sample capacitance and by integrating the collected photocurrent, we 

estimated the injected charge in our experiment Qinj and found it to be much larger than the 

charge Q0 associated with the geometrical capacitance of the nanowires. Consequently, the 

excess carrier density is large enough to perturb or modify the electric field inside the nanowires 

and space-charge limited transport prevails during the drift of electrons through the nanowire. 

Under these conditions, a cusp is observed in the transient photoconductivity
267

, whose temporal 

location is related to the electron transit time ( ) and drift mobility ( ) by  
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                                                                                (6.1) 

where L is the effective nanowire length over which electron drift occurs and V is the applied 

voltage bias. Substituting in Eq. (6.1) the values of the parameters and the time at which the peak 

photocurrent occurred, we obtain an electron mobility of 1.4 × 10
-5

 cm
2
V

-1
s

-1
. In the following 

paragraphs, we show that this value is an effective mobility corresponding to the case of fast 

deep trapping where the capture times are much larger than the release times
267

. The sharp peak 

at the very beginning of the photoconductivity transient corresponds to the electronic system 

response time, determined by the series resistance of the oscilloscope and cables, and sample 

capacitance. The transient photocurrent at the closure of the system response peak but still close 

to the beginning of the transient is approximately half the maximum photocurrent at the cusp. 

The instantaneous photocurrent density ( ) at the beginning of the space-charge-limited TOF 

transient is given by
267

 

                                                                                                          (6.2)   

where ε is the permittivity of the rutile nanowires. Since the nanowires are oriented along their  

c-axis,  a value of 170 was used for the anisotropic relative permittivity of rutile
268, 269

. Using the 

amplitude of the photocurrent given by Eq. (6.2), we extract a value of 1.8  10
-5

 cm
2
V

-1
s

-1
 for 

. The maximum photocurrent ( ) is expected to overshoot the steady state value by 21% 

such that . However, the value of  is less than the value expected from theory 

due to trapping. The post-transit current in Figure  6.3 was fit to a monoexponential decay with a 

time constant of 1.8 ms. 
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Figure ‎6.3 Experimental photoconductivity transient for rutile nanowire array sample with a bias 

of 2 V (Al – positive; FTO – negative). 

 

The J–V characteristics of the rutile nanowires are plotted in Figure  6.4, and show distinct 

transport regimes. At low bias, the slope of the log–log plot is exactly 1 (Region I), 

corresponding to resistive transport due to the low concentration of mobile charge, the remainder 

being trapped. As the bias is increased, transport is eventually dominated by electrons injected 

from the cathode (Region II) and the slope of the plot is 2. 
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Figure ‎6.4 Log–log plot of the steady state current–voltage characteristics of the rutile nanowire 

array sample. Regions corresponding to different transport regimes are differentiated. The inset 

is the same  J–V  characteristic  plotted  on  a  linear  scale  with  the  square root of the current 

as the y-axis. The ellipse in the inset indicates the space charge limited transport regime where a 

linear fit is obtained. 

 

As long as the quasi-Fermi level remains lower than the trap level, the ratio θ of free 

carriers to trapped carriers is a constant independent of bias. The resulting space-charge limited 

current is given by 

                                                                                          (6.3)  

where  is the effective electron mobility of a sample with trap-free mobility  in the 

presence of traps, given by 
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                                                                                               (6.4) 

Equation (6.3) applied to the SCLC regime (Region II) in Figure  6.4 gives a mobility of 2.56  

10
-5

 cm
2
V

-1
s

-1
. Substituting the extracted values of mobility in the linear (resistive) transport 

regime (Region I), an equilibrium free electron concentration of  ≈10
14

 cm
-3

 is  obtained  for  the 

rutile nanowires, which is in line with values inferred from other types of characterization
270, 271

. 

As the number of injected carriers increases in Region II, the quasi-Fermi level rises toward the 

conduction band until it eventually passes through the trap level filling all the traps, thus entering 

Region III. Above this trap-free limit (VTFL), the current increases rapidly as no further trapping 

occurs until the injected free charge is approximately equal to the trap density NT, at which point 

the current is predominantly composed of mobile charge (Region IV). The trap-free limit is 

given by
272

 

                                                                                              (6.5) 

From Figure  6.4 and Eq. (6.5), the density of deep traps in the rutile nanowire array sample was 

extracted to be 3.5  10
16

 cm
-3

. The chemical and electronic properties of the surface exert a 

disproportionate influence on the electrical properties of semiconductor nanowires due to the 

large surface to-volume ratio in such one-dimensional nanostructures. Based on this fact, if the 

observed deep traps are attributed predominantly to acceptor-type surface trapping states, then 

the total density of traps is related to the nanowire diameter d and the surface state density (ns) as 

                                                                                                       (6.6) 
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Substituting the relevant parameters in Eq. (6.6), we find that a surface electron trap density of 

ca. 10
10

 cm
-2

 is sufficient to explain the observed electrical behavior. 

Effects of top electrode contact, applied bias voltage and nanowire passivation on the mobility of 

the TiO2 nanowire arrays were also investigated. As can be seen in table 6.1, for TiO2 nanowire 

samples coated with titanium top contacts, different applied bias voltages of 2, 5 and 10 volts did 

not result in noticeable change in the obtained mobility value. It has also been shown that under 

the same applied bias, the mobility value is independent of top metal contact (aluminum and 

titanium in this case) as long as said contact is ohmic.  

Top Contact 

Applied Bias 

Voltage (V) 

SAM 

Passivation 

Transit Time 

(s) 

Electron Mobility 

( ) 

Titanium 2 No   

Titanium 5 No   

Titanium 10 No   

Aluminum 2 No   

Aluminum 3 Yes   

Table 6.1 Electron transit time and mobility along single crystal rutile TiO2 nanowires under 

different applied bias voltages and top contacts and effect of SAM passivation on them. 

 

As mentioned earlier, surface traps are considered to be the dominant sources of lowering the 

mobility of the charge carriers in our nanowire samples. To address this issue, a self-assembled 

monolayer (SAM) of nonanoic acid was coated onto the walls of nanowire arrays. To do this, a 

nanowire sample was soaked in 1 mM solution of nonanoic acid in hexane for 12 hours. As can 
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be seen in table 6.1, electron mobility in SAM coated sample increased about 2-3 orders of 

magnitude compared to blank nanowires which is an indication of passivation of surface traps of 

TiO2 nanowire arrays. 

As discussed, we considered SCLC to be the dominant current mechanism in our rutile 

TiO2 nanowire samples. Investigating the contribution of other current mechanisms such as 

Fowler-Nordheim (FN), Poole-Frenkel (PF) and Schottky might be interesting. A brief 

explanation of each mechanism is provided in the appendix section of the present thesis. Further 

experiments such as collecting temperature dependent current-voltage data and fitting them to 

different transport models are required to study the impact of each mechanism. As depicted in 

the appendix, a preliminary study has been performed.  

6.4. Conclusions 

The close correspondence between the electron mobility values extracted from three different 

techniques provides high confidence in the accuracy of the measurements. The averaged  

effective  electron  mobility for rutile nanowires in this thesis (1.9 × 10
-5

 cm
2
V

-1
s

-1
) is more than 

three orders of magnitude lower than the value of 0.1 cm
2
  measured in bulk single crystals of 

reduced rutile
273

. The value of the diffusion coefficient calculated from our measured mobility 

using the Einstein relation is (3–7)  10
-7

 cm
2
s

-1
, which agrees well with the estimates obtained 

for single crystal rutile nanowires by Feng et al.
274

 from intensity-modulated photocurrent and 

photovoltage spectroscopy (IMPS/IMVS) at low carrier densities. Likewise, Enache-Pommer et 

al. obtained a transport time constant >1 ms from IMPS in dye-sensitized rutile NWs synthesized 

by the hydrothermal method
275

. We attribute the difference in mobilities between rutile 

nanowires and bulk single crystals primarily to trapping states in the bulk and at the surface.  

Due to the relatively large lateral surface area of the rutile nanowires, dangling bonds and other 
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defects are expected at the surface. In addition, impurity atoms in the nanowires may act as bulk 

traps. Increasing the nanowire diameter would also reduce the relative influence of surface states 

(Eq. (6.6)). Further studies are planned to understand the nature of surface states in rutile 

nanowires in order to passivate them.   

In dye-sensitized and bulk heterojunction rutile nanowire photovoltaics, the large number of 

electrons injected into the conduction band of rutile by panchromatic absorption of intense 

AM1.5 sunlight by the sensitizer, will fill traps and result in a higher effective mobility. 

Therefore, the extracted SCLC-TOF mobility establishes a lower limit for majority carrier 

transport rates in rutile nanowires. The measurement of the mobility by SCLC-TOF is also useful 

because the transport more realistically simulates charge transport in device operating conditions 

than either field-effect mobility
270

 or time-domain terahertz conductivity
276

.  

 

 

 

 

 

 

 



92 
 

Chapter 7  

7. Magnetic-Field-Assisted Electrochemical Anodization
1
 

7.1. Introduction 

 The potential of nanomaterials to offer unique properties and improved performance in a 

variety of sensing, energy harvesting and biomedical applications is responsible for the intense 

research activities in nanoscience and nanotechnology. From the very beginning, it has always 

been recognized that interfacing nanostructures with the macroscopic world to utilize their full 

potential would require the use of microstructures as intermediaries. However in many cases, 

techniques to perform such interfacing have lagged behind advances in the synthesis and 

property-engineering of nanomaterials. For instance, there has been impressive progress in 

controlling the geometrical and morphological properties of anodically formed TiO2 nanotube 

arrays (length, wall thickness, pore diameter and pattern order)
192, 277, 278

 over a very wide range, 

as well as generating more complex structures (multipodal
279

, hierarchical
280

 and periodically 

modulated TiO2 nanotube arrays
281-283

) by optimizing anodization parameters such as applied 

voltage, electrolyte composition, temperature, pH and anodization time. Although such self-

organized, vertically oriented TiO2 nanotube arrays have been found to be promising for 

deployment in liquid junction dye-sensitized and solid-state ordered heterojunction solar cells,
9, 

72-74, 114, 115, 284, 285
 water photoelectrolysers and photocatalysts,

75-77
 supercapacitors,286-289 gas 

sensors,
78, 79, 290

 stem cell differentiators,
80, 81, 291

 glucose sensors,
82, 83

 biomarker assays
84, 292

 and 

 

1
Results of this research work were published as a journal paper entitled “Magnetic Field-Assisted Electroless 

Anodization: TiO2 Nanotube Growth on Discontinuous, Patterned Ti Films”, J. Mater. Chem. A, 2, 13810-13816 

(2014). 
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drug delivery,
86, 87, 293

 very little progress has been made in integrating TiO2 nanotubes with 

microsystems.   

The main obstacle for integration and interfacing with microscale structures has been the 

requirement of a continuous, conducting, vacuum deposited thin film of Ti as a necessary pre-

requisite for subsequent anodic transformation into TiO2 nanotubes (Figure  7.1).  In applications 

such as micromachined resonators, TiO2 nanotube arrays are often sought to be formed on high-

aspect ratio features as depicted in Figure  7.1.a.  When narrow gaps critical to device operation 

are present between high aspect ratio features, as is often the case with lateral resonators and 

comb-drives, the process of vacuum deposition to form the precursor Ti films closes the narrow 

gaps (Figure  7.1b and c), which are very difficult to subsequently re-open following the 

formation of TiO2 nanotubes. When wide gaps are present between adjacent high-aspect ratio 

features, thermal evaporation of the titanium film results in discontinuous films due to poor step 

coverage, thus terminating the anodization process (Figure  7.1b). Sputtering Ti films results in 

better step coverage compared to evaporation, but the lower film thickness along the step-walls 

and non-uniform electric field distribution result in non-uniform nanotube formation and/or film 

discontinuities due to certain areas of the Ti film fully transforming into insulating TiO2 before 

others (Figure  7.1c). This illustrates the near-incompatibility of the currently used TiO2 nanotube 

growth process with high-aspect ratio micromachining. These problems, while reduced in 

severity, are nevertheless present even for low-aspect ratio micromachining.  Another source of 

problems during integration and interfacing of the microscale with the nanoscale is the non-

uniform growth of TiO2 nanotubes on a substrate containing both conductive and non-conductive 

areas.  Figure  7.1d illustrates a configuration consisting of TiO2 nanotube arrays on metal 

electrodes separated by a dielectric, one that is often required to make electrical contact to the 

nanotube arrays. A key problem in transforming a Ti film deposited on such a hybrid metal-



94 
 

dielectric surface is that the areas above the metal electrodes experience faster rates of 

anodization due to the higher conductivity resulting in non-uniform TiO2 nanotube arrays (Figure 

 7.1e and f).   

 

Figure  7.1 Schematic illustrations of patterned and micromachined cross-sections (a) Desired 

configuration of metal oxide nanotube arrays in defined areas of a substrate over patterned high-

aspect ratio features (b, c) Profile generated by vacuum deposition of Ti on to a patterned surface 

containing high-aspect ratio features separated by wide and narrow gaps (d, e, f) Desired 

configuration, field and conduction non-uniformities, and expected top-view for nanotube arrays 

over a composite surface.  See text for further explanation.   

 

In order to achieve more structural complexity in TiO2 nanotube arrays for present and 

emerging application, introducing new parameter(s) to achieve this goal is much needed, 

especially because on the synthetic side, exploration of the parameter space associated with the 

existing variables of the anodization process, such as anodization potential, anodization duration 

and sequencing, type of electrolyte, bath temperature, etc. is approaching exhaustion.  Herein we 
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report on introducing magnetic fields for the first time into the process of anodization to form 

TiO2 nanotube arrays. Magnetic fields have been used in the electrochemical synthesis of 

nanomaterials such as porous silicon and porous III-V semiconductors, but never without direct 

connection to an electrode in the manner we have described. In all magnetic-field-assisted 

anodization processes reported thus far, an electrode was connected to the sample during 

anodization and the external magnetic field was applied to improve a structural property. Such a 

configuration has been utilized mostly in generating porous Si in which an applied magnetic field 

led to morphological improvement of porous structure,
294

 significant increment in 

photoluminescence intensity of porous Si
295

 and higher porosity.
295

 Magnetic fields have been 

also reported to enhance the controllability of periodic silicon nanostructures
296

 and were also 

exploited in the formation of hole arrays on GaAs surfaces.
297

 The innovation in our method 

relies on the fact that the Ti coated sample is free-standing into the electrolyte and ions are 

directed towards it using an external magnetic field to generate TiO2 nanotube arrays. In other 

words, anodization occurs purely due to the Lorentz-force guided oxidation and etching of 

Ti/TiO2 by ions, which releases the anodization process from the constraint of Ti film continuity 

and the requirement of either the film or substrate to be conductive.  The conventional 

anodization method possesses several drawbacks. Continuity of the deposited Ti film is required 

when growing TiO2 nanotubes on various substrates. Hence, nanotube growth through 

anodization of discontinuous/patterned Ti on a non-conducting substrate is impossible. Herein 

we show that magnetic-field-assisted anodization can be used to grow nanotubes from a 

patterned, discontinuous Ti film on a substrate that is at a floating potential in the electrolyte.  
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7.2. Experimental 

Anodization was performed at room temperature in an ethylene glycol (EG)-based electrolyte 

containing 0.3 wt.% NH4F and 2 vol.% deionized water at 50 V. The electrochemical cell 

consisted of a 1-cm spectroscopic cuvette adapted to this experiment.  The sample that was 

sought to be used as a virtual electrode to grow TiO2 nanotube arrays, was fully immersed into 

the electrolyte and attached to one of the walls of the cuvette using Kapton tape. The samples 

used were Ti foils as well as continuous and patterned, discontinuous Ti thin films deposited on 

different substrates. Patterned substrates containing discontinuous Ti films were created by 

depositing 400 nm of Ti onto the photolithographically defined features in HPR 504 photoresist 

by electron beam evaporation and then removing the unwanted metal by lift-off. The electrodes 

to which a potential difference (using a DC power supply) was applied to produce motion of the 

ions in the electrolyte were two rectangular Ti foils 5.5 cm x 0.6 cm in size, which were placed 

against two opposite walls of the cuvette adjacent to the sample wall, with 3.7 cm of their length 

immersed into the electrolyte. In some cases the surface area of the Ti electrodes was adjusted by 

covering some areas with parafilm to create windows of defined size exposed to the electrolyte 

and also to reduce high local electric fields at electrode edges and interfaces. Ti foils were 

ultrasonically cleaned using Micro-90 solution, deionized water, acetone and isopropanol for 10 

min each. The cuvette cell was placed onto a stack of neodymium permanent magnets with 

magnetic fields of ranging from 0 to 0.8 tesla in total. The magnetic field strength at the sample 

was measured using a DC Gaussmeter model 1-ST (Alphalab). The orientation of the magnetic 

fields was perpendicular to the plane of the magnets and therefore, the magnetic field was 

directed from bottom to the top of the cuvette. The morphologies of the samples subsequent to 

anodization were imaged using JEOL6301F and Hitachi S4800 field emission scanning electron 
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microscopes (FESEM). Optical micrographs were obtained using an Axio Lab.A1 microscope 

(Zeiss) at magnifications of 10-50X. The anodization current densities were measured using a 

Keithley 4200 semiconductor parameter analyzer and PC-Link multimeter.   

7.3. Results and Discussion 

Figure  7.2 shows SEM images of three Ti foils placed at different positions in the cuvette 

cell during magnetic-field-assisted anodization. Looking into the erect electrolyte-filled cuvette 

from the cathode side, the three Ti foils were placed as follows: one foil at the left-hand-side 

(LHS) of the cathode while no electrode was connected to it, a second foil in front of and 

opposite to the cathode while electrically connected to the positive terminal of the power supply 

and a third foil at the right-hand-side (RHS) of the cathode with no electrode connection 

respectively. Nanotube growth on the LHS foil occurs without any electrode connection (Figure 

 7.2a), and is attributed to the negative ion deflection towards the foil using Lorentz force 

generated by external magnetic field. These negative ions include both film forming, oxidizing 

species such as OH
−
 and O

2−
, and film etching species such as F

−
.  The magnetic field oriented 

along the height of the cuvette from the bottom to top, was responsible for steering the 

negatively charged oxide, hydroxide and fluoride ions to the left while they were transiting from 

cathode to anode under the influence of the applied electrochemical voltage. The Hall voltage 

thus set-up by the magnetic field-induced an asymmetric distribution of ionic charge carriers and 

produced virtual electrodes on either side of the cathode. In general, titania nanotube growth 

occurs due to the simultaneous occurrence of field-assisted oxidation, migration and dissolution 

processes.  The OH
− 

and O
2−

 ions deflected toward the LHS electrode can produce oxidation and 

similarly deflected F
−
 ions can produce dissolution.  Instead of the oxidation and dissolution 

processes being field-assisted, they are now assisted by the momentum of the impinging ions. 
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However the sign of the Hall voltage is such as to oppose further movement of negative charge 

toward the virtual electrode.  The electric field that results across the LHS Ti foil-electrolyte 

interface is opposite to that required for the migration of positive ions.  This suggests that field-

assisted migration of positively charged ions is almost absent in the process discussed and 

provides the further insight that field-assisted migration of positively charged metal ions from 

the Ti bulk toward the electrolyte interface is not essential to the nanotube growth process. 

Nanotube growth on the Ti foil opposite the cathode constituting the anode of the circuit merely 

confirms the conventional anodic formation of TiO2 nanotubes (Figure  7.2b). The importance of 

the Lorentz force was verified by the absence of nanotube formation at the RHS foil (Figure 

 7.2c) toward which only positive ions are deflected.  

     

Figure  7.2 SEM images of Ti foils anodized in presence of magnetic field and placed into the 

cuvette a) at left-hand-side of the cathode (no electrode connected) b) in front of cathode 

(connected to the anode electrode) and c) at right-hand-side of the cathode (no electrode 

connected). 

 

Being able to fabricate TiO2 nanotube arrays onto a substrate without any electrical 

connection is advantageous since it opens a way forward to grow nanotube arrays through the 
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anodization of discontinuous Ti films deposited on substrates of any conductivity.  To verify this 

possibility, we subjected a patterned, discontinuous Ti film to the same magnetic-field assisted 

anodization process. Figure  7.3 is a schematic of the experimental configuration used for this 

experiment.   

 

Figure  7.3 Cartoon showing patterned, discontinuous Ti film sample without any direct electrical 

connection placed along the wall in the cuvette electrochemical cell on the left hand side (LHS) 

of the cathode.  The Ti on the LHS sample is transformed into TiO2 nanotubes upon magnetic 

field-assisted virtual anodization. 

 

Figure  7.4a shows the optical microscope image of a 400 nm-thick discontinuous Ti film 

deposited onto Si substrate. The patterned sample was placed against the LHS wall of the cuvette 

electrochemical cell with no electrode connection while both cathode and anode were Ti foils. 

Figure  7.4b and c show SEM images of two different patterns comprised of anodized TiO2 

nanotube arrays in which SEM insets represent higher magnification images of gap area, 
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confirming the magnetic field-assisted formation of TiO2 nanotube arrays from discontinuous Ti 

films on arbitrary substrates. Lower SEM inset in Figure  7.4b show the nanotube arrays after top 

debris layer was etched away using SF6 gas through reactive ion etching (RIE). Color images in 

the insets of Figure  7.4b and c are optical micrographs obtained after anodization in which the 

variation in the color due to optical interference is a distinctive indication of the presence of an 

anodized oxide film. Cross-sectional SEM image of the grown discontinuous TiO2 nanotube 

arrays is depicted in Figure  7.4d. 

   

   

Figure  7.4 (a) Optical micrograph (10X magnification) of patterned Ti film onto Si wafer. (b) 

and (c) top view SEM and optical microscopy images and (d) cross-sectional SEM images of 

TiO2 nanotube arrays grown without any electrode connection to the sample. 

 

(b) 

(c) 

(a) 

(d) 
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Herein we also show that the applied magnetic field can be used to control the 

morphology of the TiO2 nanotube arrays grown on the Ti sample connected to the anode and 

placed in front of the cathode electrode. The anodization rate (determinative of nanotube length) 

can be readily modulated by manipulating the magnetic field strength. Figure  7.5a shows the 

current density between the cathode and anode (both Ti foils) with, and without applied magnetic 

field, during anodization for anode surface areas of 0.77 and 1.16 cm
2
 respectively. It may be 

observed that the applied magnetic field during anodization decreases the Faradaic efficiency of 

nanotube formation at the anode due to the Lorentz force-induced deflection of ions towards 

LHS and RHS, hence reducing the number of the ions reaching the anode. This manifests itself 

in the lower anodization current density (Figure  7.5a) during the pitting and nucleation stages of 

nanotube growth, and in the lower nanotube lengths achieved (Figure  7.5b and c) when a 

magnetic field is present. This points to the ability of the magnetic field to control the length of 

nanotubes grown on the front Ti foil (electrical anode) without changing any other anodization 

parameter.   

The 1 cm inter-electrode distance resulted in high electric fields in the electrolyte, which 

promoted the full dissociation of the dissolved salt. Since a 1-cm cuvette was used as the 

electrochemical cell, a small amount of the electrolyte was present during anodization (only 

about 3.8 mL).  Due to the above two factors, the electrolyte became fully ionized several 

minutes into the anodization process if the anode surface area was large enough (1.16 cm
2
 in this 

case) and the electrolyte turned highly conductive. The resulting high currents raised the 

electrolyte temperature to a level where the cuvette melted and nanotube arrays onto front foil 

were damaged due to being harshly attacked by fluoride ions. For the utilized setup configuration 

and the applied voltage of 50 V we found the optimum anode surface area to be in the range of 
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0.8 to 1.1 cm
2
 beyond which despite generating TiO2 nanotube arrays on the LHS foil (in the 

presence of the magnetic field), nanotube arrays on the front Ti foil anode get damaged. If the 

anode surface area is smaller than 0.8 cm
2
, the nanotube array onto LHS Ti sample is not 

generated because the current density is too small to be efficiently deflected towards the left 

sample by the Lorentz force ( ). For anode surface areas within the optimum range, 

TiO2 nanotubes are grown onto both front foil (electrical anode) and Ti-coated LHS samples (no 

electrode connection) using magnetic-field-assisted anodization. 

 

Figure  7.5 (a) Current density plots during anodization of titania nanotube arrays for 0.77 and 

1.16 cm2 anode areas with/without applied magnetic field (b, c) Variation of nanotube length as 

a function of magnetic field strength and anodization duration for sample areas of 0.77 cm2 and 

1.16 cm2 respectively.   
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7.4. Conclusions 

We believe magnetic-field-assisted electrochemical anodization to be superior to the 

conventional anodization method since addresses many of its drawbacks. First of all, the sample 

(Ti foil or Ti coated substrate) is fully immersed into the electrolyte allowing utilization of its 

full area which is more cost effective. It also enables us to mount very small sized samples and 

grow titania nanotube arrays without any electrode connection on patterned substrates of any 

conductivity. Consequently, Ti film continuity is not needed during nanotube growth.  This is of 

special importance for growing TiO2 nanotubes onto small electronic chips or lab-on-a-chip 

devices. Traditionally, the Ti metal needed to be deposited everywhere on the substrate as a 

blanket film to provide the required conductivity for anodization process.  Patterning the 

nanotubes after their growth, is a huge challenge when dealing with very small gaps and hitherto 

prevented the integration of TiO2 nanotube arrays with MEMS devices, porous substrates and 

substrates containing nanostructures such as oriented nanotube/nanowire/nanopore arrays of 

metals, dielectrics and semiconductors. Therefore demonstrated magnetic field-assisted 

electroless anodization process greatly expands the type of substrates on which TiO2 nanotube 

arrays may be formed. Since the sample is not partially out of the electrolyte, no precaution is 

required to tackle the faster anodization issue at electrolyte/air interface. This will open a 

window towards much easier incorporation of TiO2 nanotube arrays onto MEMS devices, chip-

sized supercapacitors, microelectrocatalysts, etc. and also enable improved interfacing of 

nanotubes with the macroscale.  

The magnetic field is an anodization parameter which can be used for morphology 

control of the fabricated TiO2 nanotube arrays, and may also be easily extended to the formation 

of other nanostructured valve metals such as Al2O3, HfO2, ZrO2, Ta2O5, etc.  The Lorentz-force 



104 
 

driven electroless anodization demonstrated by us may also provide deep insights into the 

anodization process.  For instance, field-assisted migration was found to be unimportant to the 

electroless anodization process. 
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Chapter 8 

8. Conclusion and future research works 

In this chapter a summary of this dissertation and its contribution is presented. A description of 

new problems for future research directions is also provided.  

8.1. Conclusion and summary of the contributions 

The main focus of this thesis was introducing novel nanostructures of TiO2 to address the 

new requirements of variety of applications, studying their fundamental properties such as 

interaction with light and charge carrier transport, deterministic placement of chromophores onto 

the nanostructures, studying non-radiative resonant energy transfer under proposed method of 

chromophore placement and finally improving the method of anodic growth of TiO2 nanotube 

arrays by introducing a magnetic field into the process of electrochemical anodization for the 

first time. 

Very large diameter TiO2 nanotube arrays were generated in which the inner diameter of the 

nanotubes were for the first time comparable with the wavelength of visible light. Their 

interaction with visible light was studied, similar nanotubes were simulated using FDTD method 

and showed that simulation results were in agreement with experimentally obtained data. 

Developing such a 3-D FDTD simulation model was performed for the first time and it is 

advantageous for the studies in this field. Introduced model enables the researchers to carry out 

the simulation of their desired TiO2 nanostructures, test their properties and optimize it to fit well 

into a specific application and then start to practically fabricate it. This will save both time and 

money by reducing trial and error cycles. 
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 Multipodal TiO2 nanotubes were generated in which nanotubes possessed more than one leg. 

The process by which such complex nanostructures were generated was described by introducing 

a phenomenon named “nanotube combination”. It was shown that nanotube combination starts 

with the formation of tapered nanotubes and a model for the process of formation of tapered 

nanotubes was presented.  Nanotube combination was attributed to the capillary forces generated 

during the imbibition of electrolyte into and out of the intertubular spaces between adjacent 

tapered nanotubes which is strong enough to bend the TiO2 nanotubes by tens of degrees. In 

terms of applications, multipodal TiO2 nanotubes provide unique advantages such as the 

feasibility of distinct filling/functionalizing of individual legs which would be beneficial for 

multiplexed sensing as well as multiplexed drug delivery. Since nanotubes with more than one 

leg provide better attachment to the surface, multipodal nanotubes are ideal candidates for 

applications that involve bearing heavy loads. 

Deterministic placement of distinct chromophores into two different sites in the structure of 

nanoporous AAO was successfully carried out which is important from the point of view of 

several different functions. As mentioned, deterministic placement is a key factor in 

functionalization of complex nanostructures including generated multipodal TiO2 nanotubes and 

obtained experiences during this project would be helpful in achieving such a goal. Moreover an 

appropriate arrangement was presented for the placement of donor-acceptor dyes in which they 

were separately embedded into the wall cracks and coated onto the walls of porous AAO 

respectively and an efficient non-radiative exciton transfer (FRET) was shown to happen under 

such a configuration. Such a successfully employed chromophore placement geometry could be 

utilized int the nanostructures of other materials such as TiO2. This will be discussed in more 

details in proposed future works section. 
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Time of flight measurement technique was used to perform for the first time a direct study on 

the charge carrier transport behavior of single crystal vertically oriented rutile TiO2 nanowire 

arrays. When charge carrier mobility is indirectly inferred from techniques such as 

impedance/intensity-modulated spectroscopy in nanotube/nanowire arrays utilized in dye 

sensitized solar cell for example, it does not provide a picture of the real charge carrier mobility 

and traps in bare nanostructures since surface traps for instance are already passivated by 

sensitizers. Our direct measurement using TOF and SCLC methods revealed that mobility in bare 

TiO2 rutile nanowire arrays was close to 1.95 × 10
-5

 cm
2
V

-1
s

-1
 i.e. nearly five orders of 

magnitude lower than in bulk single crystal rutile. An equilibrium free electron concentration of 

~10
14

 cm
-3

 and a trap density of 3.5 × 10
16

 cm
-3

 in rutile nanowires were also calculated. 

Collected data points to a large number of surface-located deep electron traps, attributable to a 

moderate intrinsic electron concentration and a high surface-to-volume ratio of the nanowire 

arrays. It shows that the performance of the applications relying on charge transport of TiO2 

nanowires would dramatically improve if pre-reduction of traps was carried out. 

A magnetic field was employed for the first time in the process of anodic growth of TiO2 

nanotube arrays. The significant advantage of magnetic-field-assisted anodization is that it 

enables growth of TiO2 nanotube arrays by anodization of discontinuous or patterned Ti thin 

films. A patterned thin layer of Ti was generated using lift-off to produced separate metallic Ti 

structures with a vast range of dimensions and morphologies. Using magnetic field into the 

process of electrochemical anodization under optimized conditions we transformed the patterned 

Ti into TiO2 nanotube arrays without even connecting any electrode to the sample. Now using 

present technique it is possible to selectively deposit Ti on pre-structured samples such as 

MEMS devices and turn them into TiO2 nanotube arrays without the electrical continuity of the 
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Ti film being a concern. On the other hand, since the sample is completely immersed into the 

electrolyte during nanotube growth and there is no electrode connection, very small-size samples 

such as electronic chips can benefit from being incorporated with TiO2 nanotube arrays using our 

newly developed technique.  

 

8.2. Future work directions 

Herein there is a definition of some research problems in order to extend the scope of our 

present research works. 

8.2.1. Surface enhanced Raman scattering using large diameter TiO2 nanotube 

arrays 

Generated large diameter TiO2 nanotube arrays with diameters comparable with the 

wavelength of the optical light can be coated with appropriate organic dyes and get filled with 

noble metals such as gold and silver. Such structure would be ideal for performing surface-

enhanced Raman scattering (SERS). Such nanotube arrays work better for SERS compared to 

conventional titania nanotube arrays which possess diameters much smaller than the wavelength 

of the visible light since Raman modes need to be excited using visible and near-IR radiations 

and their diameter dimension is already in that range. 

8.2.2. Multi-functionalization of multipodal TiO2 nanotube arrays 

As mentioned before, one of the superior advantages of generated multipodal TiO2 nanotubes 

is the possibility of distinctive filling and functionalization of different legs. We propose on 

utilizing multipodal TiO2 nanotubes in multi-sensing and also delivery of multiple drugs. 

Physical properties of liquids including viscosity can be used to control the penetration of desired 
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solutions into specific legs with determined pore diameter. Solution may contain drug or material 

is to be coated onto the inner wall or filled into different legs. 

8.2.3. Applying crack-wall geometry of chromophore placement into TiO2 

nanotube arrays 

In chapter 5 it was shown that efficient FRET occurred when chromophores placed 

distinctively into the wall cracks as well as on the wall surfaces of nanoporous AAO. We 

propose using the same geometry of chromophore placement for TiO2 nanotube arrays in order 

to enhance red/near-IR absorption of sensitized nanotubes. We suggest two possible methods for 

embedding dye/quantum dots into the walls of TiO2 nanotube arrays. Cracks similar to those 

present in porous AAO might be generated into the walls of TiO2 nanotubes by introducing 

stress during electrochemical anodization which may happen by performing fast anodization. 

The other method includes coating the wall surfaces with chromophores and burying them under 

1-2 nm of TiO2 or Al2O3 layer using atomic layer deposition (ALD). In both cases it will be 

followed by coating walls with the second type of chromophore. Light absorption enhancement 

in red/near-IR region using FRET is expected to increase the performance of applications such as 

photovoltaics which require solar light harvesting.  

8.2.4. Studying charge transport behavior of other semiconductor nanostructures 

using TOF measurement 

Research results presented in chapter 6 showed that TOF method enables us to directly study 

charge transport properties of single crystal vertically oriented rutile TiO2 nanowire arrays. TOF 

along with SCLC provided invaluable information on mobility, charge carrier concentration and 

trap density. We propose extending such measurements to other semiconductor nanostructures 

such as polycrystalline TiO2 nanotubes and ZnO nanotube and nanowire arrays. Same 
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measurements also can be performed when nanostructures are filled/coated with materials such 

as dyes to study the changes in charge carrier transport. It provides information such as surface 

trap passivation for instance. We also propose aligning a single nanotube/nanowire between two 

closely separated metal pads, focusing laser beam onto one and applying potential difference 

between the pads to study charge carrier transport along a single nanotube/nanowire. 

On the same TiO2 samples we may also study current mechanisms other than SCLC. Poole-

Frenkel is very likely to have contribution in our samples which requires more systematic 

temperature-dependent measurements. 

8.2.5. TiO2 nanotube growth on MEMS devices using magnetic-field-assisted 

anodization 

Newly developed magnetic-field-assisted anodization of TiO2 nanotube arrays presented in 

chapter 7 provides for the first time the possibility of titania nanotube growth by anodization of 

discontinuous Ti thin films. It facilitates the incorporation of TiO2 nanotube arrays into a variety 

of microdevices. We propose utilizing this technique for the growth of nanotube arrays on 

MEMS devices. One possibility is fabrication of MEMS resonators, depositing a Ti thin film on 

distinct resonating pads by lift-off and transforming it into TiO2 nanotube arrays by means of 

new technique. It is difficult to fulfill using conventional anodization method because Ti needs to 

be coated everywhere to preserve the continuity of the film. After anodization, TiO2 nanotube 

arrays need to be patterned to be present onto the resonating pads only. Removing them from 

very narrow gaps is tough and any remaining Ti will result in device failure. Nanotube arrays 

grown onto the resonators using magnetic-field-assisted anodization could be functionalized to 

adsorb biomaterials. Adsorbed biomaterials will add mass thereby shifting the resonant 

frequency and the resulting structure will function as a highly sensitive biosensor.  
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Appendix 

In this section a brief description of different current mechanisms is presented followed 

by preliminary temperature dependent I-V measurements. The obtained current-voltage data 

fitted to different transport models are performed as an initial study on the contribution of 

different mechanisms accompanying the dominant SCLC in our single crystal rutile TiO2 

nanowire samples. 

When applying an electric field, charge carriers may get injected through an ohmic 

contact into a material. If the density of injected charge carriers exceeds that of charge carriers 

present in the material at thermal equilibrium, current flow gets limited by the space charge
298

.   

SCLC occurs under conditions of high level injection of charge carriers.  The unipolar space 

charge limited current can be expressed as  

                                                                                                                   (A.1)         

where J is the current density,  and  are the relative dielectric constant and the permittivity of 

the free space respectively, L is the film thickness, E is the field and  is the mobility
299, 300

. In 

the equation above it is assumed that the current consists of the drift of only one type of charge 

carriers  and mobility is considered to be field independent
301

. In order to measure a significant 

SCLC signal, at least one of the electrodes needs to make an ohmic contact to the material. 

Equation (A.1) shows that current density in SCLC is proportional to the square of the applied 

voltage whereas there is a linear relation when the current is ohmic. The critical voltage at which 

transition from ohmic to SCLC occurs is related to the density of free charge carriers in the 

material. As soon as the density of injected carriers exceeds the density of free carriers (already 
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present in the material), SCLC becomes dominant. The excess carriers initially fill traps in 

materials with a large defect density, and theretfore the critical voltage at which the density of 

the excess free carriers exceeds that the equilibrium free carriers concnetration is higher than in  

a defect-free form of the same material 
302

. Since SCLC is affected by traps, it has been 

extensively used for studying the energetic and spatial profiles of the traps in insulators and 

semiconductors
303

. The SCLC contribution in insulators is stronger than that in semiconductors 

because the density of free carriers is relatively lower in insulators and the injection of charge 

carriers from the contact(s) by the application of electrical fields more easily bring about the 

space charge limited current regime
304

. SCLC was clearly shown for our single crystal TiO2 

nanowire samples in chapter 6 (Figure 6.4). As discussed, in a log-log I-V plot, region with slope 

2 represents the SCLC. As discussed in chapter 6, the sudden rise in the current is due to the fact 

that quasi-fermi level passes the trap level at higher than a certain voltage, all traps get filled and 

current shoots up because of the trap-free condition governing the material, resulting in a near-

vertical rise in the I-V characteristic in the neighbourhood of the trap-free limit. Such a sudden 

rise in the current at higher voltages is seen in the same plot (Figure 6.4) is a signature of the 

SCLC. We replaced the Al top contact with 250 nm of Ti metal and performed the same TOF 

measurements. As can be seen in Figure A.1a, SCLC was again present since in the log-log I-V 

plot there is a region with the slope of 2 followed by a sudden increase in the current at slightly 

higher voltages, which is also characteristic of the presence of deep trapping states. 
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Figure A.1 (a) log-log plot of the steady state current–voltage characteristics and (b) Schematic 

image showing the Poole-Frenkel conduction mechanism of the rutile nanowire array sample 

with 250 nm thick Ti top contact. Inset of the (a) shows PF plot of the same sample.   

(a) 

(b) 
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Poole-Frenkel (also known as field-assisted thermal ionization and abbreviated here as 

PF) is another current mechanism whose presence needed to be investigated in the TiO2 

nanowire samples. As can be seen schematically in Figure A.1b, PF is in fact the reduction in the 

Coulombic potential barrier of trapping states through interaction with an electric field. At the 

presence of a strong electric field, the effective depth of a trap is decreased and the proportion of 

the free charge carriers increases
301, 305

. It can be seen that the PF mechanism involves electron 

emission from trapping centers into the conduction band of the semiconductor
306

. Because PF-

type transport involves both thermal and electric field-activated transport, it sometimes referred 

to as internal Schottky emission. The PF requirement is that the trap needs to be positively 

charged when empty and be neutral when filled. A Coulombic barrier is generated when electron 

interacts with the positively charged trap. The trap which is uncharged when empty, does not 

contribute in PF emission
305

.  

The PF equation for charge transport can be written as 

                                                 (A.2)   

where J is the current density, V is the applied voltage,  is the ionization energy of the trap 

levels,  is the Boltzman constant, T is the temperature, C is a constant related to the density of 

ionized traps and carrier mobility and  is the barrier lowering coefficient for the PF 

emission
307

. It has been schematically shown in Figure A.1b that under the applied field, barrier 

height decreases by  denoted in equation (A.2). To be able to get characteristic , 

it is required that the density of the ionizable sites to be in a range that the Coulombic fields of 

the two adjacent sites do not overlap
308

. According to equation (A.2) one may plot  vs 
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V
1/2

 and find the linear regions in order to explore the PF model. In another way one may 

investigate proportionality of the both ln(J) and ln(J/V) with . The latter one requires 

temperature dependent current-voltage measurements. Inset of the Figure A.1a depicts l  

vs V
1/2

 plot known as the PF plot which is however not at all linear at higher voltages (when PF 

conduction overwhelms ohmic conduction). Unlike SCLC which has been shown to have a 

decisive role in charge carrier conduction of our sample, the presented PF plot does not seem to 

provide sufficient basis to consider a PF mechanism contribution. Obtaining a proof for presence 

of PF requires more systematic temperature-dependent measurements
309-311

 which might be the 

subject of the further study in the future. PF is particularly significant for disordered, amorphous 

materials. We expect that even if PF has a contribution, it would co-exist along with SCLC and 

the latter one still would be the dominant mechanism
312

. We think such a space charge limited 

current regime incorporating Poole-Frenkel emission is more likely than PF alone when dealing 

with monocrystalline TiO2 nanowire arrays since it is well known that charge transport purely 

due to Poole-Frenkel mechanism is rare in highly crystalline materials
313, 314

. 

Fowler–Nordheim (FN) model as one of the current mechanisms has been investigated 

for TiO2 nanostructure-based field-emitters
315-320

. But it is to be noted that FN conduction in 

TiO2 nanostructures occurs outside the body of the nanostructure between the tip and the 

counter-electrode.  FN describes tunneling through a triangular potential barrier and is known to 

take place at high fields. One characteristic fact that makes FN distinguishable from other 

mechanisms such as PF and Schottky emission (will be discussed later) is that it is not a function 

of dielectric constant and a relatively extremely weak function of temperature
321, 322

.  Our 

examination of FN emission in TiO2 nanowire arrays is motivated by the fact that in a material 

such as TiO2 nanowire arrays that is expected to contain a high density of deep traps (due to the 



147 
 

large number of surface states), FN conduction can be significant at high electric fields when 

trapped electrons tunnel through a triangular barrier to either adjacent empty trapping sites or to 

the conduction band. 

The general FN equation can be written as  

                                                                (A.3) 

or 

                                                                         (A.4) 

where two constants A and B have the values of  and 

6.83  respectively,  is the current density,  is so called the field 

enhancement factor, E is the applied field and  is the work function
323

. The presence of 

linearity in the so-called Fowler-Nordheim plot (ln(J/E
2
) vs 1/E) is an indication of field 

emission
323

. FN theory in the forms presented in equations (A.3) and (A.4) is always valid for 

metals however, for wide band gap n-type semiconductors such as TiO2 it has been suggested to 

be presented as 

                                           (A.5) 

In which  is the increase of surface barrier potential of nanostructured semiconductor 

because of the surface states and  is the surface barrier layer decrement due to field 

penetration
315

. Figure A.2 shows the FN plot of the TiO2 nanowire arrays which shows non-
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linearity at small values of 1/V (high voltages) and linearity at higher values of 1/V (low 

voltages).  This behavior is opposite to that of a typical FN plot which exhibits linearity with 

steep downslope at small reciprocal voltages, followed by a minimum and then gently upsloping 

non-linear behavior at higher values of 1/V.  Therefore, our results indicate that field emission 

does not exist in the rutile nanowire arrays in the range of applied voltages. To the best of our 

knowledge, field emission of TiO2 nanostructures has been demonstrated typically at electric 

fields higher than about  
315, 316, 318-320, 323

. Our SCLC study has been limited to the 

electric field range of about 0 to 4.5  (Figure  6.4) and the FN plot (Figure A.2) does not 

show field emission. It has been also reported that field enhancement factor ( ) is proportional to 

the spacing between the 1-D TiO2 nanostructures
317-319, 323, 324

 and spacing between anode and 

cathode
323, 325

. FN mechanism did not show noticeable contribution at present work since utilized 

TiO2 nanowire arrays were highly close-packed and had the effective charge transport length of 

about 1.2 . Also at high dopant densities (> 10
19

 cm
-3

), it might be possible that the barrier 

(with for instance a contact electrode) becomes narrow enough to allow the charge carriers to 

tunnel through it. But neither the ohmic nor the space-charge limited transport regimes in Figure 

6.4 in Chapter 6 show any indication of a high carrier density.  A high carrier density would 

render a low dielectric relaxation time and would also preclude the observation of a clear 

maximum in the photoconductivity transient (Figure 6.3) in the time scale indicated. 
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Figure A.2 Fowler-Nordheim plot of the monocrystalline rutile TiO2 nanowire arrays. 

 

Schottky emission is the last mechanism whose contribution in the conductivity of the 

TiO2 nanowire samples with Ti top contact needs to be investigated. It is referred to as 

thermionic emission and considers the influence of heat and electric field in enabling charge 

carriers to surmount a potential barrier, typically with a metallic contact electrode. The 

difference in the work functions of the charge transport material and the metal contact controls 

the emission current
326

. It looks like the previously explained PF mechanism but with the 

difference that PF conductivity is observed only in bulk-limited conduction processes whereas 

Schottky emission is basically an electrode-limited process
305

.  

The Schottky equation can be written as 



150 
 

                                                 (A.6)   

where J is the current density, V is the applied voltage,  is the effective Richardson constant, 

 is the Schottky barrier height,  is the barrier lowering coefficients for the Schottky 

emission,  is the Boltzman constant and T is the temperature
307

. Figure A.3a shows current 

density versus voltage plot of the same TiO2 nanowire array sample with Ti top contact. The 

current density has been plotted in log scale in order to make a clearer comparison between the 

current density values at positive and negative applied voltages. It shows that for voltage 

between 0.5 V to 2 V and -2 V to -0.5 V there is more than 10 times difference between the 

current density values at the symmetric positive and negative voltages. In other plot regions, 

ohmic behavior is seen.   

   

Figure A.3 Current density (log scale) versus voltage plot of the TiO2 nanowire array sample (a) 

with Ti top contact and (b) at different temperatures with Al top contact.  

 

In order to shed further light on the transport mechanisms, preliminary temperature 

dependent-studies were initiated. For the TiO2 nanowire samples with Al top contact, current 

(b) (a) 



151 
 

density versus voltage measurements were performed at 125 
o
C, 100 

o
C, 60 

o
C and room 

temperature. In this sample 300 nm Al was deposited onto the photolithografically created 

features in HPR 504 photoresist by electron beam evaporation followed by removing the 

unwanted Al by lift-off. As can be seen in Figure A.3b, current density decreases by increasing 

the temperature. It may indicate that thermally activated charge transport processes such as 

thermionic emission and Poole-Frenkel emission do not contribute to current conduction in our 

samples. FN is a very weakly temperature-dependent mechanism and the observed temperature 

dependency shown above may eliminate its presence as well. However, to constitute a more 

thorough study, further temperature-dependent studies using different contact electrodes and 

nanowire lengths and particularly using cryogenic temperatures are necessary. 

 


