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Abstract

Nanofabricated optically anisotropic uniaxial thin films with deep submicron feature
sizes are emerging as potential platforms for low-loss all-dielectric meta-materials and
for Dyakonov surface wave-based sub-wavelength optical confinement and guiding at
interfaces with isotropic media. In this context, we fabricated anatase and rutile phased
titania nanotube arrays (TNTAs) and investigated the optical properties of one such
uniaxial platform, namely self-organized TNTAs grown by the bottom-up
nanofabrication process of electrochemical anodization on silicon wafer substrates.
Transmittance spectra measurement was used to investigate the isotropic properties of
TNTAs, and refractive index was extracted from the spectra fringes. Variable angle
spectroscopic ellipsometry was used to investigate the optical anisotropy in two phases of
TNTAs. One phase is anatase and the other phase contains a mixture of anatase and rutile.
Both kinds of TNTAs were found to have positive birefringence (An). The
experimentally measured anisotropy in the refractive index of the TNTAs was compared
with model-predictions of two different effective medium approximations incorporating
the uniaxial geometry. The measured value of An for anatase-phase TNTAs exceeded that
of bulk anatase single crystals, indicating the potential of nanostructured dielectrics to
outperform dielectric crystals of the same material with respect to the magnitude of the

achievable directional refractive index contrast.
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Chapter 1.  Introduction’

This thesis concentrates on the study of morphological, optical, and electrical
properties of rutile phase titania nanotube arrays (TNTAs) formed by annealing of
anatase phase TNTAs in air or in a propane flame with temperature modification. This
will introduce the application of TNTAs based on its optical properties and illustrate the
fabrication of rutile phase TNTAs where the processes of electrochemical anodization
and conditioned annealing will be demonstrated. The ellipsometry technique by which

the optical properties of TNTAs are measured will be explained in details as well.
1.1  Introduction to TiO;

Titanium Dioxide (TiO;), also known as titania, is the only naturally occurring oxide
of titanium at atmosphere pressure[1-2].The elements of Ti an O are rich in earth crust,
and TiO,is chemically stable, which resulting TiO,a relatively inexpensive material. The
three polymorphs of titania are anatase, brookite and rutile[2].Both anatase and rutile
have tetragonal crystal structures, and brookite has orthorhombic crystal structure, as
shown inFigure 1- 1. Rutile has two formula units in its unit cell. In rutile unit cell,a="b
= 4.5937 A and C = 2.9537 A. Anatase has four formula units in its unit cell. In anatase
unit cell, a =b = 3.7845 A and C = 9.5143 A[3].Basic unit of TiO, of both anatase and
rutile is a distorted octahedron comprising of a central Ti atom and surrounding oxygen
atoms. Ti atoms are coordinated with 6 oxygen atoms, the oxygen atoms are coordinated

at 3 titanium atoms. One of the Ti-O bond is longer than the others. TiOg units in rutile




are connected by edge-sharing. The oxygen in the edge-shared TiOg in rutile is corner-
shared with other oxygen atom. Anatase TiOg units have corner-shared oxygen atoms in
the (001) plane, whereas adjacent (001) planes are connected by edge-sharing. TiO, is
known to be applicable in a range of important technological areas, including
semiconductors, optical devices, photovoltaic cells, catalysts, gas sensing, and

electrochemical storage.

Figure 1- 1Titanium dioxide crystal structures of rutile, brookite and anatase (from left to

right). Reprinted from[4]with permission from [OP Publishing Ltd.

The anatase polymorph of TiO, occurs naturally and is found in earth’s crust,
although less abundantly than the rutile polymorph of TiO,. Anatase has a bandgap of 3.2
eV, has an optical absorption edge of about 350 nm, and its mainly yellow in
color.AnataseTiO, crystallizes from the amorphous state of TiO, at about 400°C. The
predominant crystalline plane of anatase is the (101), as observed clearly in X-ray
diffraction patterns. Among the various applications of anatase TiO2 are biomedical
implants[5], coatings[6], paints[7], food products and light driven energy conversion
applications that include photovoltaic and photocatalysis. Anatase has been reported to

have the highest photoactivity among all three titania[8-10].Considering these existing



applications and potentialfor the new applications, particularly in the realm of
photocatalysis and photovoltaic, the anatase polymorph of TiO, has attracted
considerable interest over the last three decades. Even though anatase TiO; is a
technology sought-after material for researchers working solar cells and solar
photovoltaics, its large bandgap renders it photoactive under ultraviolet radiation, and
therefore it can only 4% of the solar spectrum. To address this and other issues problems
such as susceptibility to poisoning of surface under photocatalytic reactions[11], research

focus is on other materials and also the rutile polymorph of TiO».

Rutileis the most commonpolymorph of TiO,. It has higher refractive index than
anatase and hence is preferably used in interference applications[12-13]. It is also hard
and has chemical resistant properties. When viewed by transmitted light, the rutile
exhibits a deep red color. Powdered form of rutile serves as white pigmentation for paints,
paper, plastics, foods and other objects which need a white color[13].Nanoscale rutile
particles are also used for the effective absorption of ultraviolet rays[14].With this
characteristic, rutile is mixed to produce sunscreens and to prevent skin damage.Rutile is
the stable crystalline phase of TiO, with a predominant plane of (110) appearing in its X-
ray diffraction pattern, whereas anatase and brookite are metastable and are readily
transformed to rutile when heated. Given its strong chemical resistance, in strong acidic
and basic conditions, rutile has been used in dye-sensitized solar cells[15] and lithium
batteries extensively[16]. In spite of superior performance of rutile TiO, in many
applications, including through related light harvesting and energy conversion,it has

received less attention and exploration than anatase[17].In addition to pure rutile phase



there is growing interest in mixed rutile and anatase crystalline phase TiO, nanotubes, for

analyzing enhancement of performance in various leading edge applications[18].

Brookite is the least studied polymorph of TiO; due to its instability and difficulties
in synthesizing a pure phase. The brookite crystalline phase is a biaxial optical material
with very high refractive index, i.e. between 3.5 and 3.7. The bandgap of brookite is

1.9eV[19]. The lack of focus of researchers on brookite is because of its instability[20].

1.2 TiO; nanotube arrays (TNTAs) and the motivation to use them

Today, the three major trends in nanotechnology are pictorially depicted in Figure 1-
2, and are anodic formation of ordered arrays of 1-D nanostructures (i.e. nanotubes,
nanowires and nanorods), non-lithography nanofabrication, and template enabled growth
of 1-D semiconductors. Since TNTAs lie at the intersection of the three trends, it has
gained enormous interest with more than a thousand related papers published over the

last ten years[21].
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Figure 1- 2TNTAs sit at the intersection of three major nanotechnology trends. Edited

and reprinted from [21] with permission from Springer Netherlands.

TNTAs are emerging as functional materials for application in gas sensing,
piezoelectric, dielectric devices, photochromic materials, light harvesting devices
(photocatalysis and photovoltaics) and charge storage devices such as supercapacitors.
The domain of application of TNTAs is enhanced because of their: tubular 1-D
nanostructure morphology that can be easily tuned to various aspect ratios, and tube wall
thicknesses [22]; their adaptability to bandgap engineering by simple doping process;
compatibility with surface functionalization methods; and controllable carrier
concentration and crystalline phase composition by application of simple annealing

methods.

TNTAs are used in light harvesting devices, particularly because they are uniaxial
nanostructures. One major limitation on light harvesting devices efficiency is due to its

trade-off between charge generation and light absorption, as well as between charge



separation and carrier collection. The uniaxial nanostructure of TNTAs allows the two
processes to occur in orthogonal directions. Charge separation now occurs in the radial
direction while light absorption occurs in the longitudinal direction of nanotubes. The
porous structure of TNTAs also enhances the light absorption efficiency due to scattering
effects. As a result, it is possible to fabricate TNTAs based for solar cells with higher
photoconversion efficiency [23].Similarly, it is possibly to tune to bandgap of TNTAs to
extend the optical edge, which can aid in photocatalysis applications. Photocatalytic
COgreduction is another area where TNTAs are used, which requires anoptimal band
gaps for light harvesting and band-alignment for facilitating chemical reactions. TNTAs
and functionalization of the same are being researched extensively on this front. Optical
biosensors operate on surface functionalization that TNTAs and subsequently using a
fluorescent dye that can be detected if the dye is tagged to biomarkers. Optical biosensors
based on TNTAs can also be made using the high refractive index that would contrast the
refractive of the biomarkers[24]. High performance super-capacitors can be fabricated

using surface area of TNTAs[25].

TNTAs generally pertain to anatase crystalline phase of TNTAs. These have been
widely researched, and are being been manufactured commercially, but not many
research reports exist on rutile crystalline phase of TNTAs even though there are
examples of better performance of rutile phase TNTAs than anatase phase TNTAs.
Figure 1- 3 shows better photoelectrochemical water splitting performance by our flame
annealed rutile phase TiO, nanotubes (FANTS), and by high temperature annealed rutile
phase TNTAs (HANTSs) than conventionalanatase phase TNTAs (or LANTSs)[26].This

thesis serves to fill that void in literature. Anatase phase is known to transform to rutile



phase by raising annealing temperatures beyond 500 °C but balance of annealing time and
temperature, as well as methodologies greatly affect the morphologies of TNTAs and
their crystalline phase content. As mentioned in Chapter 2, rutile phase TNTAs can be
formed by flame annealing and also by high annealing under controlled conditions.
Details about conditions for rutile phase formation and characterization of the resulting

TNTAs are discussed in details in Chapter 2 of this thesis.
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Figure 1- 3Photoelectrochemical water splitting performance by rutile and anatase

TNTAs. Reprinted from [26] with permission from Royal Society of Chemistry.

1.3 Optical properties of TNTAs

TNTAs have received intense interest among researchers because of their
technological importance, as stated above, which are, to a large extent, associated with
their optical properties that can be engineered according to applications of interest. For

example, refractive index of TNTAs and the variation of the same, can affect



performance of refractive index based biosensors. Similarly, light absorption and

transmission characteristics of TNTAs can affect performance of TiO, based solar cells.
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Figure 1- 4TNTA-based interferometric biosensors: (A) representative reflectivity
spectrum of anodic TNTAs showing the characteristic interference fringes and (B) Time-
dependent optical thickness measurements showing sequential binding of Protein A and
rabbit IgG within TNTAs. Reprinted from [27] with permission from Springer
Netherlands.

Refractive index, of anodically formed self-organized TNTAs fabricated on Kapton
were reported by Samira et al.[28].The periodic pattern of interferometric fringes in
transmission spectra of the TNTAs were used to determine the isotropic wavelength-
dependent refractive indices and film thickness of TNTAs. Similar work has been done
by G.K. Mor et al.[29],where they reported (as shown in Fig. 1-5) characterization results
of TNTA that were prepared on glass substrates.Kapton has small optical thickness and it
strongly absorbs light of wavelength smaller than 500 nm. Therefore, with Kapton

substrate there is a likelihood of existence of interferometric fringes, which compromises



accuracy of the measurement. On the other hand, refractive index of TNTAs, in Mor’s

work as well as in Chapter 3 of this thesis, TNTAs are fabricated on undoped glass,

where interferometric fringes are ruled out.
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Figure 1- 5 A 400 nm Ti film on glass was formed by sputtering and subjected to
electrochemical anodization in a 1% HF electrolyte at 10V to form TiO, nanotube arrays.
(a) Anodization current versus time (b) top view FESEM image showing the surface of
TiO; nanotube arraysgrown from a 400nm thick Ti thin film (c) optical transmittance of
glass substrate and450°C annealed TiO, nanotubes atop the same glass and (d) effective
refractive index of the nanotube arrays on glass, calculated by applying the envelope to
the transmission spectra as shown in the inset. Reprinted from [29] with permission from

John Wiley & Sons, Inc.

Moreover, materials with uniaxial symmetry exhibit anisotropic optical properties.

1.e. they have two distinct refractive indices (or extinction coefficients) dispersion with



wavelength. The ordinary refractive indices, n,, (or extinction coefficients, k,) are used to
describe light interactions for light polarized perpendicular to the optical axis, while The
extraordinary refractive, n., (or extinction coefficients, k.) are used to describe light

interactions for light polarized parallel to the optical axis.

TNTAs are anisotropic nanostructured materials due to two factors, their crystal
structure and morphology. The former reason can be expressed from the fact that both
anatase and rutile crystals have tetragonal symmetry. Such uniaxial structure caused
anisotropic optical properties have been reported by G. E. Jellison, Jr. et al.[12-13] as
shown in Figure 1- 6. Clearly both anatase and rutile crystals show significant anisotropy

and birefringence (An = n.-n,) of rutile is greater that of anatase.
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Figure 1- 6 (a) the refractive index and extinction coefficient bulk anatase, rutile, and
thin-film anatase determined from the spectroscopic ellipsometry data. (b)optical
functions of bulk. Top, real and imaginary parts of the complex refractive index for the

ordinary and the extraordinary directions; bottom, absorption coefficients for the ordinary
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and the extraordinary directions. Reprinted from[12-13] with permission from IOP

Publishing Ltd, and Optical Society of America.

The latter reason lies on its uniaxial tubular morphology. Figure 1- 7 shows an
example of the morphology of TNTAs formed on native substrates. When light
propagates along the longitudinal direction of nanotubes, the tubular structure becomes a
waveguide which confines the light propagation within the high dielectric constant
material. Hence, the refractive index with light incident along the optical axis is supposed

to be higher than the refractive index with light incident perpendicular to the optical.

Figure 1- 7Top view (left) and cross section (right) of TNTAs on native substrate.

Unfortunately, the anisotropic optical properties of TNTAs have never been
discovered. However, optical anisotropy of some metal oxides with one dimensional
nanostructure similar to TNTAs has been discovered in a few researches. In 2011,
Cheng-Ying Chen et al. discovered the anisotropic optical properties of ZnO nanowires
with reflection spectroscopy[30].Their Fresnel reflection in multiple layers was used

forquantitative analysis[31-34], and is shown in Figure 1- 8and Figure 1- 9. It is obvious
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that ZnO nanowires show significant optical anisotropy due to its one dimensional

nanostructures.

30} A0|=?° ——Perpendicular (s)

1 —— Parallel (p)
251 i~ P

20} i

10}

Reflectivity (%)

400 600 800 1000 1200 1400
Wavelength (nm)

Figure 1- 8 Reflectivity spectra of the oblique-aligned ZnO NWAs for s- and p-
polarization at the AOI of 5°. The plane of incidence is aligned to the orientation of NWs.
The s- and p-polarization is perpendicular and parallel to the azimuthal direction of the
long axis of obliquealigned NWAs, respectively. Reprinted from [30] with

permissionfrom Optical Society of America.
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Figure 1- 9 Determination of the equivalent reflective index dispersion curve of the
oblique-aligned ZnO NWAs for the polarization (a) perpendicular and (b) parallel to the
azimuthal direction of the long axis of oblique-aligned NWAs. (¢) The in-plane
birefringence of the oblique-aligned ZnO NWAs. The insets of (a) and (b) are the
comparison of simulated and experimental reflectivity spectra of the NWAs on the ZnO
buffer layer/Si substrate. Reprinted from[30] with permission from Optical Society of

America.

Since their tubular morphology caused optical anisotropy has not been discovered
yet, this thesis will used to reveal the uniaxial optical properties of TNTAs with the

ellipsometry techniqueto fill the vacancy.

14 Outline of the thesis
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In this thesis, we focus on the anisotropic optical properties of mixed anatase and
rutile phase TNTAs with uniaxial tubular nanostructures. A comprehensive study is made
from both experimental and data analysis works.

Chapter 1 introduces the structural properties of TiO, and various applications of
both bulk TiO,and TNTAs. Some previous studies on the optical properties of TNTAs
and other optically anisotropic materials are described in details.

Chapter 2 presents the processes for fabricating TNTAs by electrochemical
anodization, and the methods applied for annealing to attain desired crystalline phase.
The chapter also discusses about characterization of TNTAs by XRD and Raman
spectroscopy.

Chapter 3 presents the isotropic optical properties of TNTAs fabricated on glass. The
Swanepoel’s method for analyzing transmittance spectra was demonstrated in this chapter.

Chapter 4 presents the isotropic optical properties of TNTAs fabricated on silicon.
The experimental work with the WVASE ellipsometer and ellipsometry data model
fitting are exhibited in details in this chapter.

Chapter 5 is a summary of the work done towards this thesis, as presented in
chapters 2 to 4. The chapter also mentions the future work on similar nanostructured

materials that can be built upon the methodologies and findings of this thesis.
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Chapter 2. Fabrication and characterization of rutile
containing TNTAs

In this chapter, I describe the electrochemical anodization and annealing methods
applied to fabricate rutile phase containing TNTAs on Ti foil, as well as those on Si
substrate. Thereafter, I discuss the characterization methods of the annealed TNTAs by
field emission scanning electron microscopy (FESEM), x-ray diffraction (XRD) and

Raman spectroscopy.

2.1 Electrochemical Anodization

TNTAs can be synthesized by a number of methods, including use of nanoporous
alumina templates[35], hydrothermal techniques[36], and electrochemical anodization.
With the first method, the dimensions of nanotubes can be controlled by modification of
alumina templates parameters, but limitations exists in that it can hardly synthesize small-
sized and yet smooth nanotubular structures[37]. The hydrothermal technique can be used
to make small diameter nanotubes but highly ordered TNTAs are not possible by this
method[38]. The electrochemical anodization technique addresses the deficiencies in the
above two methods, and therefore it is the most widely used method for fabricating
ordered arrays of TNTAs. Electrochemical anodization technique draws its strength from
superior control over the key parameters that affect the morphologies and dimensions of
the nanostructures. These parameters include: electrolyte viscosity, composition as well

as concentration; anodization potential and time; mode of DC bias (i.e. constant current
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or constant voltage); and simplicity of operation. Details about principles of Ti
anodization processes are well documented in literature [29, 39-40]. Amorphous TNTAs
can be then transferred into anatase and rutile phase by applying annealing in different
conditions. The processes of electrochemical anodization and annealing are discussed in

sections 2 and 3 of this chapter.

2.2 Mechanism of the growth of TNTAs by electrochemical anodization

The electrochemical anodization of TNTAs occurs as a result of four competing
processes, which are: field assisted oxidation, field assisted migration, field assisted
dissolution, and chemical dissolution, see in Figure 2- 1. In the both organic and aqueous
electrolytes, water provides the reactants, O* or OH™ ions which react with Ti*" that are
released from the anode. This results in the formation of anhydrous and hydrated oxides

by reactions:

Ti*" + 20" — TiO, (1)

Ti*" + 4OH—Ti(OH), )
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Ti

Figure 2- 1 Illustration of the anodic TNTAs growth in presence of fluorides. Reprinted

from[41] with permission from Elsevier.

Previous studies showed that there is a hydration concentration gradient across the
film during anodization, a TiO,.xH,O complex is presented as the product, wherethe
outer anodic layer of which has more hydroxyl ions that forms a Ti(OH), hydrated layer
while the inner layer is anhydrous with TiO,[42-43].

Both TiO, and Ti(OH)4 can be chemically dissolved by fluoride ions, known as
chemical dissolution:

TiO, + 6F + 4H'— [TiF¢]* + 2H,0 (3)
Ti(OH)4 + 6F— [TiFs]* + 40H (4)
In addition, the presence of electrical field can also weaken the bond between Ti and O,
known as field assisted dissolution:
TiO, + 6F- + 4H"— [TiF6]* + 2H,0 (5)
The field assisted etching process leads to the pore initiation at the oxide/electrolyte
interface[44-45].There is a plastic flow of oxides towards the cell boundaries by a flow

mechanism being responsible to form a fluoride rich layer which triggers the pore to tube
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transition. Su and Zhou[46]also show that the dehydration ofTiO,.xH,O formed on the
outer wall.

Under the assistance of applied potential the fluoride ions flow towards the anodic
metal and Ti*" ions flow towards the electrolyte. Such process leads the formation of
fluoro-complexes among which [TiF]* is the most stable in the electrolyte.

Thesereactionsleadto threestagesofTiO, nanotube growth, as shown inFigure 2- 2,
whereby the anodization current density changes with time. The first stage is when the
anodization process begins and current density experiences a sudden drop because of
diffusion limitation on reactants (O or OH ions) imposed by the produced barrier layer.
The second stage is where current density increases,since more ion migration paths are
created by the formation of the porous or tubular structures. The field assisted and
chemical dissolution of barrier layer, whereby the fluoride ions etch TiO, forming
titanium hexafluoride. These dissolution processes lead to the decrease of film resistance
decreases causing the current density to increase. The etching process comprises of
reaction of fluoride ions with the oxide layer, and formation of pores on the oxide
layer.The third stage is where the etching process continues under the influence of
electric field wherein the fluoride ions simultaneously diffuse through the oxide layers
and react with it, forming TiO; nanotubes. Current density increases slowly during the
tube formation process. It is notable that the while oxide formation and etching process
occur simultaneously, and in the final stage where the competition between the oxide
layer formation and dissolution reaches a steady state, the current density attains a

constant value or slow drop.
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Figure 2- 2 The current-time relation plot for titanium anodized at 20 V. Reprinted

from[47]with permission from Wiley-VCH.

23 Electrochemical Anodization of Ti foils and Ti deposited on Si substrates

TNTAs on Ti foils were grown by anodization cleaned Ti foil pieces of 1 cm width
and 4 cm length. The cleaning of foil was performed by immersion in ultrasonic bath
containing detergent and water. Thereafter the Ti foils were rinsed in de-ionized water.
Anodization was performed in aqueous electrolytes containing 1% (by volume) HF
(hydrofluoric acid), 8% (volume) CH3COOH (acetic acid). The electrochemical consisted
of Ti foils as anode and graphite as cathode, which was 0.3 cm in diameter and 4 cm in
length. The spacing between the electrode was maintained at 4 cm. Electrochemical
anodization was performed by application of a DC voltage (by using a DC power supply)
of 15V for one hour at room temperature.

To fabricate the TNTAs on Si substrate, a Ti deposition step was involved, wherein,
250 nm-thick Ti (purity >99.999%) films were deposited on to piranha-cleaned n-type

<111> oriented Si wafers in a planar DC magnetron sputtering system. The deposition
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conditions used were designed to maximize film smoothness by recourse to atomic
peening[28]. TNTAs were fabricated by anodization of Ti thin films in ethylene glycol
(EG)-based organic electrolyte containing 0.09M (0.3wt %) NH4F and 9vol% deionized
water at a voltage of 40V vs. agraphite counter-electrode placed at a distance of 2cm
from the anode. Following anodization, the residual electrolyte and debris were removed
by rinsing the samples with methanol.

Figure 2- 3 is the process flow that lists, in step-wise (from top bottom) format, the
processes involved in the anodic formation of TNTAs on Ti foil and Si substrate.
Anodization is followed by annealing. Details about annealing are discussed in the next

section.
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Sample (Ti foil and/or Ti sputtered on Si) cleaning and sizing

A\ 4

organic solvent

Preparation of anodization electrolyte, generally a fluoride ions containing aqueous or

\ 4

anode and graphite as the cathode

Placement of sample in a two-electrode electrochemical cell containing the sample as

A\ 4

method) and performing the anodization

Adjustment of voltage (if constant voltage method) or current (if constant current

A\ 4

Sample drying in air and post-anodization cleaning of debris

\ 4

at 750 °C for 2 hours

Annealing in one the processes: annealing at 450 °C for 2 hours (or desired time),

annealing at 450 °C for 30 minutes followed by propane flame annealing; and annealing

Figure 2- 3Process flow for fabrication of anodic TiO, nanotubes followed by appropriate
annealing procedure.

2.4  Annealing of TNTAs

Annealing induces crystallinity in TNTAs, which in the as-formed or post-
anodization stage are amorphous. Normal annealing temperatures can be varied between
300 ~ 750 °C [48]to form anatase phase of TNTAs[49-50]. There is a tradeoff between
annealing temperature and annealing time, in that the lower the temperature is the longer
is the required time to obtain crystallinity. After the desired annealing temperature is

reached the TNTAs are kept at that temperature for a period of time, typically 2.5 hours
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[48].Full crystallinity is normally achieved at 300 °C[51].As shown in Figure 2- 4,
anatase starts forming at280 °C, while rutile phase starts forming at400 °C, however very
small percentages of rutile are found at temperature below 600 °C[52].Although
temperatures in excess of 600° C favor rutile phase formation, different nanotube types
(as determined from their anodization electrolytes, i.e. aqueous, organic, etc.) may
undergo different degree of rutile phase crystallinity. My findings, reported in this thesis,
demonstrate that aqueous TNTAs undergo full rutile phase crystallinity at 750 °C
annealing in air and also flame annealing, whereas ethylene glycol based TNTAs undergo
partial crystallinity to rutile[53].Details can be found in characterization section of this
chapter. There are also literature reports about high temperature annealing of TNTAs,
whereby rutile phase of varying degrees are formed and nanotubular morphology is also
preserved [40].

In addition to temperature, another important annealing parameter is rate of
cooling and heating. Control of heat and cooling rate also has an effect on crystalline
defect densities. Generally, the heating rate applied is 200°C per hour and the TNTAs are
left to cool overnight. Typically, annealing is performed in an atmosphere of oxygen or
air to form phase pure anatase having low oxygen vacancies.If annealing is performed in
nitrogen atmosphere, TNTAs with high charge carrier concentration (and high n-type
conductivity) are obtained because of presence of oxygen vacancy sites that are rich in
electrons. Oxygen and air annealing, on the other hand tend to annihilate the oxygen
vacancy defects and diminish the n-type nature of TNTAs. In another variation of
annealing atmosphere, if annealing is performed under exposure to hydrogen, black

TNTAs are obtained, because they have an extended optical absorption edge. The
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annealing process of TNTAs is generally carried out in an oven or in a tube furnace
where environment can be controlled by flow of the desired gas. Annealing can also be
performed by other methods, such as placement of TNTAs on a hotplate or by use of an
appropriate flame. The process flow for formation of TNTAs and thereafter the annealing
of the same by various methods is shown in Figure 2- 3, as shown in the figure the
annealing process is branched into choice of heating and atmosphere conditions as well
as choice of methods used for annealing. In practice, annealing of TNTAs is carried out
under strict adherence to process control, which is tuned to the requirement of the type of

TNTAs.
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Figure 2- 4 Glancing Angle X-Ray Diffraction (GAXRD) spectra of TNTAss annealed at
temperatures ranging from 230 to 880 °C in dry oxygen. A, R and T indicates anatase,
rutile and titanium (substrate), respectively. Reprinted from [52] with permission from

Materials Research Society.

2.4.1 Propane flame annealing

In order to fabricate different morphologies of rutile phase TNTAs, we used a two-
step annealing procedure. The first step was a furnace annealing process, where the
TNTAs were heated to 450 °C and kept at that temperature for 30 minutes. Thereafter, a
propane flame instead of furnace was used for the annealing process to raise the

temperature of the TNTAs to temperatures above 700 °C. Figure 2- 5, schematically
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illustrates the propane flame annealing process for forming rutile phaseTNTAs. The
TNTAs on foil that I anodized using aqueous electrolytes were used for propane flame
annealing. In the flame annealing process, TNTAs underwent full transformation from
anatase to rutile phase, as shown in XRD patterns (discussed in the characterization
section of this chapter). Essentially the propane flame annealing process resulted in
instantaneous heating of the TNTAs to temperatures higher than 700 °C. By sudden
exposure to those temperatures from room temperature, rapid and irreversible phase
(from anatase to rutile) andshape change of the TNTAs (from pseudo-circular to square)

occurred.
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Figure 2- 5 Flame annealing of anatase TiO, nanotubes to produce rutile phase TiO;
nanotubes. FANT mean flame annealed TiO, nanotubes and LANT stands for low-
temperature annealed TiO, nanotubes. Reprinted from [54] with permission from Royal

Society of Chemistry.

2.4.2 Oxygen annealing at 750 °C
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I intended to compare the flame annealing process with annealing in furnace to
compare the effect of slow temperature ramp-up (and down), and also to evaluate the
effect of time at 750 °C. The aqueous TNTAs formed by 750 °C annealing in oxygen
atmosphere underwent shape change from pseudo-circular to square as well as phase
change to pure rutile. However, the EG TNTAs grown on Si substrate underwent only

partial rutile phase transformation and retained their pseudo-circular morphology.

2.5 Characterization of the TNTASs

I characterized the TNTAs by using Zeiss Sigma field emission scanning emission
Microscopy (FESEM), XRD (using a Bruker D8 Discover instrument with a sealed Cu
tube X-ray source, and Raman spectroscopy (using a Nicolet Almega-XR Raman
spectrometer by applying a 532nm laser source). While FESEM is a powerful imaging to
nanostructural morphology TiO, nanotubes, XRD outputs detailed information about
crystalline phase content. Raman spectroscopy is widely used for analyzing crystalline
phase content via phonon dispersion. Quantatively, Raman spectroscopy is also applied

to determine effect of crystalline size and lattice strain on phonon lifetime.

2.5.1 TNTAs grow on Ti foil

TNTAs after anodization were annealed 450 °C annealed TNTAs (called LANTS),
450 °C followed by propane flame annealed TNTAs (called FANTs), and 750 °C
annealed TNTAs (called HANTs). LANTs, FANTs and HANTs were all formed by
anodization in aqueous electrolytes, and FESEM images of the same are shown in Figure

2- 6. It is clearly evident fromthe images that annealing in propane flame (FANTSs) and at
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750 °C (HANTS) lead to square shaped pore morphology. That change in their shape may

be due to excessive strainbecause of large amount of additional heat.

400nm

Figure 2- 6 FESEM image of LANTSs (a and b), HANTs (¢ and d) and FANTSs (e and f).
The circular marks indicate square section from cross-section. Reprinted from [54] with

permission from Royal Society of Chemistry.
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Figure 2- 7 XRD and Raman spectra of LANTs, HANTs and FANTs. Reprinted from

[54] with permission from Royal Society of Chemistry.

XRD spectra for flame annealed TNTAs (FANTs) and 750 °C annealed aqueous
TNTAs (i.e. HANTSs) show dominant peaks at 27.45 °C, which is attributed to the (110)
plane of rutile. Absence of anatase specific peak and presence of rutile phase only is
confirmed the distinct (110) peak as well as secondary peaks at Bragg angles of 36.1°,
39.2° and 41.2°, denoting rutile planes of (101), (200) and (111), respectively. Peak width

at half maximums for the rutile (110) plane are shown in Figure 2- 7 (inset), which
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whenincorporated into Scherrer formula (Eq. 1) can yield the crystalline grain size of the

rutile phase.

SZL (1)

o cos @

In Egn. (1), K is assumed to be one, A is 0.154 nm (i.e. the incident x-ray
wavelength), a is the full-width at half maximum (FWHM) of the peaks, and & is
Bragg angle. The obtained sizes using eq. (3) are 21 and 31 nm for FANTs and HANTS,

respectively.

It is well-established facts that anatase, due to its tetragonal crystal structure, exhibits
six Raman modes, i.e. three E, (144, 196, and 639 cm™) modes, two Bi, (397 and 519
cm™) modes and one A (513 cm™) mode. Rutile has four Raman active modes, i.e. one
By, (143 cm™), one E, (447 cm™), one Ay (612 cm™), and one By, (826 cm™). The
Raman spectra for FANTs and HANTs show peaks at 144.0 and 147.0 cm™, respectively.
These peaks may be due the anataseE, mode combined with rutile B;, mode, although
contribution of anatase is likely less because of the predominant XRD (110) rutile peak
denoting intense rutile crystallization. The secondary rutile Raman modes in HANTS and
FANTS are E, modes (426.5 and 444.74 cm'for FANTs and HANTS, respectively), Ajg
modes (608 and 611 cm™ for FANTs and HANTS, respectively). HANTs exhibit blue-
shifted peaks compared to FANTSs although particle size of the former is bigger than the
later. The observed blue shifting may be because of excessive lattice strains and existence
of the asymmetric Ti-O bond. Although FANTS also undergo high temperature annealing
the high temperature condition is short-lived that likely limits the conversation of thermal

energy to shape change and phase transformation only.
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2.5.2 TNTAs grown on Si substrate

The building blocks and morphologies of the TNTAs on Si substrate are shown
schematically in (Figure 2- 8). FESEM images of the TNTAs are shown Figure 2- 9 a to
d). FESEM images illustrate a porous surface with cylindrical profiles (Figure 2- 9c and d)
representing TiO, nanotube arrays. The nanotubes have an average inner diameter of ~ 80
nm when annealed at 500 °C (Figure 2- 9a), which decreases to ~ 50 nm when annealing
temperature is raised to 750 °C (Figure 2- 9c¢). We attribute the decrease in inner
diameters of the nanotubes with increasing annealing temperature to the high-temperature
induced outward diffusion of TiO; at 750 °C that narrows down the pores. Moreover, we
observed an increase in the overall external diameter of the TiO, nanotubes than what is
observed in nanotubes formed by anodization of Ti foil. The overall tube diameter
increase may be explained by the fact that our nanotubes were formed out of sputtered Ti
films on Si substrates and also due to our use of high water content EG-based anodization

electrolytes.
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TiO, nanotube

TiO, barrier layer

Monocrystalline Si wafer substrate

Figure 2- 8Schematicillustration of anodically formed TiO, nanotube arrays on a Si wafer

substrate.
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Figure 2- 9 FESEM images of TNTAs anodized at 40 V for 20 min (a) Top view and (b)
Cross-section for samples annealed at 500°C for 2.5 hours;(c) Top-view and (d) Cross-

section for samples annealed at 750 °C for 2.5 hours.

Figure 2- 10(a) shows XRD patterns of TNTAs after furnace annealing at 500 °C and
750 °C.The initially amorphous as-anodized TNTAs are crystallized by annealing. By
comparing the pattern in Figure 2- 10 (a) with the standard pattern of anatase TiO,, we
found that all the diffraction peaks of the 500 °C annealed TNTAs (black curve)
correspond to the lattice planes of anatase TiO,. No rutile phase is observed for the
500 °C annealed TNTAs. Figure 2- 10 (a) also shows the XRD patterns of TNTAs after
furnace annealing at 750 °C for 2.5 hours (red curve) which are transformed into a
mixture of anatase and rutile phases as evidenced by reflections corresponding to both

phases. These results are in line with prior reports on the structural transformation in
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TNTASs upon annealing at elevated temperatures[26, 55]. Crystallite sizes for anatase and
rutile grains are determined from the anatase (101) and rutile (110) peaks (Figure 2- 11
(a)) by using Scherrer equation (eq. (1)). The size of anatase grains in the TNTAs
annealed at 500 °C is 17.39 nm and same in TNTAs annealed at 750 °C is 35.82 nm. The
size of rutile grains in TNTAs annealed at 750 °C is 29.88 nm. The intensities of rutile
(110) and anatase (101) peaks in XRD pattern of TNTAs annealed at 750 °C was used to

estimate the percentage of rutile (p)[56], according to the following relationship:

Ir

- ()
0.884.la+ Ir

p

In Eqn. (2), I, is the intensity of anatase (101) peak and /. is the intensity of rutile

(110) peak. Using Eqn. (2), p is 29 % in our TNTAs annealed at 750 °C.

Raman spectra for the TNTAs annealed at 500 °C and 750 °C are shown in Figure 2-
10 (b). The presence of anatase phase alone in the 500 °C annealed TNTAs (blue curve in
Figure 2- 10 (b)) is also confirmed by Raman peaks near 143, 395, 519 and 633 cm'
corresponding to the E,, Big, Big and E, modes respectively[57]. The aforementioned
peaks also appear in the Raman spectrum of TNTAs 750 °C annealed TNTAs (red curve
in Figure 2- 10 (b)) at 141, 394, 519 and 635 cm ™' corresponding to the E,, Big, Big and
E, modes respectively. There is an additional E, peak at 198 cm” due to greater degree of
anatase crystallization at 750 °C. As indexed, the peak positions and Raman modes pre-
dominantly correspond to anatase, although a low intensity rutile E, peak at 440 cm” is
observed[58-59]. It may be assumed that the intense peak at 141 cm™ has contributions

from both anataseE, and rutile B;; modes but such contributions may be ruled based on
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the annealing temperature of 750 °C[60]. Therefore, the 141 cm™ Raman peak in the

750 °C annealed TNTAs may be considered anataseE, Raman mode in its entirety.
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Figure 2- 10 (a) XRD patterns and (b) Raman spectra of TNTAs anodized at 40 V for 20

min and furnace annealed at 500 °C and 750 °C for 2.5 hours.
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Unlike larger grains in bulk TiO,, one-dimensional nanostructures, such TiO,
nanotubes and nanowires, crystalline grain size are usually small with less than 20 times
lattice parameter. At those sizes crystallite grain size of TiO, nanotubes, phonon wave
function decay to small values near grain boundaries, leading to diminished phonon
lifetimes. Furthermore, phonon contribution is from the entire Brillouin zone compared to
crystals with larger grain sizes, where phonon dispersion is from center of Brillion zone.

Therefore, we have herein analyzed phonon confinement effect in the TNTAs.

2500
Anealed at 500 ! o
| Anealed at 750 - 500 °C
S 2000+ {| — Lorentz Fit 40004 Anatase Eg: 750 °C
s A (101) | e —— Lorentz Fit
> FWHM = 0.47 141 cm
w BA S 30004 FWHM =13.14 Anatase Eg,
8 R (110) \ 1
e 1 -
< 1000 A (101) FWHM = 0.28 143 cm
2 FWHM = 0.24 2000- FWHM = 17.45
k=
® 5004 \ 1 /
j 3 1000 -
(a 26 (degree) 110 120 130 140 150 160 170 180
(b) Raman shift (cm™)
- 500 °C = o
4501 Anatase Bigs . s00 Anatase By, ' 500 C
| 750 °C 750 °C
A . =
395cm Lorentz Fit 633 cm Lorentz Elt
_ 1999 FwHM = 31.38 e 500 | FWHM = 32.52
3 1 Anatase B1g, Anatase Byg,
o
2 Ro 394 cm™! 635 cm- 1
2 FWHM = 19.46 400 4 FWHM = 30.78
E 300+
300+
250 -
360 380 400 420 440 200- w2
C . -1 = L) = L} L T b T * T L
e Raman shift (cm ) 580 600 620 640 660 680 700
(d) Raman shift (cm™)

35



Figure 2- 11 (a) XRD patterns and (b), (c) and (d) are Lorentzian fits of the two E, and By,
Raman modes f TNTAs annealed at 500 and 750 °C.

Generally, the phonon confinement effect in TiO;nanocrystals is analyzed from
asymmetric broadening and shifting of E, peaks of anatase, which is usually the most
intense Raman peak and the one that is affected by crystalline grain size. The other
Raman modes in anatase (the A, peak, the two B, and the two E, peaks) also undergo
broadening and blue-shifting as a result of particle size, but to a lesser extent[61]. To
analyze the phonon confinement effect, we performed Lorentzian fitting of the main

peaks.

FWHMs were obtained from Lorentzian model fits of the Raman peaks (Figure 2- 11
(b), (¢), and (d)).Table 2- 1 shows the FWHM, phonon lifetime and crystallite sizes of the
TNTAs annealed at 500 and 750 °C. The narrower and sharper Raman peaks may be due
to their intensification due to annealing that is indicated by their narrower FWHMs and
longer phone lifetimes, which are close for those reported for Eg (144 cm™) mode for
TiO, nanotubes[61-62]. The FWHMSs and phonon lifetimes for the B, and high
frequency E, modes match well with a similar Gaussian confinement model for the E,
(144 cm™), Big (397 cm™) and E; (639 cm™) peaks are 7.5, 20 and 20 cm™,
respectively[61]. The relatively blue-shifted E, peak of the 500 °C annealed TNTAs is
likely because of their smaller (101) anatase crystallite size compared to same in 750 °C
annealed TNTAs. The anatase B, peak at 395 cm™ for the 500 °C annealed TNTAs lies
closer the bulk TiO5 value (397 cm™'[62]), than the same at 394 cm™ for 750 °C annealed

TNTAs, implying consistency with the shifts in low frequency E, peaks. Raman peaks
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for the high frequency B, and E, modes for anatase in the TNTAs are red-shifted from

their bulk values of 519 and 639 cm™, respectively.

We applied a time-energy uncertainty relation (Eqn. (3)) to obtain phonon lifetimes

for the Raman peaks of the TNTAs[63].

AE 1
4B _ 13
- T()

In Eqn. (3), 4E is the FWHM, 7= 5.3x10-'* cm™.s, and 7 is the phonon lifetime. 7
for the 395 cm’ Bi, Raman peaks, thus obtained, are 0.12 and 0.19 ps for TNTAs
annealed 500 °C and those annealed at 750 °C, respectively. The shorter phone lifetime
for TNTAs annealed at 500 °C is consistent with the phenomenon of phonon wave

function decay to low values near grain boundaries of small grains.

TNTASs annealed at 500 °C TNTASs annealed at 750 °C
Raman mode AE (cm™) | 7 (ps) Raman peaks AE (cm™) 7 (ps)
Anatase B, + Rutile
AnataseE,, 143 cm’! 17.45 0.30 13.14 0.40
Big, 141 cm™
Anatase Big, 395 cm™! 31.38 0.17 | Anatase Bjg, 394 cm™ 19.46 0.27
AnataseE,, 633 cm’ 34.67 0.15 | AnataseE,, 635 cm™ 30.78 0.17

Table 2- 1 FWHM and phonon lifetime data derived from model for anatase and mixed anatase

and rutile
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Chapter 3. Isotropic Optical Measurements on TiO,
Nanotube Arrays

3.1 Introduction

The optical properties of TNTAs materials play an important role in photovoltaic,
photocatalytic, and photoelectrochemical devices. Knowing the optical parameters such
as refractive index, absorption coefficients, and thin film thickness will contribute to the
enhancement of such device performance. By measuring the transmission through a thin
film depositedon a transparent substrate like glass, the optical constants can be calculated.
Since 1965, the examination of thin films optical properties by analyzing reflectance
and transmittance has been studied and reviewed by many researches[64-65]. Light
through a thin film material with moderated absorption coefficient will show multiple
interferences, as illustrated in Figure 3- 1. In 1983, a method was proposed by R.
Swanepoel to determine the refractive index andthickness from the interference fringes of

the transmission spectrum with less than 1% error[66].

(a)
Incident Light

(b)
Incident Light

\/ / / neir =1 T=1
n’ = njk
Nfilm = 1
d a0
Film
Film
= Nsubstrate = 5
Nsybstrate = §
a=0
Substrate
Glass substrate

T

Detector

Figure 3- 1Schematic sketch of the typical behavior of light passing through a thin film
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on a substrate. (a) demonstration of oblique incidence with the multiple reflections. (b)

demonstration of incident beam normal to the film.

The TNTA layer has thin film with thickness d and refractive index n =n-ik, where n
is the refractive index and k is the extinction coefficient. On a transparent substrate with
thickness several orders of magnitude larger than d, refractive index s and extinction
coefficient close to zero, the optical properties can be extracted from the transmission
measurement. TNTAs can be modeled as an effective medium consistingof TiO, with air
inclusions. Since the opticalpath length of light reflected at the TNTA-barrierlayer
interface and light reflected at the TTNA-air interface are different,Fabry-
Perotinterference fringes[67] are expected in the transmission spectra. A typical
transmission spectrum is usually divided into three regions according to their
transmittance values, as shown in Figure 3- 2. In the transparent region the measured
transmittance is usually larger than 99.99% of the substrate’s transmittance value, while
in the strong absorption region transmittance is very small and no fringes are shown.

Spectrum fringes between the two regions are selected to extract optical parameters.
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Figure 3- 2 Transmission spectrum a TNTAs sample anodized in 4 vol% water and 0.3
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wt% NHA4F in EG at 40V.

3.2 Fabrication andCharacterization of TNTAs on glass

500 nm-thick titanium films were deposited onto clean glass substrate using the

planar magnetron sputter system with working pressure of ImTorr, 7mTorr, and

0.7mTorr for sample TTM 16-3, TTM 17-1, and TTM 11-2, respectively. TTM 16-3,

TTM 17-1 were deposited under 250°C while TTM 11-2 was deposited under room

temperature.Ti deposited substrates were used to form TNTAs by potentiostatic

anodization under different conditions (as shown in

Table 3- 1).
TTM 16-3 TTM 17-1 TTM 11-2
4 vol% water and 4 vol% water and 5 vol% water and
Electrolyte 0.3 wt% NH4F in 0.3 wt% NH4F in 0.3 wt% NH4F in
EG EG EG
Anodization Voltage 40V 40V 40V
Anodization
14 min 10 s 41 min 50 s 34 min 28 s
Duration
Starting current 26.6 mA/cm” 28.0 mA/cm” 24.1 mA/cm”

Table 3- 1 Anodization condition to fabricated TNTAs on glass substrate in EG
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electrolyte.

The anodization current was monitored and recorded using a Keithley 4200-SCS
semiconductor parameter analyzer. Samples were rinsed by methanol and dried by
nitrogen gun after anodization. Transmission spectra shown inFigure 3- 3were obtained
from UV-vis spectroscopic measurements using Perkin Elmer Lambda 900 UV-Vis-
NIRspectrophotometer with a beam spot size of 1 cm?, though the spot can be tuned by
using a aperture. Transmittance for a blank glass substrate was also measured for

refractive index calculation.
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Figure 3- 3 Transmittance spectra measured from (a) blank glass, (b) TNTAs TTM 16-3,
(c) TNTAs TTM 17-1, and (d) TNTAs TTM 11-2, and construction of envelopes in the

TNTASs transmittance spectra fringes.

3.3  Analysis of Transmission Spectra

Two envelopes connecting all the local maxima and minima are constructed, noted
as Ty and Ty,,. Transmittance is a function of wavelength A, refractive index n, absorbance
a, and film thickness d. Hence the refractive index can be expressed as

n =[N+ (N? — s)1/2]1/2(1),

where

_ TM—Tm s24+1
N = 25[—TMTm]+ B

The calculated refractive indices are shown in Figure 3- 4. Inall three measurements, the
variations in refractive indices are within 0.1. While in [28], the refractive index was

decreasing by 0.15. Compared with the previous result for TNTAs grown on
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Kapton[28],the refractive dispersion curves for all three samples didn't show a smoother
Cauchy curve. This can be due to the backside reflection of the glass substrate. Surface
roughness of glass that may cause void in titanium thin film sputtering may also be a

significant factor.
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Figure 3- 4Refractive indicesof (a) TNTAs TTM 16-3, (b) TNTAs TTM 17-1, and (c)
TNTAs TTM 11-2 obtained using Swanepoel’s method.

Film thickness can also be calculated as follows

_ A
d 2(?\1112—7\2111)( ):

where d is the film thickness, i.e. length of the nanotubes, and the refractive indices ofthe
film corresponding to adjacent maxima (or minima) atpoints 1 and 2 are given as n; at
Mand n; at A,. The average value can be calculated with more thickness values deduced
in the same way. The calculated average film thickness for TNTAs sample TTM 16-3,
TTM 17-1, and TTM 11-2, are 1.7 pm, 2.7um, and 1pm, respectively. The results are
closed to the actual film thickness.

Compared with the result obtained by Samira et al., all three dispersion patterns in
Fig 3.4 did not show smooth Cauchy curve as in their work[29].Such distortion can be

explained from two aspects, surface roughness and backside reflection. Since transparent
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substrates like glass are reflective on both sides, the beam reflected from the front and
back surfaces may interfere with each other, and thus affect the interference pattern
detected in the experiment. In addition, Kapton substrates used by Samira et al. are
smoother on surface than glass substrates used in our experiment. Microscopic view of
the difference from various substrates is shown in Figure 3- 5. Such surface roughness of
glass substrates may cause light scattering as well as atomic peening effect[68]. The
morphology of TNTAs can be largely affected by non-uniform pitting and nucleation
processes caused by the non-uniformities of the Ti film deposited on rough surface.
Nevertheless, the reliability of the results can be supported by comparison with the work
done byMor, G.K et al.where the TNTAs were also grown on glass substrates[29]. The
dispersion curves shown in Figure 3- 4are similar in shape with Figure 1- 5 (d).
Obviously shown inFigure 3- 5,silicon substrate provides the best surface uniformity.
However, it is not applicable in this chapter as here the discussion is about
transparentsubstrates. In Chapter 4, I have discussed about non-transparent substrate, i.e.

silicon, which I used to attain the surface uniformity.
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Figure 3- 5 (a—d), (g-1) Cross-sectional and topview of Ti thin films deposited on to glass,

FTO coated glass, Kapton and Si wafer substrates respectively; (e, f) ordered
TNTAsgrown on substrates shown in (a), (c) and (d).Reprinted from [68]with permission

from American Scientific Publishers.

3.4  Summary

In summary, we fabricated TNTAs on glass substrate by performing potentiostatic
anodization in EG based electrolyte. As-prepared samples were used for UV-vis
spectroscopic measurements. Obtained transmittance spectrawith interferometric fringes
were used to extract optical constants. Three different dispersion curves for the refractive

indices of TNTAs anodized with different conditions. Swanepeol's method was used to
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extract the optical constants. The dispersion curves in Figure 3- 4 showed that the
refractive indices for TNTAs on glass substrate were varying from 1.7 to 1.6. Tube
lengths were also calculated and were found similar to the actually length. The
comparison with previous works indicates that the surface roughness of glass substrate
can cause non-physical shaped dispersion curve of refractive indices.

Since TNTAs is an anisotropic material with uniaxial structure, the anisotropic

optical properties, will be discussed in Chapter 4.
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Chapter 4. Anisotropic Optical Properties of TiO2
Nanotube Arrays

4.1 Introduction

Anodically formed nanoporous alumina thin films and membranes (AAO) have been
used as a platform to fabricate and investigate metamaterials, particularly because of the
controllable formation of deep sub-wavelength features by a non-lithographic bottom-up
self-organization process[69]. TiO,nanotube arrays (TNTAs) formed by electrochemical
anodization (see Figure 2- 9) constitute a highly ordered and vertically oriented
nanostructure similar to AAO but with some important advantages[21]. The much higher
refractive index of TiO; enables greater refractive index contrast between the TiO, matrix
and the air inclusions. The wall-thickness and inter-tubular spacing of TNTAs can be
tuned within a limited range while the nanotube diameter can be controlled over a much
wider range from 10 nm-1000 nm[70-72]. While aluminum oxide is an insulator, both the
anatase and rutile forms of titanium dioxide are wide bandgap n-type semiconductors,
due to which TNTAs are used as the active layer in photocatalysts[73-75],
photoelectrodes[76-77] and biosensors [27, 78], and as an electron transport layer in
halide perovskite based optoelectronic devices, quantum dots, dye sensitized solar
cells[79-80], organic bulk heterojunction solar cells [81-84], batteries and super-
capacitors[85-87], memristors[88-89]. Furthermore, self-organized TiO, nanotubes have
been used to form 1D, 2D and 3D photonic crystals without recourse to lithographic
patterning[90-97]. Therefore, TiO, nanotube arrays offer a potentially superior platform

for both fundamental studies and practical applications of metamaterials.
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When a weakly anisotropic uniaxial metamaterial such as AAO is filled with noble
metal nanowires, the resulting composite is strongly optically anisotropic with Re(e)) <0
and Re(e;) > 0 over a certain spectral range, relative to the axis of the cylindrical
nanochannels of AAO[98-100]. Such metallodielectricmetamaterials have been used to
demonstrate superlens imaging,broadband negative refraction, high QO-factor refractive
index sensing of analytes and nonlinear optical enhancement[101-104]. However,
metallodielectricmetamaterials are lossy and consequently exhibit limited performance in
a wide range of applications due to energy dissipation. In response, there has been a
concerted move toward all-dielectric metamaterials which exploit optical anisotropy
and/or Mie resonances to generate unusual electromagnetic effects in practical device
applications[105-113]. In contrast to lossy surface plasmonpolaritons, Dyakonov-like
surface wave packets at the interface between optically anisotropic dielectric
nanostructures and an isotropic medium, have shown promise for loss-free
subwavelength directional guiding of light [114-118]. TiO, nanotube arrays are
particularly intriguing platforms for all-dielectric metamaterials because they have two
distinct sources of anisotropy - (i) morphological and (ii) structural/crystallographic. The
source of morphological anisotropy is the uniaxial geometry evident in Figure 2- 3, and is
the same as seen in any array of vertically oriented nanopores or nanorods ("so-called
wire metamaterial"). The structural anisotropy originates in the tendency of the nano-
crystallites constituting the nanotube walls to be either randomly aligned or aligned along
the c-axis of tetragonal anatase and rutile lattice structures, depending on the growth
conditions[119-120]. Since both anatase and rutile are birefringent crystals, aligned

crystallites in the nanotube walls can further amplify the refractive index contrast as
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compared to randomly oriented crystallites. While rutile has a large birefringence (An =
n.—n, ~ 0.27), anatase has a smaller value of An (~ 0.07)[121-122]. The optical
anisotropy in TNTAs has never been previously measured, and all prior reports have
assumed an isotropic permittivity even though TNTAs are clearly uniaxial as seen in
Figure 2- 8. In this report, we measured and modeled the anisotropic permittivity of

TNTASs on Si wafer substrates.

4.2 Experimental

250 nm-thick titanium (purity >99.999%) films were deposited onto piranha-cleaned
n-type <111> oriented silicon wafers by using a planar DC magnetron sputtering system.
The deposition conditions used were designed to maximize film smoothness by recourse
to atomic peening[28]. The lengths of TNTAs are about 600 nm, as shown in Figure 2- 9
(b) and (d), obtained by anodization of the 250 nm Ti layer on Si wafer. The thickness of
the TiO, carpet (i.e. the length of the TNTAs) is dictated by the thickness of the sputter
Ti layer which is varied between 50 to 500 nm. Uniformity of the sputtered Ti film will
be affected by its thickness, in that the thicker the sputtered film the less uniformity it
will have. The refractive indices obtained by effective medium approximations (EMAs),
in this work, are independent of thickness. However, considering that longer nanotubes
will allow more interaction between light and the nanotube material, which can ensure
accuracy of ellipsometry data, the optimal thickness is chosen a balance between the
uniformity of the sputtered Ti layer and the accuracy of the ellipsometry output. On the
basis of our experiments, we found that 250 nm is the optimal thickness of the Ti layer.
TNTAs were fabricated by anodization of Ti thin films in ethylene glycol (EG)-based

organic electrolyte containing 0.09 M (0.3 wt %) NH4F and 9 vol% deionized water at a
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voltage o 40 V vs. a graphite counter-electrode placed at a distance of 2 cm from the
anode. Following anodization, the residual electrolyte and debris were removed by
rinsing the samples with methanol. As-prepared TNTAs samples were then annealed in a
tube furnace at 500°C for 2.5 hours in flowing oxygen to generate TNTAs conforming to
anatase phase. The heating and cooling rates were 5°C min™. Other as-anodized titania
nanotube samples were annealed at 750 °C for 2.5 hours in flowing oxygen to obtain

rutile phase TNTAs.

Morphological characterization of the pore diameter, wall-thickness and length of the
nanotubes was undertaken using a Zeiss Sigma field emission scanning electron
microscope (FESEM). Spectroscopic ellipsometry measurements were carried out, with
a variable angle spectroscopic ellipsometer (VASE WoollamInc., USA) in the 600 nm-
1200 nm wavelength range with a spectral resolution of 1 nm, and at incident angles from
25°to 75° in steps of 25°. In contrast to the square beam spot of UV-vis, ellipsometry has
a circular beam spot with 1 mm diameter. Then three separate sets of data were obtained
at each wavelength. A multilayer model was used for data fitting in order to extract the

thickness and refractive index of each layer.

4.3 Results and Discussion

The morphologies of the TNTAs were shown and discussed in FESEM images
(Figure 2- 9), which illustrate a porous surface with a cylindrical profile (Figure 2- 9 ¢
and d). The nanotubes have an average inner diameter of ~80 nm when annealed at 500

°C (Figure 2- 9 a), and that decreases to ~50 nm when annealing temperature is raised to

750 °C (Figure 2- 9 c). Decrease in inner diameters of the nanotubes by increasing
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annealing temperature may be because of high-temperature induced outward diffusion of
TiO, at 750 °C that narrows down the pores. Moreover, we observed an increase in the
overall external diameter of the TiO, nanotubes than that what is observed in nanotubes
formed by anodization of Ti foil. The overall tube diameter increase may be explained by
the fact we our nanotubes were formed out of sputtered Ti films on Si substrates. It is
well established that sputtered Ti films on non-native substrates, such as Si and fluorine
doped tin oxide (FTO) glass, can differ from Ti foils in their crystalline orientations of
Ti[123]. Differences in crystalline orientation leads to variations in atomic packing
densities resulting in variations in anodic oxidation rates of Ti[124-125]. It is quite
plausible that our Ti sputtered on Si have significantly higher atomic packing density
than the same in Ti foils, resulting in much higher anodic oxidation rate and larger
nanotube diameters. The length of TNTAs are about 600 nm (as shown in Figure 2- 9 b
and d), obtained by anodization of the 250 nm Ti layer on Si wafer. The thickness of the
TiO; carpet (i.e. the length of the TNTAs) is dictated by the thickness of the sputter Ti
layer which is varied between 50 to 500 nm. Uniformity of the sputtered Ti film will be
affected by its thickness, in that the thicker the sputtered film the less uniformity it will
have. The refractive indices obtained by effective medium approximations (EMAs), in
this work, are independent of thickness. However, considering that longer nanotubes will
allow more interaction between light and the nanotube material, which can ensure
accuracy of ellipsometry data, the optimal thickness is chosen a balance between the
uniformity of the sputtered Ti layer and the accuracy of the ellipsometry output. On the

basis of our experiments, we found that 250 nm is the optimal thickness of the Ti layer.
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For ellipsometric analysis of the optical properties of the TNTAs, a necessary
attribute is a highly smooth surface enabling reflectivity measurements. For this reason,
atomically smooth monocrystalline silicon wafers were used as the growth substrate since
we have previously shown that substrate smoothness has a determinative effect on the
uniformity of the resulting nanotubes[123]. Furthermore, sonication and reactive ion
etching treatments used to remove anodization debris subsequent to nanotube growth,
were deliberately avoided since these treatments also produce a higher dispersion in the
heights of the individual nanotubes, which in turn, produces scattering and reduces the
reflectivity. The use of fluoride-bearing ethylene glycol-based electrolytes to perform the
anodic growth of TNTAs without subsequent cleaning typically results in a higher TiO;
fill-fraction than aqueous electrolytes where etching is stronger and no re-deposition of
Ti0, occurs.

The high optical quality of the TNTAs used in this study is evident from the
observation of interferometric fringes in the specular reflection spectra shown in Figure
4- 1(a). Film thickness can be calculated by using the Tcalc function[126], which is as

shown:

d = MAq4y /1)
2(11—Ay) VnZ—sin20 "

In Eqgn. (1), d is the film thickness, M is the number of peaks in the wavelength range
used for calculation, n is the average ordinary refractive index in this case, 0 is the angle
of incidence with respect to the sample, and A, and A, are the start and end wavelengths in
the wavelength range used for calculation. The calculated film thicknesses are 637.81 nm

and 774.18 nm for TNTAs annealed at 500 °C and 750 °C respectively. The calculated
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result is closed to what is observed from the FESEM images, which is about 600nm, as

shown in Figure 2- 9(b) and (d).
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Figure 4- 1(a) Specular and reflection spectra of TNTAs measured in response to unpolarized
light incident on the TNTAs at a 20° angle of incidence. The high reflectance values and clear
interferometric fringes demonstrate the high optical quality of the TNTA samples. Specular and

(b) diffuse reflection spectra of TNTAs measured in response to unpolarized at normal incidence.

Figure 4- 1(b) shows the diffuse reflection spectra, which has very similar patterns
and values with the specular reflection pattern in Figure 4- 1. With the difference
between specular and diffuse reflectance being very small, we can safely put the

assumption that the scattering effect is negligible in this experiment.

When the feature size of the structure, in this case the wall thickness (~20nm) is
much smaller than the wavelength of incident light (hundreds of nanometers), effective
medium approximations (EMAs) can be used to obtain the effective optical properties of
nanocomposites. For a two-component medium such as shown in Figure 2- 8,Bruggeman

(BR) and Maxwell-Garnett (MG) are the most frequently used EMAs. While BR theory
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applies for all filling fractions of the two components, MG theory is only valid for dilute
systems wherein the volumetric filling fraction of the guest material in the host matrix is
low. Since the titania component has a high filling fraction in the nanotube arrays as
shown in Figure 2- 9, we decided to use the BR approximation for uniaxial media
according to which the ordinary (g,) and extraordinary (e,) components of the effective

permittivity are given by [127]

(A=1)ey=2,) S (Er0=5,) _
B @)
(€4 +E,)/2 (&rio, + 50)/2

(A-ew =) , S0 =2)

& &

e e

=0 3)

Eqns. (2) and (3) highlight the importance of first estimating the volumetric fill fraction f
of TiO; in the air matrix in the TNTAs. f depends on the diameter, wall-thickness and
packing of the nanotubes, and can vary substantially for different growth conditions e.g.

varied anodization and etching conditions. For the TNTAs in Figure 2- 8,/ is given by

[128-129]
2(a—b) _((a—b)jz
_a a
TR (2
T 2a

wherea is the outer radius of the nanotubes, b is the inner radius and £ is the center-to-

center spacing as shown in Figure 4- 2. Applying Eqn. (4) to the dimensions of the
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TNTAs in this study (see Figure 2- 9), we found f= 0.62 for the anatase-phase TNTAs

and /= 0.68 for anatase-rutile mixed phase TNTAs.

N
v

Figure 4- 2 Geometry of the nanotube architecture used in effective medium calculations.

The BR expressions in Eqns (2) and (3) for the effective optical permittivity do not
take into account the cylindrical symmetry of the two-component uniaxial medium
constituted by the TNTAs. For an array of vertically oriented, parallel cylinders and

cylindrical shells (assumed infinite in length), the effective permittivities of the

1
eff

. parallel to, and &

nanocomposite & perpendicular to the axes of the cylinders are

given by [130]
| I
Ecff = Eqir T f (ETioz—Eair) (5)
el = e (1 +2f —LL )6
eff air (1—fderr ] (6)
In (5) and (6),
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With ¢, the same as¢,, and ¢, the same as ¢,. The extinction coefficient k (imaginary

part of the complex refractive index) of the TNTAs is assumed to be negligibly small,
which is a valid assumption for wavelengths larger than 600 nm, since the sub-bandgap
absorption of TNTAs due to defects and impurities typically extends only to ~ 600
nm[131]. Since the optical extinction of TiO; inclusive of the Urbach tail can be ignored
in the wavelength region of interest (600 nm — 1200 nm), the effective refractive index
ner 1S given by the square-root of the effective optical permittivity. The effective ordinary
and extraordinary refractive indices of TNTAs calculated using the published values for
the permittivity of polycrystalline TiO,[132],and the equations for a Bruggeman medium
(BR) and a medium containing vertically oriented, parallel cylindrical inclusions (CYL),

are shown in Figure 4- 3.
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Figure 4- 3 Anisotropic refractive index of TNTAs constituted by (a) Anatase-phase TiO,
and (b) Rutile-phase TiO,, calculated using the BR and CYL effective medium
approximations, see Eqns (1) through (6).
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The rutile phase of TiO, has a much higher refractive index than anatase, a fact
reflected in Figure 4- 3 in the values of both the refractive index for extraordinary rays 7,
and the refractive index for ordinary rays n,being higher for rutile-phase TNTAs
compared to anatase-phase TNTAs. Figure 4- 3 indicates n, to be significantly higher
than n, for all the cases considered, and such a high directional refractive index contrast
due to anisotropy is desirable for all-dielectric metamaterials as previously discussed.
However, the calculated birefringence (An = n.—n,) is smaller when using the BR

effective medium approximation.

Variable angle spectroscopic ellipsometry (VASE) [133] is a powerful non-
destructive technique for optical and electronic characterization of materials. It measures
the change in polarization state of transmitted or reflected light from a sample surface.
Variable angle measurements help to filter multiple solutions of the ellipsometric
equation set, and help choose the true solution[134], while the spectroscopic
measurements enhance the information content by providing the dispersion of optical
parameters[135]. The interaction of polarized light with a medium is described by the
complex Fresnel reflection coefficients 7, and 7,(for s- and p- polarized light respectively)
which link the amplitude and phase of the reflected light to the incident light. The
measured quantity (a ratio of the Fresnel coefficients) is usually expressed as a function

of Wand A[133]

r
P __ iA
7 =tan ¥ e (8)

The refractive index (n) and extinction coefficient (k) which are analytically related

to these two parameters (‘WandA) can thus be measured using ellipsometry at an oblique
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incidence. By applying a numerical analysis based on a mathematical model of the
optical dispersion of the medium, parameters such as the thickness and optical constants
of a certain layer of the multilayer sample can be determined.

The collected data is shown in Figure 4- 4, which are dispersion patterns of the
measured quantities Wand A. The determination of the optical parameters is based on
choosing the appropriate model that enables the best fitting of these dispersion curves. A
three-layer model was first built for data fitting. The bottom layer in this model was the
monocrystalline silicon substrate. The second layer consisted of the oxide barrier layer
which is transparent in the measurement wavelength range. Therefore the Cauchy model
which is an empirical relationship between the refractive index and optical wavelength
for transparent materials[136] was selected to describe the optical dispersion of the oxide
barrier layer. The top layer in the three-layer model was the TNTA layer, which was first
considered to be isotropic, so that it could be represented by the Cauchy model and
parameters extracted for use as intelligent starting parameters in later fitting models
incorporating anisotropy. The generated ¥ and Adispersions are shown in Figure 4- 4(a)
and (b). We can see from the dispersion that the generated delta dispersion matched the
experimental data qualitatively, however, the generated W data did not fit the
experimental data very well. Uniaxial anisotropy was then added to the top Cauchy layer.
Following the anisotropic fitting procedure provided by J. A.Woollam[137], the fit
improved compared to the isotropic model. The generated ¥ and A dispersions for the
anisotropic model are shown in Figure 4- 4(c) and 7(d) where both the generated

dispersions show a good match with the experimental data.
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Figure 4- 4Ellipsometric dispersion patterns including measured experimental data (solid

lines) and generated curves from best-fit models (dotted lines) for three different angles of
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incidence. Panels (a), (¢) and (e) correspond to anatase-phase TNTAs while panels (b), (d) and
(f) correspond to rutiletanatase mixed phase TNTAs. While panels (a) and (b) show the
results of isotropic fits to the ¥ and A spectra of anatase-phase TNTAs, panels (¢) and (d)
show the anisotropic fitting data for anatase-phase TNTAs. (e)and (f) show the experimental

data and anisotropic curve fits for rutilet+anatase mixed phase TNTAs.

The uniaxial fit indicated a layer thickness of 440.9 nm for the TNTAs which is very
close to the length of the nanotubes measured in the FESEM image (Figure 2- 9 d).
Figure 4- 5 (a) shows the ordinary (n,) and extraordinary (n.) refractive indices of the
anatase-phase TNTA layer determined from experimental data, as a function of
wavelength. Both n, and n, for anatase-phase TNTAs show the same trend as bulk
anatase[121-122], but are smaller in magnitude due to the presence of air. The dispersion
of the birefringence (A4n) was calculated andis displayed in Figure 4- 5(c), which shows
that the anatase-phase TNTAs are a positive birefringent material wherein the
birefringence decreases with increasing wavelength. The same procedure was repeated
rutiletanatase mixed phase TNTAs obtained by annealing at 750 °C, and the generated ¥
and A dispersions are shown in Figure 4- 4 (e) and (f). The extracted refractive indices
and birefringence dispersion rutile+anatase mixed phase TNTAs are shown in Figure 4- 5
(c) and(d), and found to be slightly higher than those of the pure anatase TNTAs. The
magnitude of the birefringence of the anatase-phase TNTAs in this study (0.06 - 0.13) is
higher than that of bulk anatase single crystals - which indicates the role of the nanotube
geometry in achieving a higher optical anisotropy. On the other hand, the magnitude of
the birefringence of the mixed-phase TNTAs in this study (0.06 - 0.15) is lower than that

of bulk rutile single crystals due to the lack of phase-purity. The experimentally
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determined values for the refractive index and birefringence of the TNTAs in Figure 4- 5
match better with the corresponding values calculated from BR effective medium

approximations rather than the CYL EMA.
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Figure 4- 5 Ordinary and extraordinary refractive indices dispersion pattern of (a) anatase
TNTAs and(b) rutiletanatase mixed-phase TNTAs. And birefringence dispersion
patterns for (c) anatase TNTAs and(d) rutile+anatase mixed-phase TNTAs.

The TNTAs act as photonic crystals which exhibit strong interaction with light. The
average refractive index of TNTAs is approximately 2, hence when the incidence light is
in the visible region, the wavelength of light interacted with the nanostructure will be
~300nm. From Figure 2- 9, we can see that the TNTA structures have the periodicity

around 150nm, which meets the requirement for a periodic dielectric material to be
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photonic crystal that its periodicity should be on the order of half of the light wavelength.

Light diffraction can also be observed visually from the sample surface.

4.4  Summary

In summary, we obtained the refractive indices for the propagation of ordinary and
extraordinary rays in titania nanotube arrays. We fabricated smooth TNTAs with
specularly reflecting surfaces on a silicon wafer substrate and investigated their
anisotropic optical properties using variable angle spectroscopic ellipsometry. A uniaxial
Cauchy model was used to extract optical constants from the experimental data.
Comparison of FESEM imaging and ellipsometry analysis permitted us to deduce the
thickness of the anatase NTAs layer to be 441 nm, and that of the mixed phase
anatasetrutile TNTAs to be 570 nm. Both anatase-phase and mixed phase TNTAs
exhibited positive birefringence. In the visible-near infrared spectra range of 600
nm—1200 nm, the ordinary refractive indices of anatase-phase TNTAs showed a
decreasing trend from 1.87 to 1.73, and 2.00 to 1.87 for mixed phase TNTAs while the
extraordinary refractive indices showed a similar trend decreasing from 2.00 to 1.85 for

anatase-phase TNTAs and 2.15 to 1.97 for mixed phase anatase+rutile TNTAs.
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Chapter S.  Conclusion and Future Works

5.1 Summary and results

This chapter summarizes: the process protocols used to form the rutile phase TNTAs
on Ti foil and also on Si substrate; key characteristics of the TNTAs that are inferred
from their XRD patterns ad Raman spectra; and isotropic and anisotropic optical
properties of the TNTAs grown on Si substrate.

5.1.1 Fabrication of rutile phase TNTAs

Anodically formed TNTAs were obtained onglass, silicon, and native substrate (i.eTi
foil). Both (EG)-based organic electrolyte containing 0.09 M (0.3 wt %) NH4F and 9 vol%
deionized water, and aqueous electrolytes containing 1 vol% hydrofluoric acid, and 8 vol%
acetic acid were used in potentiostatic anodization. Crystallized TNTAs were obtained by
performing annealing in a tube furnace with flowing oxygen. Anatase phase TNTAs was
formed at temperatures close to 400 °C. Rutile phase becomes dominant with temperature
above 700 °C in TNTAs grown on Ti foil, and it is 29 % of the mixed anatase and rutile
TNTASs that are formed on Si substrate, by 750 °C annealing. TNTAs grown on Ti foils
form 100 % rutile as well as square pore morphology (as opposed to pseudo-circular pore
morphology in regular TNTAs), when they were annealed in tube furnace at 450 C for 30
minutes followed by propane flame annealing.

XRD and Raman spectroscopy confirmed the existence of pure rutile phase in high
temperature annealed TNTAs anodized in both aqueous and EG based electrolyte.
However, TNTAs formed on Si substrates that are anodized in EG based electrolyte

partly rutile crystallized. Raman spectra of the TNTAs are consistent with XRD data in
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that Raman modes distinct to rutile appeared in the flame annealed and high temperature
annealed TNTAs, which are grown on Ti foils using aqueous electrolyte. Predominance
of anatase Raman modes are observed for 750 °C annealed mixed phase TNTAs formed
on Si substrate. Phonon confinement effect was analyzed by quantitative analysis of
theRaman spectra, which revealed a distinct crystallite-size related broadening of Raman

peaks ofthe TNTAs annealed at 500 °C.

5.1.2 Isotropic Optical Properties of TNTAs

Swanepeol’s method was used to extract the refractive indices and film thickness of
TNTAs fabricated on glass substrate. By measuring three TNTAs in different anodization
conditions, I have obtained that their refractive index dispersions with wavelength are
between 1.7 and 1.55. Theobtained refractive index dispersions were compared with the
results in previous work. Their tube lengths are varying from 1 to 2.6 pm in the visible

spectra range of 350 nm—800 nm depending on different anodization conditions.

5.1.3 Anisotropic Optical Properties of TNTAs

Anisotropic refractive indices of ordinary and extraordinary rays were extracted
using variable angle spectroscopic ellipsometry. By fitting the ellipsometry data with a
uniaxial Cauchy model, I have found that both anatase-phase and mixed phase TNTAs
exhibited positive birefringence. In the spectra range of 600 nm—1200 nm, the ordinary
refractive indices of anatase-phase and mixed phased TNTAs was varying from 1.87 to

1.73, and 2.00 to 1.87, respectively, while the extraordinary refractive indices showed a
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similar trend decreasing from 2.00 to 1.85 and 2.15 to 1.97 for anatase-phase TNTAs and
mixed phase anatase+rutile TNTAs, respectively. Such results were compared and found
acceptable with effective media approximation using Bruggeman model and Maxwell-

Garnett model.

5.2 Future Work

Using the feature of TNTAs by different surface functionalization schemes, high
performance photocatalysisapplications can be envisioned. The optical properties can be
changed with decorating TNTAs with different materials. Such work will significantly
enhance the performances of photocatalysis and light harvesting devices.

There is a strong motivation to construct TiO,-noble metal composites such as Ti-Au
nanotubes which can provide localized surface plasmon resonance induced improvement
in function and performance in optical through the enhancement of local electromagnetic
fields. Nanostructured gold can harvest visible and near-infrared light, and generate and
inject hot electrons into T10,[138-139]. Electrochemical anodization can be used on stack
layered titanium-gold thin films to synthesize gold embedded titania nanotubes. In such
materials and designs, I can applyboth ellipsometry and transmittance spectra fringes
measurements to investigate the optical properties of nanotubes formed on Ti-Au co-
deposited substrates.

Titanium nitride also exhibits interesting optical properties, like localized surface
plasmon resonance and surface enhanced Raman scattering.It is also a material that can
be used in functionalizing TNTAs, and the resulting nanocomposites can be applied for
potentially enhanced performance in applications, such as photocatalysis[ 140].TiNcan be

deposited onto TNTAs by using atomic layer deposition (ALD), and isotropic
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ellipsometrycan be performed to investigate optical properties of TiN coated TNTAs.

Such results can be compared with effective medium approximation.
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