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Metamaterials are artificially structured composite materials made of natural ma-
terials, and obtained by periodically repeating in space a unit cell termed a “meta-atom”
that is analogous to the atom in natural materials. The properties of the metamaterials
depend on the resonances of the geometrical structure as well as the constituent materials.
For a fixed set of constituent materials, the metamaterials properties can be completely
changed by changing merely the structural geometry. Metamaterials show some unusual
electromagnetic/optical properties and light-matter interaction phenomena, which are not
easily observed in natural materials. In natural materials, the optical anisotropy is usu-
ally very small and crystals usually possess orthorhombic symmetry. There are no natural
materials having optical anisotropy with cylindrical or the spherical symmetries. The de-
velopment of metamaterials break down these limitations. Incorporating such anisotropic
metamaterials in waveguides or optical fibers give rise to very interesting novel properties
compared to conventional waveguides or conventional optical fibers. In this thesis, we

principally develop such nanostructured optical anisotropic fibers made of metamaterials



and study the electromagnetic modes in such waveguides filled or clad with anisotropic

materials.

To design the metamaterials, in different frequency ranges of the electromagnetic
spectrum, different kinds of fabrication techniques such as mechanical machining, opti-
cal lithography, chemical, deposition techniques, focused ion beam (FIB), electron beam
lithography (EBL), laser micro-machining etc. are available. Fabrication of metamaterials
for the visible range of frequencies is difficult because of the requirement of sub-micron
size of the unit cell that arises from requirements of homogenization. There are few
methods such as FIB, EBL by which nano structuring can be carried out at these length
scale. But using these methods, only a very small area can be structured in costly and
time consuming manners. Template methods are very good processes to fabricate nanos-
tructures. To fabricate one dimensional nanostructures such as nanowires, nanoporous
alumina can be used as templates. Using this method very high aspect ratio nanowires
of metals, nonmetal, polymers materials including ordered carbon nanotubes, nano par-
ticles can be made over large areas of few centimeter squares to meters squares quickly,
which is probably unachievable by any other technique. Nanoporous alumina are alu-
minium oxides having nanopores and obtained by anodization of the aluminium metal in
an acidic environment. Anodization of a planar aluminium sheet gives planar nanoporous
alumina in which the nanopores have hexagonal arrangement on the sheet surface and
oriented perpendicular to the sheet surface. The nanopore organization, diameter or size,
interpore distance, orientation and uniformity depend on various parameters such as the
purity of aluminium sheet, surface roughness, anodization electrolyte, anodization voltage
or current, solution temperature etc. We have used nanoporous alumina for our meta-
material fabrication in the planar and the cylindrical geometries, and we studied their
optical properties of the resulting metamaterial structures. We present unique microwires
made of nanoporous alumina with continuous pores that are oriented radially outwards,

which can also be filled with plasmonic metals.

This thesis introduces a truly three dimensional nanostructured cylindrical meta-
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material optical fiber, possibly for the first time in the field of metamaterials. These
metamaterials are radially inhomogeneous with cylindrical anisotropy, and easy to fabri-
cate in a cost effective manner over large scales quickly. These can be made to operate
over a very wide range of electromagnetic spectrum from terahertz to optical frequencies,
and have potential applications across branches of physics, engineering and biology. These
nanoporous metamaterials are comparatively simple to fabricate, but have elegant prop-
erties. We have investigated the properties of the anisotropic metamaterial waveguides,
and inhomogeneous and anisotropic metamaterial waveguides formed by such nanoporous
alumina microtube that could also be embedded with plasmonic nanowires. We show that
our cylindrical metamaterials can be used as anisotropic metamaterial waveguides or op-
tical fibers that can support novel kinds of modes described by Bessel functions with
imaginary or complex orders. Optical scattering of these systems and fluorescence from
molecules placed in them also have been investigated. Our development can now enable
many theoretical proposals in the area of metamaterials that have otherwise remained

only hypothetical. The chapter wise summary of the thesis is given below.

The Chapter 1 gives an introduction to the subject matter of the thesis and cov-
ers the basic concepts of metamaterials and optical anisotropy including cases of ex-
treme anisotropy when hyperbolic dispersion results. We discuss the classification of the
electromagnetic metamaterials and the fabrication techniques used by us, namely, the
nanoporous alumina template method in details. We introduce and discuss small amount
of the previous theoretical and experimental works that try to implement metamaterials
within waveguides and optical fibers, and suggest that systems may give rise to very inter-
esting properties that are not possible in the ordinary fibers or waveguides. Since in our
thesis, we use the finite element method (FEM) based COMSOL Multiphysics modeling
software, therefore, we briefly introduce the FEM numerical technique and its implemen-
tation in the COMSOL multiphysics software to model electromagnetic problems. At the

end of this chapter, we discuss the organization of the other chapters.

Chapter 2 is dedicated to describing the fabrication techniques for the cylindrical
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metamaterials that are central to the thesis. Anodization of planar aluminium sheets
of high purity at optimized parameters to give planar nanoporous alumina with highly
hexagonal ordered and uniform nanopores is described. Changing the organization of the
nanopores arrangement using pre-textured aluminium sheets are discussed, and it is shown
the nanopores can be easily forced to arrange linearly along meso-scale scratch marks on
the aluminium sheet. In general, aluminium metal of any shape can be anodized and we
adopted the process to the anodization of aluminium microwires of circular cross-sections
of sub-hundred micron diameters to yield nanoporous alumina with radially emanating
nanopores along the circular cross section that we term as cylindrical nanoporous alumina.
Since the anodization of the aluminium microwire starts from the surface, therefore, in the
cylindrical nanoporous alumina the nanopores are oriented along the radial direction of
the microwire and the nanopore size and interpore separation distance decrease towards
the axis of the microwire. The microwire can not be anodized completely up to the
center, and an aluminium core is left behind which can be removed by chemical etching if
necessary. We have also electrodeposited silver nanowires into the nanopores of the planar

nanoporous alumina as well as in the nanopores of the cylindrical nanoporous alumina.

In Chapter 3, we discussed the homogenization of nanoporous alumina material for
determination of a homogenized dielectric permiitivity tensor. Planar nanoporous alu-
mina can be homogenized using the Maxwell-Garnett homogenization theory to obtain
the effective dielectric permittivity. The fill fraction of the nanopore in planar nanoporous
alumina is constant, and the system is effectively homogeneous and anisotropic for visible
and infrared light. We model the structure of the cylindrical nanoporous alumina as an
inhomogeneous and anisotropic medium due to the variation of the nanopore diameter
and the interpores distance along the radius of the microwire. This necessitates the de-
scription by a local homogenization procedure. We homogenize the cylindrical nanoporous
alumina by using the techniques of transformation optics and Maxwell-Garnett homoge-
nization theory to obtain the effective dielectric parameters. Effectively, the cylindrical

nanoporous alumina is an inhomogeneous as well as an anisotropic system for radiation

v



with wavelengths greater than a few hundred nanometers.

In Chapter 4, we discuss the light guiding properties of the cylindrical nanoporous
alumina. To see the effect of the anisotropy, we assume that the cylindrical nanoporous
alumina are homogeneously filled and anisotropic. We derived the general mathemati-
cal modal analysis of the homogeneously filled and anisotropic waveguide in the coaxial
geometry and develop the quantitative analysis of the cylindrical nanoporous alumina
microtube as metamaterial waveguide. In the cylindrical nanoporous alumina waveg-
uide, the modes are described by Bessel functions with integral, fractional, imaginary and
complex orders while in the isotropic waveguides there are only integral order Bessel func-
tions describe the solutions. The light confinement in the cylindrical nanoporous alumina
waveguides are much higher than in the ordinary isotropic waveguides. In the case of the
imaginary order modes, the mode fills out the whole volume while concentrating towards
the center of the waveguide as the order increases. In contrast, it is well known that in
the isotropic waveguides as the order increases the electromagnetic fields shift away from
the center of the waveguide towards the periphery, which are whispering gallery modes.
The modal dispersions of the cylindrical nanoporous alumina waveguides show backward
wave propagation. The silver nanowire filled cylindrical nanoporous alumina waveguides

are quite lossy due to the metallic inclusions.

In Chapter 5, we lift the approximation of homogeneously filling of the waveguide
and study the light guiding properties of the inhomogeneously filled and anisotropic waveg-
uides. We shown analytically that in the inhomogeneous and anisotropic case, the modes
are coupled even if there is perfect electric conductor (PEC) condition in the core and at
the outer region. The analytical solution can not be found in closed form in general and
we carried out the FEM based COMSOL modeling of the inhomogeneous and anisotropic
nanoporous alumina fiber. We found that there can be extremely high confinement of the

modes.

Chapter 6 presents the light scattering properties of planar and cylindrical nanoporous



alumina as well as studies on the fluorescence of molecules placed in these systems. The
planar nanoporous alumina with linearly aligned nanopores show polarization sensitive
scattering behavior with light. The darkfield and brightfield microscopy show that the
gold coated planar nanoporous alumina with linearly organized nanopores are more scat-
tering if the incident light polarization is along the nanopores alignment than if the light
the polarization perpendicular to the nanopore alignment. Fluorescent dye molecules,
Rhodamine-6G (R6G) doped in the poly-methyl-methacrylate (PMMA), were coated on
planar nanoporous alumina (gold coated otherwise). We found that the fluorescence from
the R6G coated planar nanoporous alumina get highly enhanced, while the fluorescence
signal from R6G with gold coated planar nanoporous alumina was quenched because of
the interaction with surface plasmons on the gold-nanoporous alumina interface. The
silver nanowire deposited cylindrical nanoporous alumina show high scattering and plas-
monic behavior. The nanopores of the cylindrical nanoporous alumina were filled with
R6G molecule by immersing it into a solution of R6G in chlorobenzene. We measured
the fluorescence properties and found a similar fluorescence characteristic like the planar
nanoporous alumina. The fluorescence signal was much enhanced on the R6G coated
cylindrical nanoporous alumina while it was quenched on the R6G coated on the silver

nanowire filled cylindrical nanoporous alumina.

In the last Chapter 7, we summarize the thesis and discuss about the future scope
of planar and the cylindrical nanoporous alumina. The cylindrical nanoporous alumina
waveguides and fibers have structured nature, hence will always have scattering and ab-
sorbing losses and are not suitable for communication but have enormous potential for
good couplers, sensors and non-linear applications. Some thermal applications such as
wetting and evaporation dynamics of water on planar and cylindrical nanoporous alumina
have been also investigated by us apart from the work in this thesis. We believe that such
thin nanoporous alumina microtubes have been investigated for the first time. A lot of
future work is required for the optimization of the synthesis, and applications of this very

promising system.
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Chapter 1

Introduction

1.1 Introduction to Metamaterials

The optical properties of various materials and crystals have been studied extensively
and their optical phenomena such as refraction, polarization, birefringence, linear and
non-linear effects etc. are well known [1-5]. The devices have to be designed according
to the properties of the materials because the materials properties can not be changed.
Most of the crystals are optically anisotropic with their optical properties arising from
the atomic/molecular polarizabilities and the arrangement of the atoms in the materi-
als [1,3,4]. The anisotropy in natural crystals is, however, very small and the optical
anisotropy can be changed only to a small extent by applying external fields or stresses.
Usually crystals have orthorhombic symmetries and there are no cylindrically or spheri-
cally symmetric anisotropies in the natural crystals. Over the last couple of decades, a new
class of materials are called ‘Metamaterials’, whose electromagnetic or optical properties
can be obtained according to the need [6-8] have been developed. Metamaterials are ar-
tificially designed structured composite materials that utilize resonances of the structure
to control and manipulate the waves and the physical phenomena in them. Properties
of the metamaterials depend on the constituent materials used in their construction as

well as the geometrical structures. Metamaterials are typically obtained by periodically
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repeating a unit cell called meta-atom that is analogous to an atom or a molecule in
natural materials. These metamaterials can show properties that usually are not found
in natural materials. In general, metamaterials can be designed for any kind of waves
such as electromagnetic waves, acoustic waves, seismic and magnetic spin waves or any
other type of waves, but here in this thesis, our interest is only on metamaterials for
electromagnetic waves with frequencies ranging from microwave (10? Hz) to optical waves
(10% Hz). Metamaterials are being used for sub-wavelength imaging, superlens, enhanced

spontaneous emission, electromagnetic invisibility and in non-linear applications [7,8].

In metamaterials, the anisotropy can be changed literally at will. Some of them
even show indefinite behavior for the response tensor [9], which we shall discuss in the
next section. Most of the metamaterials are planar structured metamaterials and provide
novel responses only for waves polarized or incident in specific directions. Thus, unless
designed for isotropic responses, most metamaterials are intrinsically anisotropic. For
example, unidirectionally oriented dilute arrays metal microwires function as a homoge-
neous medium which have very low plasma frequency (10° Hz) and this metal microwire
array medium has uniaxial anisotropy, But if the microwires were uniformly oriented
along all the three directions then the medium would become isotropic [10,11], but would
also have a very small plasma frequency. Some researchers have demonstrated layered
structured metamaterials in half-cylindrical shaped and rolled metamaterials that have
cylindrical symmetry [12-15]. We also note that field cloaking devices mostly are with
cylindrical symmetry [16-18], where these new structured materials play a central role.
But these devices spanning along the longitudinal direction (cylindrical axis) are only a
single meta-atom, and effectively, they appear as two dimensional circular objects due
to the axis of invariance. An optical cloak in the visible frequency made of tiny prolate
spheroids oriented along the radial direction in a cylindrical dielectric medium has also
been theoretically discussed [17]. In a similar manner, an optical cloak, which was made
of uniform metal nanowires embedded in a dielectric medium, was also shown theoreti-

cally only [18]. But no one has yet demonstrated practically radially oriented nanowires
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cylindrical system.

In this thesis, we report on the fabrication, characterization and some applications
of radially structured anisotropic metamaterials with cylindrical symmetry. These meta-
materials are truly nano-structured in a three dimensional sense and can be produced
on very large scales in a cost effective manner. These cylindrical metamaterials are not
be limited just to optical applications, but several other applications including thermal
engineering applications, are possible. In the present chapter, we shall introduce the basic
concepts and tools, which will be needed to understand the electromagnetic properties of
cylindrical metamaterials that are the focus of our thesis. In the rest of the chapters, the
fabrication, characterization, modeling and some applications of the radially structured

cylindrical metamaterials are discussed.

1.1.1 Classification of Metamaterials

Since the metamaterials are composite materials, therefore, they are inhomogeneous at
the subwavelength/micron/nano scale but can be described as a homogeneous medium
on length-scales much larger than the wavelength. Homogenization techniques such as
Maxwell-Garnett, Bruggeman formalism, field averaging etc. are deduce to get the ef-
fective parameters that describe the wave propagation in the metamaterials. For valid
homogenization, the size of the unit cell of the metamaterials should be electrically or
magnetically small. We will discuss the Maxwell-Garnett homogenization technique in
the cylindrical geometry in Chapter 3. The effective permittivity and effective permeabil-
ity are two possible parameters by which the metamaterials properties can be described.
By designing the metamaterials with the possible the effective permittivity and effective

permeability, the physical phenomena in the metamaterials can be controlled.

In general, the effective permittivity and effective permeability of an isotropic meta-
material are complex functions of frequency. In metamaterials, the numerical value of

the real part of the effective material parameters may be positive or negative. For the
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Figure 1.1: A schematic diagram to show the material classification based on the real
parts of the material parameters ¢ and p plotted along the z and y axes respectively. Here
we only consider isotropic media. The decaying curved line represents the evanescent wave
while the oscillatory line represents the propagating wave.
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sake of simplicity to classify the materials, we here consider then to be isotropic and
lossless when the imaginary part of the medium parameters may be considered to be
negligible. Figure 1.1 show a general classification of materials based on the permittiv-
ity (¢) and permeability () components. The first quadrant corresponds to media with
both parameters being positive called double positive (DPS) media. Most of the natural
materials lie in this region. The electric field (E), magnetic field (FI ) and propagation
vector (l;) of the electromagnetic wave form a right handed triad. Hence, the materials
that lies in this quadrant are called right handed materials (RHM) also. If either of the
parameters, the permittivity or the permeability become negative, then the metamateri-
als are said to be single negative metamaterials (SNG) and these lie in the second and
fourth quadrants of Fig. 1.1. The most interesting case occurs when both the parameters
simultaneously become negative, then the metamaterials are said to be double negative
metamaterials(DNG) and lie in the fourth quadrant as shown in the Fig. 1.1. If both
the parameters become negative, then negative refraction is possible. In this region, the
vectors E, H and k form a left handed triad, and are called left handed materials (LHM).

Metamaterials can be designed to correspond to any one of these four quadrants.

In general, metamaterials are anisotropic too and their material parameters are
described by second ranked tensors. We know that the anisotropic materials posses a
large variety of interesting properties that are not present in isotropic materials. One
classification that can be made for anisotropic metamaterials depends on the behavior of
the dispersion relations or on the sign of the eigenvalues of the material parameter tensors.
Since the dispersion of a wave in a biaxial anisotropic medium is quite complicated [19],
we shall discuss this aspect in the case of uniaxial dielectric anisotropic metamaterials.
Consider an uniaxial non-magnetic (i = po(1,1,1)) medium in which the permittivity
tensor is € = gg(&, €4, €,). In this medium the dispersion relation is given by the following

expression

z

k§+k§+k_2: (a;)?' (1.1)

€, €x c
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Figure 1.2: The iso-frequency surfaces of an uni-axial non-magnetic material. (a) The
iso-frequency surface is an ellipsoid if ¢, > 0 and €, > 0. (b) The hyperboloid of one
sheet for e, < 0 < e,. (c¢) The hyperboloid of two sheets for €, < 0 < ¢,.

If in Eq. (1.1), the e, > 0 and e, > 0, then the iso-frequency surfaces (w=constant)
would be ellipsoids as shown in Fig. 1.2(a). This happens in all natural materials and
most metamaterials as well. If in Eq. (1.1), the metamaterial has e, < 0 and &, > 0, then
the iso-frequency surfaces would be hyperboloids of one sheet (Fig. 1.2(b)). If ¢, > 0 and
£, < 0 for the metamaterials, then the iso-frequency surfaces would be hyperboloids of
two sheets (Fig. 1.2(c)). The second and third cases have an extreme anisotropy and the
corresponding metamaterials are defined as indefinite metamaterials as the eigenvalues
of the permittivity matrix have no definite sign, or as hyperbolic metamaterials [9] as the
dispersion equation becomes hyperbolic. The hyperbolic metamaterials can be resonance

free and typically exhibit lower losses than the resonant metamaterials.

In general, metamaterials can be fabricated over most of the applicable electromag-
netic spectrum from microwaves to optical frequencies. Metamaterials can be classified on
the basis of the wavelength or frequency regime also. Then the wavelengths are approx-
imately 100 pgm to 1 dm, the metamaterials are microwave metamaterials because their
resonance frequencies lie in gigahertz range [10,11]. In the far infrared regime (approx-
imately 10 um to 100 pm wavelengths) the resonance frequencies lie in terahertz region

and the metamaterials are called terahertz metamaterials [20-22]. Up to the terahertz
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Figure 1.3: The schematic of two types of the hyperbolic metamaterials. (a) The alter-
nating electrically thin layers of metal and dielectric (b) the metal nanowires of electrically
small diameters embedded in a dielectric host gives the metamaterial of non-resonant type.

(a)

frequencies, metals used in the construction of metamaterials can be considered as per-
fect or ohmic conductors. Infrared metamaterials are those with resonance frequencies
at long wave infrared to the short infrared (A ~ 20 — 2um). Metamaterials with smaller
resonance wavelengths are known as near-infrared or optical metamaterials. At these
large frequencies, the electronic inertia (mass) considerably affects the performance and
the skin depth () has to be properly accounted to describe the resonance. In the visible
range, the resonances of metamaterials can occur due to surface plasmon excitations, and
hence, such metamaterials are called plasmonic metamaterials [17,23,24]. In many cases,
the metamaterial unit cell becomes comparable with the wavelength of the interacting
radiation, and in those cases the metamaterials would be more aptly termed as photonic
metamaterials [25-27]. Some very simple and practically possible examples of hyperbolic
metamaterials are the layered metamaterials [12] and nanowire metamaterials [28]. In

Fig. 1.3, these examples of hyperbolic metamaterials are schematically shown.

A metamaterial with alternating layers of a metal and a dielectric effectively behaves
as a hyperbolic metamaterial as shown in Fig. 1.3(a). Consider a layered hyperbolic

medium that is made of alternate layers of electrically thin films of silica (SiOs) and
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silver metal with film thicknesses of d; and ds respectively. The effective permittivity
can be obtained by noting the requirement of field continuity. If the layers are very thin,
then the fields in them can be assumed to be effectively uniform. If the field is incident
parallel to the interface of the thin films then the electric field components E; and F,
in the two media on either side of an interface will be continuous. Therefore, averaging
the displacement field across the interface, the parallel component of the relative effective

permittivity can be written as
&1 + e21m

W=y (1.2)

where 7 = dy/dy. If the incident field is perpendicular to the thin films interface, then
the displacement field components D; and D, will be continuous. Therefore, averag-
ing the electric field components, the perpendicular component of the relative effective
permittivity can be obtained as )

L4

=tz 1.3
EL 1+n ( )

The components g and £, with the frequency are plotted in Fig. 1.4. The data of
silica has been taken from the optical constant handbook [1] and Drude-Lorentz model
used for silver metal. We see a resonance in the permittivity, as shown in Fig. 1.4.
Further, we note the hyperbolic dispersion that becomes possible for both frequencies

below (g < 0,6, > 0) and above (¢ > 0,e; < 0) the resonance frequency.

Plasmonic nanowires embedded in a dielectric medium as shown in Fig. 1.3(b)
show hyperbolic dispersion too. Now consider a medium in which silver metal nanowires
of electrically small diameters are embedded, oriented along one direction in a silica
matrix. Let f be the fill fraction of the nanowires in the silica matrix. Applying the
similar approch of field averaging we shall find the effective permittivity components of
the nanowire hyperbolic media. If the incident field is along the nanowires direction then
the electric field components will be continuous at the interface of the silver nanowire

and the silica matrix, therefore, averaging the electric displacement gives the parallel
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Figure 1.4:  Plots effective permittivity components ¢ and e, of layered hyperbolic
metamaterials made of alternate layers of silica and silver metal. (a) n = 1.5 and (b)
n = 0.5. The data of the silica taken from optical constant handbook and Drude-Lorentz
model used for silver metal.

components of the permittivity component as

gl = (1= fer + fea. (1.4)

On the other hand, £, can be obtained by some homogenization procedure (see Chapter
3). Figure 1.5 shows the dispersion of a nanowire metamaterials where the silver nanowires

are embedded along one direction in silica matrix.

Up to here, we have discussed briefly about metamaterials and their classifications.
Since the metamaterials are structured composite materials, therefore, the biggest chal-
lenges lie in the fabrication. In the next section, we shall discuss some techniques to

fabricate metamaterials.

1.1.2 Fabrication of Metamaterials

Depending on the electromagnetic spectrum regime at which the metamaterial has to
operate, different fabrication techniques need to be used. As we go from the microwave

to the visible frequency region, the fabrication difficulty increases because of smaller unit
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Figure 1.5: Plots effective permittivity component € of nanowire hyperbolic metamate-
rials made of silver nanowire embedded in silica matrix. (a) f = 0.25 and (b) f = 0.05.
The data of the silica taken from optical constant handbook and Drude-Lorentz model
used for silver metal.

size and less availability of fabrication techniques that become more time consuming
and less cost effective. At gigahertz frequencies, fabrication is easy due the large size
of the meta-atoms that are nearly several of millimeters. In this range, conventional
machining methods or printed circuit board (PCB) fabrication methods can be used to
fabricate the metamaterials. For the terahertz range, the unit size becomes order of tens
of micrometers and there are various techniques available such as laser micro-machining,

optical lithography, electron beam lithography (EBL).

In the visible range, the fabrication difficulties increase enormously due to the very
small sizes of the meta-atoms. In this range, the meta-atom unit cell size is sub-micron.
There are very few techniques that work well in this size range. Focused ion beam (FIB)
and EBL techniques are helpful for this purpose, but have the drawback that they can
not be used to make structures on large areas and are also very time consuming and
very expensive. Using optical lithography, this can be done quickly on larger scales, but
there are other limitations of resolution and the thickness of the structures possible. In
the visible range to make layered metamaterials, various thin film deposition techniques

such as thermal vapor deposition, electron beam evaporation deposition, pulsed laser
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deposition, sputtering etc. are suitable. The template method, which will be discussed
in later sections of this chapter, is one of the best method to fabricate nanostructured
or nanowire metamaterials. Using this method highly organized nanomaterials and very
high aspect ratio nanowire metamaterials can be fabricated on large scales. Nanoporous
alumina templates are widely used to fabricate such nanowire metamaterials. In fact, this
template technique is not only suitable for visible range metamaterial fabrication but may
be suitable for near infrared metamaterials too by tuning the template structure using

the fabrication parameters.

This thesis discusses the fabrication of the cylindrical metamaterials using nanoporous
alumina templates, and their application as metamaterial waveguides and optical fibers
by themselves. Hence, in the next section, we shall briefly introduce the development of

metamaterial inclusions in waveguides and optical fibers.

1.2 Role of Metamaterials in Waveguides and Optical
Fibers

Optical fibers form the backbone of optical communications systems worldwide. Their
analogues in the microwave regime are hollow or coaxial metallic waveguides, which are
indispensable in applications requiring field confinement, low losses, and high power-
handling capability. The introduction of physical structure in the form of a periodic array
of microscopic air holes running along the fiber axis in the photonic crystal fiber [29] gives
rise to new possibilities. Light can even be confined within a hollow core or a core of lower
refractive index due to confinement caused by a photonic band gap in the surrounding
region containing a periodic array of holes. Alternatively for a solid core surrounded by
microholes, the clad region with the microholes effectively creates a region with lower
modal index for light propagating in the core and confines light by a modified total-
internal-reflection effect. Birefringence of the modes in these fibers usually results from

a two-fold asymmetry, and even small birefringence created by applied strain provides
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for many sensor applications [30]. However, these fibers usually have no structure or

structural anisotropy perpendicular to the fiber axis.

Introducing the metamaterial in the design of the optical fiber or waveguide can give
rise to some unique properties which can not be found in conventional optical fibers or
waveguides. Interesting phenomena have been shown in microwave rectangular and circu-
lar waveguides loaded with metamaterials, including propagation at frequencies below the
fundamental mode of the unfilled waveguide [31,32]. Similarly, the unprecedented control
over the metamaterial properties as well as the enormous flexibility of applications possi-
ble with a fiber makes it attractive to combine them into a common platform. Theoretical
discussions of fibers made of negative-refractive-index materials have indicated interesting
properties such as sign-varying energy flux [33] and zero group-velocity dispersion [34].
Surface waves guided along a cylindrical metamaterial waveguide were discussed in [35].
Dispersion of modes in a fiber with anisotropic dielectric permittivity was also discussed
recently [36]. However, the immense difficulty of practically assembling small nanostruc-
tured metamaterial units inside the micrometer sized fibers has essentially discouraged the
discussion of such systems for optical frequencies. Only some cylindrically layered tubes,
or those with coaxially oriented nanowires that are otherwise uniform along the axis, have
been theoretically discussed [37,38] as metamaterial optical fibers. These layered tubes
due to the inherent anisotropy of the layered structure as explained in the section 1.1,
provide an anisotropic waveguide with cylindrical symmetry. Recently, guided modes in a
hollow core waveguide with a uniaxial metamaterial cladding have been theoretically dis-
cussed [39], where the metamaterial was proposed to consist of a layer of drawn split-ring
resonators. The dispersion of the transverse components of the magnetic and dielectric
properties of the metamaterial clad was found to dominate the behavior of the modes [40)]
and a drawn fiber with a single split-ring resonator at the fiber axis was demonstrated
for terahertz frequencies in [41]. We note that all the proposals for metamaterial fibers so
far have considered only designs that are invariant and homogeneous along the fiber axis,

i.e., effectively the problem is only two-dimensional, presumably because only the drawing
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technique was considered for the fabrication of these fibers. This limits the discussion to

a form of anisotropy with effective dielectric parameters €, >~ 4 # ¢,.

In the later chapters of this thesis, we shall show that application of anodization
techniques [42] to aluminum microwires can result in a three-dimensionally radially struc-
tured cylindrical metamaterial and can be used as an anisotropic metamaterial optical
fiber made of nanoporous alumina (Al;O3). In the next section, we shall introduce about
the anodization technique to form nanoporous alumina and its use as a template in fab-

rication of nanowire metamaterials.

1.3 Nanoporous Alumina

Nanoporous alumina are aluminium oxides having nanopores that self organize and get
arranged in a hexagonal ordered lattice during anodization. These are obtained by an-
odization of aluminium sheets in an acidic environment [42]. While anodization, at the
anode the liberation of hydrogen gas bubbles create nanopores and to minimize the energy
of the system the nanopores arranged themselves in an hexagonal order. For the anodiza-
tion of an aluminium sheet, various acids such as sulfuric acid, oxalic acid, phosphoric
acid and many more can be used [43] to obtain nanopores with different size and spac-
ing. The anodization starts from the surface of the aluminium sheet and the nanopores
grow perpendicular to the surface [44]. Ideally, the nanopores are organized in a hexag-
onal pattern. The nanopore sizes, organization and interpore distances depend on the
aluminuim purity, surface roughness, electrolyte nature, anodization voltage or current,
temperature, number of anodization steps and time [43]. The organization of nanopores
even for very pure aluminium sheet can be changed by pre-texturing the aluminium sheet
surface [45,46]. Some typical acids and parameters of their anodized products under some
typical conditions are listed in Table 1.1. Increasing the acid temperature and keeping all
other parameters constant will increase the nanopore size, interpore distance as well as

the ordering of the nanopores. But with increasing temperature, decreases the ordering
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Table 1.1: The aluminium anodization conditions and the result at parameters of the
nanoporous alumina for some frequently used acids and conditions (Adapted from Santos
et al., Materials, 7, 4297 (2014)).

Acid Concentration V T d, diny  Growth rate

(M) (V) (C) (om) (nm)  (um.h)
H,S0, 0.3 25 58 25 63 75
H,S0, 0.3 40 01 30 T8 85
H,C204 0.3 40 58 50 280 3.5
H,C204 0.3 140 01 30 100 50
H;PO, 0.1 195 0-1 160 500 2

of the nanopores. So to get higher ordered nanopores, the anodization should be carried
out at lower temperatures. The optical transparency also depends on the fabrication pa-
rameters which we shall show in the Chapter 2. Nanopore size and interpore distance

increase with acid concentration also.

1.3.1 The Two-Step Anodization

In the previous subsection, we mentioned that the nanopore ordering depends on the num-
ber of steps of anodization and its time. If the aluminium sheet is anodized once then the
nanopores do not form as straight pores and not arranged in hexagonal order [42,47]. This
anodization is called first anodization. Merging of nanopores or branching of a nanopore
may happen in the nanoporous alumina obtained after the first anodization. This is due
to the influence of surface inhomogeneities, stresses etc. If the alumina is subsequently
etched off, the we get a nanosize concave pre-textured aluminium surface [47]. The re-
anodization of alumina etched aluminium sheet at same parameters gives rise to highly
ordered and straight nanopores as the original surface inhomogeneties have no effect now.
This subsequent re-anodization is called the second anodization, and the whole process is
called a two-step anodization process [42]. The Fig. 1.6 shows schematically the two-step

anodization technique. At fixed parameters of the anodization, the size of nanopores and
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Figure 1.6: The schematic for the two step anodization. In this method nanopores
become straight and more organized.

the lattice size are also fixed. But after the anodization, the size of the nanopores can be
increased by widening the nanopores by slow dissolution in dilute phosporic acid. Pore
widening can be carried out only up to the interpore distance otherwise the nanopores
would merge into each other and the whole nanoporous alumina network would get dis-
solved by the phosphoric acid. In Fig. 1.7 the FESEM images of nanoporous alumina
before and after pore widening in a 5% phosphoric acid are shown. The anodization time
was 90 minutes at room temperature. It can be seen in Fig. 1.7(b) that if the pore
widening would be carried out for more time, then the nanopores would merge with each

other.

1.3.2 Barrier layer removal

After the anodization process, at the bottom of the nanoporous alumina, an impermeable
insulating alumina barrier layer is left behind followed by conducting aluminium. To
electrodeposit some metal into the nanopores, we have to remove the impermeable barrier
layer and it can be removed by several methods. The common method is the wet chemical

etching. It is carried out by putting the nanoporous alumina into dilute phosphoric
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Figure 1.7: The FESEM images of nanoporous alumina (a) before and (b) after the pore
widening. The pore widening was done in 5% H3PO, for 90 minutes at room temperature.

acid after removing the bottom aluminium in some salt electrolytes such as chromic
acid [48]. This procedure is illustrated schematically in Fig. 1.8(a). This method is
good to remove the barrier layer from a thicker nanoporous alumina templates. In thin
nanoporous alumina, after dissolving the supporting aluminium sheet at the bottom, it

is very difficult to handle the micrometer thick templates.

A second method of barrier layer removal is the voltage or current reduction method.
The fact that the barrier layer thickness increases with the anodization voltage or cur-
rent in utilized here. In this method at the end of the anodization process, the voltage
or current are reduced slowly so that the impermeable layer thickness gets drastically
reduced and becomes porous as well. This need to be carried out in a very controlled
manner otherwise small fluctuations of the voltage or current might increase the barrier
thickness [47]. Using this method, there will still be left a 1 to 2 nm thick barrier layer.
After this stage the nanoporous alumina with aluminium at bottom can be used for AC
electrodeposition [47]. The remaining barrier layer can be further removed by dissolving it
in phosphoric acid wash. This method is good for thin or thick both types of nanoporous
alumina because at the bottom there will be the aluminium sheet left for mechanical
support. The second method of barrier layer removal by voltage or current reduction is

shown schematically in Fig. 1.8(b).



1.3 Nanoporous Alumina 17

Second anodization Second anodization

Al substrate removed Pore widening

USRS L alied

Barrier removed in H;PO, Thinning of the barrier

pnnnnnn LLLRLL

Seed layer and metal filling Metal filling

b few!n-d e !f ls;: ! Pefv! w

Figure 1.8:  Schematic illustration of two methods for barrier removal. Cross section
of the nanoporous alumina are shown at various stages. (a) The wet etching process in
H3PO,4 and (b) shows the voltage/current reduction method.
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(a)

Figure 1.9: The FESEM images of nanoporous alumina (a) before and (b) after the
barrier layer removal by the cathodic polarization process. (a) Shows nanopores with the
barrier layer at the bottom and bellow the barrier layer the remained aluminium sheet
was used to give the electrical contact to the cathodic polarization process. (b) Shows
the nanoporous alumina with removed barrier layer by cathodic polarization process.

A third method of barrier layer removal is called cathodic polarization. In this
method, after the anodization process is complete, a reverse electrolysis of the alumina
template is further done. The alumina template is used as cathode and graphite or
platinum as anode in a diluted potassium chloride solution [48], and by applying a negative
potential to the alumina template, the barrier layer gets removed electrolytically. A
FESEM of the cross section of the nanoporous alumina with the barrier layer and with
the barrier layer removed is shown in Fig. 1.9. This method needs good optimization. If
the polarization time is less, then the barrier layer would not be fully removed and if the
time become more then it would corrode the aluminium also. This method works well
for thinner nanoporous alumina. The cathodic polarization also widens the size of the
nanopores. For thicker nanoporous alumina, the polarization time would be more and
this causes the nanopores merge with each other. So it can not be used easily for thicker

nanoporous alumina.

We have discussed some methods to remove the barrier layer from nanoporous alu-

mina. After removing the barrier layer, the nanoporous alumina can be used as templates
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to grow metal nanowires for plasmonic and metamaterial study. In next section we shall
discuss about the metal nanowire deposition into the nanopores of the nanoporous alu-

mina and the application as nanowire metamaterials.

1.4 Electrodeposition and the Nanowire Metamate-
rials

In fact, nanoporous alumina themselves are structured anisotropic materials that can work
as metamaterials. The nanoporous alumina can be further used as templates to fabricate
one dimensionally oriented thin wire composite structures. After removing the barrier
layer, the nanopores can be filled by some materials such as metals, polymer, dimers,
nanotubes, nanoparticles etc. [46]. External materials filled nanoporous alumina also
works as metamaterials [28]. By filling the nanopores with certain materials, the alumina
matrix can be dissolved in some electrolyte and the nano objects (typically nanowires)
can be separated [49,50]. Thus it becomes a means for the uniform synthesis of nanowires.

We are interested here in the deposition of metal nanowire inside the nanoporous alumina.

The metal nanowires synthesis using the nanoporous alumina template is mainly
done by AC or DC electrodeposition techniques. If we remove the barrier layer by a wet
etching method, then we are left with only nanoporous alumina. A thin or thick layer of
a conductor like silver or gold need to be deposited at one face of the nanoporous alumina
as a seed layer. This nanoporous alumina is used as the cathode and graphite or platinum
as the anode in a metal salt solution of interest. By applying an AC or DC voltage to
the electrodes, the metal nanowires can be deposited into the pores of the nanoporous
alumina [51]. If the barrier layer is removed by voltage reduction or cathodic polarization
method, then the template can be used directly for electrodeposition without any seed
layer [47]. In Fig. 1.10, the FESEM image of silver nanowire grown in the alumina
template is shown. Figure 1.10(a) shows alumina template with the barrier layer removed.

Figure 1.10(b) and Fig. 1.10(c) show the top view and cross section of silver nanowires
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(b) ()

Figure 1.10:  The FESEM images of metalized nanoporous alumina. (a) the bare
nanoporous alumina, (b) the top view of silver nanowire deposited nanoporous alumina
and (c) the cross section of silver nanowire deposited nanoporous alumina. Reproduced
with permission from Sauer et al., Journal of Applied Physics, 91, 3243 (2002). Copyright
2002, AIP Publishing LLC.

electrodeposited inside the pores of the nanoporous alumina template respectively. Since
at the bottom there is an aluminium base, therefore, after dissolving the alumina matrix
one can obtain free standing nanowires. Very high aspect ratio nanowires can not be

obtained as free standing nanowires because the nanowires will tend to collapse [52].

There are several applications of nanowire embedded nanoporous alumina. But
here our primary interest is in its use as nanowire metamaterials. Nanowire embedded
nanoporous alumina exhibit the hyperbolic dispersion, and these metamaterials can also
show the negative refraction phenomena [51]. Here the negative refraction happen because
of the hyperbolic nature instead of a negative refractive index. It can be used as a
hyperbolic flat lens [53]. The nanowire metamaterials can be made over very large areas.
The nanowire metamaterials are only two dimensional because the nanopores and the
nanowire growth occur only along one direction. In literature, the nanowire metamaterials
are only known in flat geometry. This thesis will deal with nanowire metamaterials in the

cylindrical geometry, which is discussed in the later chapters.
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1.5 The Finite Element Method

As we know, most of the electromagnetic metamaterial structures are very complex sys-
tems to model. In general, only few problems with some symmetries can be approximately
solved analytically, but most of the structures are not amenable to analytical solutions.
To solve such complex systems, there is a need for numerical techniques that can be imple-
mented on computers. There are various numerical techniques such as the finite difference
time domain (FDTD), the finite element method (FEM), method of moments, mesh free
method etc. In this thesis, we have used a commercial simulation software, COMSOL
multiphysics 4.4, which is based on the FEM to model our metamaterial structures. In
this section, we introduce some basic concepts about the FEM and method used in the

COMSOL multiphysics software.

Many physical systems can be represented by partial differential equations. By solv-
ing the set of differential equations with proper boundary conditions, the properties of
the system can be obtained. The FEM is a numerical technique to find the approxi-
mate solutions of physical problems represented by the partial differential equations with
well defined the boundary conditions. For the FEM analysis in a domain there are four
major steps: 1. Discretization into sub-domains or elements, 2. Deriving the differen-
tial equations in the element, 3. Assembling all the elements into the solution domain
and 4. Solving the system of differential equations by applying the boundary conditions.
Now we briefly describe the each steps of the FEM process by a qualitative analysis of

electromagnetic problems [54,55].

1. Consider an arbitrary object where we want to find some electromagnetic quanti-
ties. We first derive the domain of interest into sun-domains or elements as shown in Fig.
1.11. We see that if the number of sub-domains are not sufficient then the discretized
domain would be very roughly matched and the solution too would be very approxi-
mate. On the other hand, if the number of sub-domains are sufficiently large, then the

descretized domain would be better match the original domain and the solution would be
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Figure 1.11: (a) An arbitrary shape domain for FEM analysis, (b) the domain of (a) is
discretized in few number of sub-domains and (c) domain is discretized in large umber of
sub-domains.

more accurate. Let V; be the potential in the i*" element of the discetrized domains. The

total potential of whole domain would be
N

Vi(z,y) =) Vi(z,y) (1.5)

i=1
where N is the total number of the sub-domains. Most common forms of the potential
for triangular mesh is

Vi(z,y) = asx + a1y + ap (1.6)

and for quadrilateral mesh is

Vi(z,y) = agz + asxy + a1y + ao. (1.7)

The triangular or quadrilateral mesh are chosen to minimize the irregularity of the de-
scretized domain with the original one. In general, it is approximated that the potential
V; is zero outside of the i element. For the triangular mesh we assumed in Eq. (1.6)
potential is linear but in general it may have some other variations also. The electric field

associated with V; would be

E, = —-VV,. (1.8)
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2. For triangular meshing, each element has three nodes. The potential for the *®
element would be the sum of the potential of each node of the i*" element. Using the Eq.

1.6 at each node, the V; can be represented as

3
Vi=> " a;(z,y)V (1.9)
j=1

where a;(z,y)’s are the coefficients associated with ag, a; and as of Eq. (1.6). The «;’s
are the interpolation functions are called element shape functions and have properties like
the Kronecker delta function. The energy per unit length of the element ¢ can be obtained
by surface integral of the electric field of Eq. (1.8)

Wi = Sl [CO)m) (1.10)

where C® is a 3 x 3 matrix called element coefficient matrix and the superscript "1 refers
the transpose of a matrix. We have got the physical quantities for each element. Now

there is a need of assembling the quantities for all element into the solution domain.

3. The energy of the whole domain can be written using the energy of the i** element

W; as

W= 3= %5[V]T[C’][V] (1.11)
where
v
v,
vi=| | (1.12)
Vn

n is the number of node, N is the total number of descretized elements, and [C] is the
global coefficient matrix derived from [C;] matrices. The next task is to find out the
[C] to get the field information. In general, the matrix [C] is very big, but its elements

have symmetry properties across the principle diagonal because of the some nodes being
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connected to each other. We see Fig. 1.11 that as the number N increases the nodes will
increase and it will take more time and computation to solve. Now we shall apply some

other constraints to get the coefficient matrix.

4. From the calculus of variations, we know that the Laplace’s equation is satisfied
when the energy of the whole system is a minimum. So the partial derivative of energy
W with respect to the potential at each node will be zero

ow

— =0, k=1,2,..,n. 1.13
6Vk ) » < y 10 ( )

Using the Eq. (1.11) in Eq. (1.13), we get the following expression
> ViCu =0, (1.14)
i=1

where n is the number of nodes in the mesh of the discretized domain. This is a general
expression. If we write the this expression for all nodes, then we get the set of n partial
differential equations in N unknowns, which we have to solve simultancously to get [V].
There are several methods such as the iteration method [56], matrix method [57] etc.

which can be used to solve the system of partial differential equations.

We have given a general qualitative description of the FEM analysis. Solving manu-
ally such large system of equations of system is not possible, particularly, if the discretized
elements are very large or the system is highly complex. Now-a-days, there are several
software packages that have been developed to solve such type of problems working on the
principles of FEM. We have used the COMSOL Multiphysics, a commercial simulation
software based on FEM to model our metamaterial structures. In the next section, we

introduced briefly about this software.

1.6 Modelling in COMSOL Multiphysics

In COMSOL, there are different types of physical problems such as mechanical, chemical,

electromagnetics, thermal etc., individually or in coupled form, that can be modeled using
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the different modules. Some major steps of modelling in COMSOL Multiphysics are listed
below:

Choosing the appropriate module

Drawing the geometry of the system domain

Filling the domain with material parameters

Applying the appropriate boundary conditions

Setting the study parameters such as frequency, wavelength etc, and computation

Meshing or discritization of the domain

NS gt

Results analysis such as field plotting, mode analysis, eigenvalues etc.,

For the study of electrodynamics problems, we can choose the Radio Frequency
(RF) module and for optics problems Wave Optics module or RF module. After choosing
the regime of the physics we have to draw the geometry either 2D or 3D. Externally made
CAD geometry from other softwares also can be imported into COMSOL Multiphysics.
The MATLAB software is fully integrated with COMSOL Multiphysics. The problems
script written in MATLAB can be loaded in COMSOL Multiphysics for simulation. If
3D problems takes much time to be solved than the 2D problems, depending on the
available symmetries, the 3D problems can be projected into 2D geometries to reduce the

computation time and memory required.

After drawing the geometry of the problem, we need to feed the material properties
in the volumes of the geometry or sub-geometries. Different kinds of predefined material
parameters are given in COMSOL Multiphysics, but the external material data called user
defined data can be also loaded. The user defined material data can even be parametrized,
spatially or temporally. When the material parameters have been fixed, then there is need
of applying the appropriate boundary conditions. We have carried out electromagnetic
simulations for our analysis. So from now onward for discussion of simulation in COMSOL
Multiphysics, we will focus only on RF module. In the RF module, there are several types
of boundary conditions that are available in COMSOL Multiphysics. One should be very

careful in applying the boundary conditions, otherwise slightly changing them will result in
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inappropriate solutions. For example, if there is any metallic or magnetic materials in the
domain then we can use perfect electric conductor (PEC) or perfect magnetic conductor
(PMC) boundary conditions. For radiating problems, the scattering boundary conditions
or perfectly matched layer (PML) boundary conditions are good [58-61]. Most of the
metamaterial structures are periodic, in which case, the periodic boundary conditions or

Floquet boundary conditions [60,61] are appropriate.

After fixing the boundary conditions, the next important step is the meshing or dis-
critization. Depending on the size of sub-geometries, the incident frequency, metamaterial
element and space symmetry, there is need to properly mesh the computational domain.
Simulation of 3D problems are more difficult than the 2D problems because for the same
size of meshing in 3D model the number of elements increases exponentially compared
to 2D model and hence the computational time and memory increase drastically. So if
possible, it is always preferable to use a 2D model instead of a 3D geometry. Once the
meshing is done, the simulator is ready to solve or compute the problem. There are differ-
ent types of solver such as stationary solver, time-dependent solver, eigenvalue solver etc.
in COMSOL Multiphysics. The solvers compute almost all the related physical parame-
ters. After the simulations, there is a need to analyze the results by plotting, calculating

various quantities etc.

To benchmark the COMSOL computation, we considered an example of dielectric
circular waveguide from a book ‘Advanced Engineering Electromagnetics’ [62]. A lossless
dielectric circular waveguide of radius 1.3457 cm and dielectric constant 4 is surrounded by
a perfect perfect electric conductor. Analytically, its cutoff frequencies for the TE;; and
TMjp; modes are 3.2664 GHz and 4.2664 GHz respectively. We simulated this example in
COMSOL Multiphysics using the RF module’s eigenfrequency module. For the waveguide
modal analysis, the COMSOL solves the following equation

10\ =

V ox ! (6><E) 2 (5r——)E:0, (1.15)

WE(

where all symbols are in standard notations. The Eq. (1.15) is a general form of the
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Figure 1.12:  The normalized plots of the field component FE, for TMy; and TM;j;
modes at 10 GHz frequency. (a) and (b) are obtained by analytical calculations,
B/ko(TMo1)=1.8088 and (/ky(TM;;)=1.4668. (c) and (d) are obtained by COMSOL
simulation, £/ko(TMp;)=1.8091 and 5/ko(TM;;)=1.4677.

Maxwell curl equation. COMSOL calculates all the related parameters with boundary
conditions. The computed cutoff frequencies for TE;; and TMgy;modes are 3.2641 GHz
and 4.2633 GHz respectively. At 10 GHz frequency, analytically calculating the effective
propagation constant (5/kg) for TMg; and TM;; modes, we obtain the eigenvalues as
1.8088 and 1.4668 respectively, and COMSOL obtained /kqo for TMg; and TM;; modes
as 1.8091 and 1.4677 respectively. The normalized field component E, for TMgy; and
TM;; modes are plotted in Fig. 1.12. The analytical and computed cutoff frequencies
and effective propagation constants almost match exactly with a very small error since the
FEM analysis gives only the approximate solutions. Error may depend on the limitations

of boundary conditions, size of meshing and the solver.

1.7 Thesis Organization

The present Chapter 1 introduced the basics concepts of metamaterials, classifications,
nanoporous alumina fabrication techniques, nanowire metamaterials, metamaterial waveg-
uides and FEM modeling techniques. The organization of the rest of the chapters of the

thesis is given below.

Chapter 2 discusses the details of the experimental aspects of the fabrication of the
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metamaterials using nanoporous alumina templates. In this chapter, description of the
fabrication of planar and cylindrical nanoporous alumina templates, and their structural
and morphological characterization will be given. The deposition of metallic nanowires

in these templates also will be described.

Chapter 3 will show the homogenization of cylindrical metamaterials made by cylin-
drical nanoporous alumina templates. We use the technique of transformation optics
and local Maxwell-Garnett homogenization (MGH) theory to homogenize the cylindrical

metamaterials.

Chapter 4, we approximate that our cylindrical nanoporous alumina are homoge-
neously filled. Using this approximation we discuss the properties of anisotropic waveg-
uides that are homogeneously filled, and cylindrical anisotropic nanoporous alumina coax-

ial and hollow fibers.

In Chapter 5, we relax the assumption of the homogeneously filled condition used in
the Chapter 4. We discuss the waveguide properties of the radially inhomogeneous and
anisotropic nanoporous alumina coaxial and hollow fibers. In this chapter, we discuss the

light transmission also in the inhomogeneous and anisotropic nanoporous alumina fibers.

Chapter 6 will discuss the scattering applications of the planar and the cylindrical
nanoporous alumina templates. In this chapter, first we discuss the polarization dependent
light scattering properties and fluorescence properties of the planar nanoporous alumina
which have linearly organized or disorganized nanopores. Later in this chapter, we give
the analysis of the light scattering and fluorescence properties of cylindrical nanoporous

alumina.

Chapter 7 summarizes the thesis and discusses future possible areas of research with

planar and the cylindrical nanoporous alumina.



Chapter 2

Fabrication of Nanoporous Alumina
Templates

2.1 Introduction

In the introductory Chapter 1, we have discussed the basics of nanoporous alumina. The
anodization technique is known since decades [42, 63, 64] for fabricating large areas of
nanoporous alumina with high aspect ratio pores from aluminium sheets. The possibility
of structural modification of nanopores in the nanoporous alumina makes it a very flexible
system for creating templates to deposit other materials. This technique has been also
used to make highly anisotropic nanowire metamaterials [28] but is in the planar geometry.
Nanoporous alumina in the cylindrical geometry has been rarely reported [65-67] and
have been used for chemical catalysis [65,66]. Alumina membrane microtubes for use
as low friction hypodermic needles has also been reported [67]. In the previous reports,
only alumina membrane tubes with large diameters have been used. The anodization of
cylindrical aluminium wires with diameters of sub-hundred micrometer, and their detailed
structural characterization and optical properties were not known. Nanoporous alumina
in the cylindrical geometry have very different properties from the usual nanoporous

alumina in their structural and anodization characteristics. Our main interest in the

29
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thesis are microwires of nanoporous alumina. In this chapter we shall discuss the details
of the fabrication of the nanoporous alumina in planar and cylindrical geometries, their
structural characterization and deposition of nanowires into the porous templates. The
structural characterization has been carried out by using field emission scanning electron
microscope (FESEM), focused ion beam (FIB) and optical microscopy. In this chapter,
it is shown how the cylindrical nanoporous alumina is structurally different from planar
nanoporous alumina. Later on, silver metal deposition has been carried out with both
types of nanoporous alumina. The electrodeposition of silver nanowires in the nanopores
of planar nanoporous alumina is easy because the barrier layer can be easily removed and
the nanopores are uniform throughout the volume. It is, however, very difficult in case of
cylindrical nanoporous alumina as the barrier layer directly can not be removed and the

nanopores diameter decreases radially towards the center.

2.2 Anodization of Aluminium Planar Sheet

A home made anodization holder, made of delrin polymer, has been used to anodize the
aluminium sheet. The anodization holder and setup are shown in Fig. 2.1. A photograph
of the anodization holder (component wise) is shown in Fig. 2.1(a) and the assembled
form of the holder is shown in Fig. 2.1(b). The anodization setup is schematically shown
in Fig. 2.1(c). An Aplab regulated DC power supply (model:L1281) has been used in the

electropolishing, anodization and electrodeposition processes.

2.2.1 Nanoporous Alumina with Highly Organized nanopores

Anodization

Templates were fabricated by a two-step anodization process. Aluminium sheets of
99.999% purity (Alfa Aesar) were cleaned in acetone and then annealed at temperature

500 °C in vacuum to increase the gain size. The annealed sheets were electropolished in a
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Figure 2.1: The photograph of the anodization holder and anodization setup to anodize
the aluminium sheet. (a) the components of the holder, (b) the parts of holder are
assembled and (c) the anodization setup schematic for anodization of the aluminium
sheet.
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mixture of ethanol and perchloric acid in 5:1 volume ratio at 0.076 A/cm? current density
for three minutes [68-70]. After electropolishing a very smooth mirror like shiny surface
was obtained which is very necessary to get straight nanopores. The electropolished alu-
minium sheets were anodized in 0.3 M oxalic acid at 40 V at 0 °C for half hour [42,46].
Since the anodization is an exothermic process, we used the ice bath to keep temperature
of the system constant at 0 °C. A tantalum (Ta) plate used as the counter electrode. Dur-
ing anodization, the solution was continuously stirred using a magnetic stirrer to keep the
solution temperature uniform. The alumina synthesized in the first anodization process
was etched off in a mixture of chromic acid (9 gm), phosphoric acid (7 ml) and deionized
(DI) water in a 200 ml solution at 90 °C [46,48,68]. The alumina etched sample was once
again anodized in 0.3 M oxalic acid. In the second anodization process, all the parameters
were maintained the same as for the first anodization. The second anodization time was
varied as per need. From the anodized sheets, the remaining aluminum was removed by
dissolving in a mixture of hydrocloric acid (100 ml), cupric chloride (3.4 gm) and water
in 200 ml solution. The duration of the alumina etching after the first anodization and
the aluminium etching after second anodization depend on the thickness of the alumina
and aluminium, which we have to optimize for the particular thickness. Pore widening

and barrier layer removal was carried out in 5% phosphoric acid.

Structural Characterization

In Fig. 2.2, a schematic picture of the anodization of plane aluminium sheet is shown.
In nanoporous alumina, the nanopores ideally have a hexagonal arrangement, and the di-
ameters of the nanopores are uniform throughout. The nanopore organization, nanopore
diameter and interpore distance depend on the purity of the aluminium sheet, the sur-
face roughness of aluminium sheet, the nature of electrolyte, applied voltage or current,
temperature of the solution, the first anodization duration. FESEM images of planar
nanoporous alumina are shown in Fig. 2.3. It can be seen in Fig. 2.3(a) that the

nanopores are arranged almost perfectly in hexagonal order. The size of nanopore is
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Figure 2.2: A schematic for the planar nanoporous alumina. Nanopores are in hexagonal
arrangement and uniform size throughout.

uniform throughout as shown in Fig. 2.3(b).

2.2.2 Nanoporous Alumina with Linearly Organized Nanopores

The organization of the nanopores in the planar nanoporous alumina is affected by the
surface topography and the surface stress on the aluminium sheet. The pores can be forced
to form in a different order by using pre-patterned aluminium surfaces and subsequent
anodization. Techniques such as focused ion beam milling, electron beam lithography
or nano-imprint lithography have been used to obtain the pre-patterned aluminium sur-

face [46,71-75].

Anodization

The planar nanoporous alumina with linearly organized pores were fabricated using the
following steps: pieces of Aluminum sheet of 99.9 % purity (Loba Chemie, India) were
cleaned by sonicating for 10 minutes in acetone. The cleaned aluminum sheet was then
electropolished for 5 minutes in an electrolyte solution containing perchloric acid and
ethanol in proportion of 1:5 by volume. A current density 0.076 A/cm? was maintained

during the electropolishing process. The polished surfaces with mirror-like finish were
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Figure 2.3: FESEM images of the planar nanoporous alumina prepared in 0.3 M oxalic
acid solution at 0 °C. (a) the top view show the nanopores arrangement and (b) the cross
section in which the nanopores are uniform throughout.

rinsed in deionized water and used for the subsequent anodization process. Some elec-
tropolished aluminum surfaces were deliberately scratched by a steel needle along straight
lines resulting in micro scratches on the surfaces. Anodization was carried out on three
kinds of surfaces: (i) electropolished, (ii) electropolished and scratched surfaces, (iii) un-
polished. For reference, we also anodized a high purity aluminium sheet 99.999 % (Sigma
Aldrich) without any electropolishing as well as after electropolishing. The anodization
was carried out for 12 hours in aqueous solution of oxalic acid (0.3 molar) at 40 volts. The
solution temperature was maintained at 18°C throughout the experiment. A magnetic

stirrer at 300 rmp was used to continuously stir the solution.

Structural Characterization

The surface morphology of the fabricated planar nanoporous alumina was characterized
by using FESEM. The surface structures of the templates prepared with various surfaces
are shown in Fig. 2.4. Figure 2.4(a) shows templates grown by the anodization of rough
aluminium sheet without prior electropolishing, Fig. 2.4(b) shows templates grown by the

anodization of electropolished smooth surfaces, and Fig. 2.4(c) shows templates grown
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Figure 2.4: FESEM images of planar nanoporous alumina obtained by anodization of
aluminium sheet: (a) anodized surface without electropolishing, (b) anodized surface after
electropolishing and (c) electropolished and scratched surface that has been subsequently
anodized. The corresponding images of the surfaces of the aluminium sheet, obtained
before anodization, are also shown in (d), (e) and (f) respectively, for comparison.
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by anodization of electropolished and subsequently scratched aluminum sheets. For ref-
erence, the corresponding SEM images are shown in Fig. 2.4(d) of the rough aluminium
sheet, in Fig. 2.4(e) of the smooth aluminum surface after the electropolishing, and Fig.
2.4(f) of the electropolished and scratched aluminum surface, respectively. It is observed
that the anodization of the rough aluminum sheet without electropolishing resulted in
pores arranged linearly in a stripe like fashion. This is because the aluminium sheet is
usually produced by a rolling process that creates scratches along the rolling direction due
to the embossing of features from the rolling directions and is possibly also anisotropically
stressed. This feature becomes absent when the aluminum sheet is electropolished and
subsequently anodized. Figure 2.4(b) shows randomly oriented pores that are obtained
when the aluminium sheet was electropolished and subsequently anodized. The originally
present scratch lines get removed by the electropolish process and the surface becomes
very smooth Fig. 2.4(e). Finally the anodization on the electropolished and intentionally
scratched aluminum sheet resulted in the organization of pores along oriented lines. The
pores are aligned along the scratching direction as can be seen in Fig. 2.4(c). The inten-
tional scratching lines are visible on the reference image obtained after the electropolishing
and scratching steps Fig. 2.4(f). The intentional scratch lines have concave surfaces in
the interior of the grooves and the local electric field density during anodization should be
very small at the bottom [76]. Similarly, large electric fields will be present at the edges
of the grooves due to the convexity with large curvature. Therefore, the anodization is
more effective and faster along the edges of the grooves compared to other regions. This
results in a linear organization of the pores along the grooves. The anodization without
scratching the sheet resulted in randomly oriented pores, as there is no preferred direction
on the electropolished surface. The high purity (99.999 %) aluminium sheets after elec-
tropolishing and two step anodization processes yield a highly ordered hexagonal array
of nanopores. It might be mentioned that by controlling the orientation of the scratching
marks one could obtain pores arranged on the over large areas, which might be carried

out by a mechanical burnishing operation.
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2.3 Anodization of Aluminium Microwire

2.3.1 Anodization

The aluminium microwire was directly anodized using the two step anodization method.
There was no holder used and we directly suspended the aluminium microwire into the
solution. At the solution-air interface, we painted the microwire with lacquer to protect
the aluminium from the fast reaction at the interface. Otherwise, portion of microwire at
solution-air interface get complete anodization very fast and stop the electrical contact
to anodize the immersed portion of the microwire. A schematic of anodization setup has
been shown in Fig. 2.5. Aluminium microwires of 99.999% purity, and diameters 100
pm and 250 pm were purchased from Alfa Aesar company. The aluminium wires were
cleaned in acetone prior to the vacuum annealing at 500 °C for three hours to increase
the grain size. The annealed wires were anodized in 0.3 oxalic acid solution made in DI
water. A tantalum (Ta) plate was used as the cathode. The system temperature was kept
at 0° C using an ice bath. Here we did not stir the solution because the wires were thin
and a small flow or turbulence could deform them. The first anodization time was kept
to be 30 minutes. After the first anodization, the alumina was etched away as in the case
of the aluminium planar sheet anodization. Second anodization was performed at the
same physical parameters as was done for the first anodization. The aluminium core from
the anodized wire was removed in the aluminium etching solution as was for the plane
sheet anodization. After the aluminium core removal, we obtained a hollow cylinder of
nanoporous alumina (cylindrical shell). Here 5% phosphoric acid used to carry out the

pore widening of the anodized wires.

2.3.2 Structural Characterization

A schematic picture of the anodized microwire is shown in Fig. 2.6, while the FESEM im-

ages of the obtained nanoporous alumina microtubes are shown in Fig. 2.7. If the surface
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Figure 2.5: A schematic of the anodization setup to anodize the aluminium microwire.
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Figure 2.6:  Schematic of the structure of the cylindrical nanoporous alumina. (a)
anodizing aluminium microwire, (b) outer surface of the anodized wire, (c) the transverse
cross section of the anodized wire and (d) the longitudinal cross section of the anodized
wire.
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Figure 2.7: FESEM images of (a) electropolished aluminium wire, (b) anodized wire, (c)
outer surface of the anodized wire, (d) transverse cross section of the anodized wire. Im-
ages (e) and (f) are of hollow nanoporous alumina microtubes of small and large diameter
respectively.
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is not smooth then the nanopores might merge with each other. The smooth surface of an
electropolished aluminium wire is shown in Fig. 2.7(a). The anodized microwire is shown
in Fig. 2.7(b), where the nanoporous alumina shell contains an aluminium core. The
shell thickness can be increased by increasing the anodization time. In Fig. 2.7(c), the
outer surface of the cylindrical nanoporous alumina is shown. The average pore diameter
is about 30 nm and the interpore distance is about 100 nm. A zoomed image of the cross
section of the alumina shell in Fig. 2.7(d) shows the straight nanopores with decreasing
diameter towards the center of the microtube. It can be noted that the nanopores do not
merge. After the removing the aluminium core from the anodized wire we got nice hollow
nanoporous alumina microtubes. Figures 2.7(e) and 2.7(e) show a small and a larger
diameter nanoporous alumina microtubes. We succeeded in removing the aluminium core
from the anodized microwire up to two centimeters length approximately. Removal of
the aluminium core from longer lengths would take more time in the etching solution,
and along with the aluminium core the alumina shell also tends to get dissolved into the
solution and get damaged. This process requires further optimization for use on longer

wires.

To confirm the reducing size of nanopores towards the center of the wire, we cut out
a 22x4x12 pm? volume from the anodized nanoporous alumina as shwon in Fig. 2.8(a)
and took the image at outer surface at a depth of 12 ym using FIB. We found that the
pore size decreases towards the center of the wire as shown in Fig. 2.8(b). It should be
noted that the nanopores do not merge while converging towards the center. If the purity
of aluminium is not high or if the surface of aluminium microwire is not very smooth,
then the nanopores might merge with each other. In the case of cylindrical nanoporous
alumina the nanopore diameter decreases, but nanopore remains circular to minimize the
system energy as shown in Fig. 2.8(b). So the interpore distance decreases towards the
center along the radial direction in a r¢-plane (azimuthal plane), but it has to remain
constant in the rz-plane (along the longitudinal direction). If the interpore distance does

not remain constant along the longitudinal direction, then the nanopores would merge,
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Figure 2.8: (a) An schematic to mill out the part of the cylindrical nanoporous alumina
to see the pore size with respect to radius of the wire and (b) corresponding the FESEM
images of the milled out cylindrical nanoporous alumina.

which does not happen. This new feature of changing density of the nanopores makes the
cylindrical nanoporous alumina structurally inhomogeneous as well as anisotropic. We
had noted in the case of planar nanoporous alumina that the nanopore size remains con-
stant throughout the volume and comparatively, the planar nanoporous alumina system
is a homogeneous but anisotropic system. In later chapters, we shall model the optical
properties of the cylindrical nanoporous alumina system where the structural anisotropy

and inhomogeneity play a major role.

2.3.3 Effect of Radius of Curvature: Anodization Current and
Crack Formation

We noted that during anodization of aluminium microwires, there was a crack can develop
in the nanoporous alumina shell after some time. There was usually no crack in the
planar nanoporous alumina sheet unlike this. We recorded the anodization current of
aluminium microwires of diameters 50 pm, 100 pm, 220 pm, and an aluminium sheet.

The recorded anodizations currents are shown in Fig. 2.9. The anodization current of
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aluminium microwires first increases quickly to a peak value and then decreases over
time. While decreasing, a sudden small jump occurs in the anodization current beyond
the peak value after some time and anodization current then decreases again. The time
of jump in the anodization current of the microwires of diameters 50 pym, 100 ym and 220
pm were around 60 minutes, 70 minutes and 110 minutes respectively which can be seen
in Figs. 2.9(a), 2.9(b) and 2.9(c) respectively (marked by the arrows). In comparision,
the anodization current of the aluminium sheet after the peak value always decreases
over time [63, 64, 77] and here there is no jump in the anodization current as shown
in Fig. 2.9(d). This jump in the microwire anodization current occurs because of the
formation of microcrack. When the crack occurs the effective resistivity between solution
and aluminium microwire decreases and the anodization current slightly increases. For
larger diameters of the microwires, the time at which the current changes rapidly shifted
towards longer times. For the planar aluminium sheet the radius of curvature is effectively

infinite and the anodization current remains steadily decreasing with no sudden changes.

In Figs. 2.10, two anodized wires of the same diameter have shown. Figure 2.10(a)
is for 30 minutes anodization and there is no crack in the microtube. Figure 2.10(b)
is for 70 minutes anodization, when sample had been taken out just after the jump in
the anodization current occurred. We see that there a small crack in the nanoporous
alumina shell. If the aluminium microwire is anodized for longer time, then the crack size
also becomes larger. We know that the anodization starts perpendicular to the planar
aluminium sheet surface and there is a volume expansion, as the volume of nanoporous
alumina is much larger compared to the original volume of the aluminium [44]. In the case
of the planar aluminium sheet anodization, the reactive area of aluminium always remains
constant throughout the anodization while the volume of nanoporous alumina increases
perpendicular to the sheet surface. So the cracks do not occur in the planar nanoporous
alumina because its reactive area is always constant. In the case of anodization of the
aluminium microwire the anodization starts perpendicular to the curved surface along

the radial direction towards the center in the cylindrical symmetry. So the effective
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reactive area continuously decreases with radius and the relative volume expansion of
the nanoporous alumina increases. Thus, the alumina is under tensile stress and also
plastically deforms to some extent. Eventually with continued stress building up, a crack
suddenly appears as the yield point is crossed. For the smaller diameter of the microwire
the effective reactive area decreases faster compared to the larger diameter microwire, so

the crack formation occurs earlier for microwires with smaller diameter.

2.3.4 Effect of Radius of Curvature: Organization of nanopores
and Shell Thickness

To see the effects of the radius of curvature of the wire on the pore size, interpore distance
and shell thickness, we anodized two different diameters wires, one of 25 um and other 230
pm, for the same time. We observe that in both the anodized wires, the average nanopore
size is 30 mn and the interpore distance is 100 nm at the outer surface, while there is
difference in the nanoporous alumina shell thickness. For smaller diameter of the wire,
the shell thickness was less than the shell thickness of the larger diameter wire. Figures
2.11(a) and 2.11(b) show the cross sections of the large 230 um diameter anodized wire,
and Figs. 2.11(c) and 2.11(d) show the cross section and outer surface of the anodized

wire of diameter 25 pm.

Just after the anodization, for fixed anodization parameters, the pore diameters
and interpore distance at outer surface remain constant for smaller and larger diameters
microwires both. But the nanopores diameter can be increased by pore widening upto
just lesser than the interpore distance. These two quantities, nanopore diameter and
interpore distance towards the center along the radial direction vary faster with radius
for smaller diameter microwires compare to larger diameter microwires. These quantities
can be changed by changing the acid or the anodization parameters or both. In the same
anodization time, the nanoporous alumina shell thickness is lesser for smaller diameter

microwire compared to larger diameter microwire because the effective reactive area de-



2.3 Anodization of Aluminium Microwire

45

80 T . T

60

40

20

Anodization current (1A)

0 1 L

Time (min)

(a)

(o8
(=3
(=}

0 20 40 60 80

100

120

_ = NN
S W O W
S o o O

Anodization current (uA)
wn
S

(=]

(=]

Figure 2.9:

20 40 60 80
Time (min)

()

100

120

Anodization current

Anodization current (mA)
W

100 F

(S I e
S o o O
T T T T

(=}
(=}

20

40 60 80 100 120
Time (min)

(b)

20

40 60 80 100 120
Time (min)

(d)

The measured anodization current of aluminium microwires of diameters

(a) 50 pm, (b) 100 pm and (c) 220 pm. The small jump in the anodization current of
anodization of aluminium microwires of (a), (b) and (c) occurred around 60 minutes, 70
minutes and 110 minutes respectively. (d) The anodization current of an aluminium sheet
for reference. There is no jump in the anodization current of aluminium sheet anodization.
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Figure 2.10: FESEM images of anodized wire to show the crack formation in the
nanoporous shell while anodization. (a) No crack for 30 min anodization and (b) sample
just after the crack take place. The anodization time was 70 min.

creases faster. As the radius of curvature of microwire increases, the rate of change of the

reactive area decreases and tends to zero value for infinite radius of curvature.

2.3.5 Optical Transparency of Nanoporous Alumina Microtubes

The alumina are transparent in the visible range. The nanoporous alumina are structured
materials. To see the transparency of the nanoporous alumina shell, we took the optical
reflection images of an electropolished aluminum microwire and a nanoporous alumina
tube with an optical microscope (Olympus BX51). The optical reflection images of the
aluminium microwire and the nanoporous alumina tube with a hollow core are shown
in Figs. 2.12(a) and 2.12(b) respectively. We see that the light is highly reflected from
the electropolished surface of the wire, while the nanoporous alumina tube is optically
transparent. The air core is visible at the center in the microtube. Since these are
transparent, therefore, the cylindrical nanoporous alumina with or without aluminium
cores can be used as optical waveguides. The presence of a few surface inhomogeneities
as well as some scattering enter in the nanopores alumina microtube can be seen. In

the later chapters we shall discuss the optical waveguide properties of these cylindrical
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Figure 2.11:  FESEM images of anodized wire to show the curvature effect on the
nanopore size and interpore distance. (a) and (b) for large diameter, and (c) and (d)
for small diameter.
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Figure 2.12:  Optical microscope images in reflection mode of (a) an electropolished
aluminium wire and (b) anodized wire with hollow core.

nanoporous alumina for optical and infrared frequencies.

2.4 Metalization of Nanoporous Alumina

There are various kinds of materials such metals, oxides, polymers that can be deposited
into the pores of the planar nanoporous alumina [28,46, 71, 78]. Metalized nanoporous
alumina have become very interesting to the scientific community after the development
of the metamaterials [28,78]. Several metals can be electrodeposited in the nanopores of
the nanoporous alumina making it a popular template. This represents a readymade form
of anisotropic or hyperbolic metamaterials. Among the metals, silver is highly preferred
because of its plasmonic properties and less lossy nature. All the depositions so far
have been made in planar nanoporous alumina templates, and growth of nanowires in
cylindrical nanoporous alumina is not reported yet. In the next subsection, we present
the deposition of silver nanowires deposition in planar nanoporous alumina, and in the

subsequent subsection, in cylindrical nanoporous alumina microwires.
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2.4.1 Nanowire Deposition into Planar Nanoporous Alumina

The electrodeposition is carried out with silver metal. After etching the aluminium from
the anodized samples, the alumina template was immersed in 5% phosphoric acid at room
temperature for 90 minutes to remove the barrier layer. During the barrier layer removal
the nanopores were also widened by the acid. The front side of the template was coated
with 160 nm gold film as a seed layer. As shown in Fig. 2.13(a) the gold coated template
was kept on an aluminium foil and the all back and sides were covered with scotch tape.
The gold coated templates were used as the cathode and a platinum wire as the anode.
0.2 M silver nitrate (AgNO3) solution maintained in an ice bath was used as electrolyte
to deposit the silver nanowires. Putting both the electrodes in the silver nitrate solution,
a 30 mA current was passed for 40 minutes to electrodeposit the silver nanowires into
the alumina templates. After the deposition, the scotch tape was removed for further

characterization.

The Fig. 2.13(b) show the FESEM image of electrodeposited silver nanowires into
the planar nanoporous alumina. The white dotted area of Fig. 2.13(b) is zoomed out Fig.
2.13(c). We can clearly see that the silver nanowires are deposited into the nanopores
of the planar nanoporous alumina. The nanowires deposited in the pores of planar
nanoporous alumina are broken at several places. Possibly there may be two reasons
for broken nanowires. The first reason could be due to the lack of proper electrical con-
tact between the gold thin film and the aluminium foil and the second reason is that we
used the silver nitrate water solution only and we have not mixed any surfactant etc. to

control the wettability of the system.

2.4.2 Nanowire Deposition into Cylindrical Nanoporous Alu-
mina

The situation of cylindrical nanoporous alumina is quite different than the planar nanoporous

alumina. Because the diameter of the cylindrical nanoporous alumina is sub-hundred mi-
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Figure 2.13: FESEM image of Ag nanowires deposited into the pores of the planar
nanoporous alumina. (a) A schematic to electrodeposition of Ag nanowire, (b) electrode-
posited Ag nanowires and (c) the zoomed image of area of white dotted rectangle in

(b).
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crometer in size and we can not easily make a seed gold layer on the inner side of the
template. But we have an aluminium core which can be utilized as a conducting electrode.
To remove the barrier layer of impermeable alumina inside the cylindrical nanoporus alu-
mina, the voltage after anodization was reduced slowly to zero. We reduced the voltage
in steps of 5 V from 40 V to 5 V. After each voltage reducing step, 5 minutes was al-
lowed to stabilize the anodization current. From 5 V to 0 V, we reduced the potential
in steps of 1 V/min. After the anodization was completed, the templates were immersed
in 5% phosphoric acid for half hour to remove the barrier layer completely. This process
widened the nanopores size as well to some extent. The barrier layer removed cylindrical
nanoporous alumina with aluminium core was used as the cathode and a platimum wire
used as the anode. Both the electrodes were immersed in an ice cold electrolyte which
was mixture of AgNOj3(3.5gm.), CH;COONH4(2.8 gm.), NH3H20 (25 % extra pure) (4.61
ml.) in 70 ml of solution [68]. A 3 mA current was applied for 40 minutes to deposit the

silver nanowires.

Figure 2.14(a) shows a schematic of electrodeposited silver nanowires in the cylindri-
cal nanoporous alumina. The silver nanowires are embedded in the alumina matrix. The
FESEM image of the silver nanowires in cylindrical nanoporous alumina is shown in Fig.
2.14(b). This FESEM image is taken at the position white dotted area in Fig. 2.14(a). We
see that there is an aluminium core and it is surrounded by the metal filled nanoporous
alumina shell. The Fig. 2.14(c) is the zoomed image of Fig. 2.14(b) within the white
dotted area. The presence of the silver nanowires were confirmed by the Energy-dispersive

X-ray spectroscopy (EDX) as shown in Fig. 2.14(d).

We have thus succeeded in electrodepositing the silver nanowires into a very thin
layer of the nanoporous alumina shell, where the shell thickness is small compared to
the diameter of the aluminium wire. The reason is that as the shell thickness increases,
the nanopore size decreases towards the center and it becomes very difficult to remove
the barrier layer. In future, some other methods might prove successful to remove the

barrier layer from the much thicker nanoporous alumina shell. Using the other method
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Figure 2.14: FESEM image of Ag nanowire deposited in the cylindrical nanoporous
alumina. (a) A schematic to electrodeposition of Ag nanowire, (b) electrodeposited Ag
nanowires. The white dotted rectangle position of (a) is shown in (b), (c¢) the zoomed
image of area of white dotted rectangle in (b) and the EDX spectra of Ag nanowire
embedded in nanoporous alumina shell.
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for barrier layer removal and electrodeposition would require further work to optimize the

procedures.

2.5 Conclusions

We investigated some new features of the anodization of the aluminium microwires of
circular cross section. In planar nanoporous alumina, the nanopores size remain uniform
throughout the volume, and the system is homogeneous and anisotropic. In cylindrical
nanoporous alumina, in comparison with planar nanoporous alumina, the nanopore sizes
decrease towards the axis of the microwire. The azimuthal interpore distance decreases
towards the wire axis while the longitudinal interpore distance remains constant. This
cylindrical nanoporous alumina system is both inhomogeneous and anisotropic. After re-
moving the aluminum core by etching, the hollow nanoporous alumina microtubes could
be obtained. The nanoporous alumina microtubes are optically transparent. The alu-
minium core could only be removed from a small lengths ( 2-3 cm) of the anodized wire
as the alumina also dissolves while removing the aluminium core from longer lengths of
the anodized wire. For longer times of anodization, there were cracks that form in the
nanoporous alumina shell because of the volume expansion, and which could be detected
by a sudden increase in the anodization current. The time at which the crack occurs
for the first time increases with the radius of the microwire, and it is indefinitely long
for a plane sheet. For fixed anodization parameters, the shell thickness would be lesser
for smaller wire diameters while the nanopores size and the interpore distance remains
constant at the outer surface. The nanopore size can be increased nearly to the interpore
distance by pore widening process. The barrier layer of the cylindrical nanoporous alu-
mina was removed by the voltage reduction method, and the aluminium core remains at
the center. The electrodeposition of the silver nanowires within the pores of the planar
nanoporous alumina could be carried out to obtain very thick nanoporous alumina tem-

plates, while for sub-hundred micrometer diameter size cylindrical nanoporous alumina,
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the electrodeposition was not possible for much thicker shells because of the decreasing
size of nanopores towards the center and the consequent difficulty in the removal of the

insulating barrier alumina layer.



Chapter 3

Homogenized Material Parameters
of Cylindrical Nanoporous Alumina

3.1 Introduction

In chapter 2, we have described the fabrication of planar nanoporous alumina and cylin-
drical nanoporous alumina microtubes. We have also shown that incorporation of metallic
nanorods is possible within the pores in the planar as well as cylindrical nanoporous alu-
mina. To understand wave propagation in the nanoporous alumina, we need to model
its material parameters by considering it as a homogeneous medium using some valid
homogenization method. To homogenize a composite medium, the inclusions should be
electrically small, that is, the size of the dispersed particles must be much smaller than
the wavelength [7,79]. The homogenization of planar nanoporous alumina is well known
in the literature [51,80,81], but the homogenization of cylindrical nanoporous alumina

has not been reported.

The Bruggemann homogenization [7,79,82] and Maxwell-Garnett homogenization [7,
79, 83] are widely used two methods for the homogenization of binary mixtures. Since
in our case the fill fraction of the inclusion can be made small and the Maxwell-Garnett

homogenization works well for fill fraction less than 0.3 [84,85], therefore, we shall use

95
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Figure 3.1: The schematic of (a) planar nanoporous alumina where the nanopores are
organized in hexagonal pattern in xy—plane and oriented uniformally along z—direction,
and (b) the top surface area of the planar nanoporous alumina showing a unit shell.

the latter method to homogenize the nanoporous alumina system. In the second section,

we homogenize the planar nanoporous alumina.

In the cylindrical nanoporous alumina, the diameter of the nanopores decrease to-
wards the center of the cylinder, hence only a local homogenization will be possible. In
the third section we describe the structural parameters of the cylindrical nanoporus alu-
mina required for modeling the effective medium. In the fourth section, we transform
the cylindrical geometry into a plane geometry using the technique of transformation op-
tics [16,86,87]. We have homogenized the cylindrical nanoporous alumina microtubes in
the new transformed geometry and then after homogenization we invert the transforma-

tion to obtain the material parameters in the original geometry [88].
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3.2 Homogenization of Planar Nanoporous Alumina

Figure 3.1 shows a schematic picture of planar nanoporous alumina. The nanopores have
hexagonal arrangement in the xy-plane and are oriented along the z-direction as shown in
Fig. 3.1(a). The nanopores are uniformly distributed in the whole volume. Figure 3.1(b)
shows the unit cell in the zy-plane. Let the nanopore diameter and interpore distance
be 2Q) and D(= d,) respectively. Then the nanopore fill fraction f can be given by the

following expression

_Area of nanopores within unit cell

/= Area of unit cell (3.1a)
_ 2x@Q%)
~ (VBD)x D (3.1D)
g (3.1c)

~V/3D?
Here the nanopore fill fraction is same everywhere in the volume. It only depends
on the nanopore diameter and the interpore distance. For a fixed interpore distance,
the nanopore fill fraction can be changed by increasing the nanopore diameters by pore

widening process described in Chapter 1.

For the present, let us assume that the nanopores of planar nanoporous alumina are
filled with a material that has a dielectric permittivity of €;. Since the nanopores have very
high aspect ratio, therefore, the polarizability along the nanowires direction is effectively
zero while there is finite polarizability in the transverse direction of the nanopores. The
effective permittivity of the planar nanoporous alumina along the nanopores direction,

£., can be approximately given by the volume average as [89,90]
e, = fei+(1— fley (3.2)

where ¢; and ¢, are the permittivities of inclusion (air or metal) and host (alumina)

respectively.
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Since we are considering the areal (area/area) fill fraction, therefore, the effective
permittivties €, and ¢, along the z-direction and y-direction will be equivalent, that is,
ez = €y. The effective permittivity along the transverse direction can be obtained by the
Maxwell-Garnett homogenization (MGH) theory, and for the cylindrical inclusion it can

be given by the following expression [90]

A+ flaen+ (1= fen
ST A Pt (0t Pen (3:3)

The Egs. (3.2) and (3.3) are approximate results and work well for the smaller (< 0.3)

fill fractions. They can not, however, be used for larger fill fractions accurately.

3.3 Structural Modeling of Cylindrical Nanoporous
Alumina

A cylindrical nanoporous alumina shell whose inner and outer radii are R; and Rj is
shown in Fig. 3.2. We divide the cylindrical nanoporous alumina system into three
regions. Region-I: inner core from cylindrical axis to R, may be metallic or dielectric.
Region-II: consisting of the nanoporous alumina shell from R; to Rs; Region-III: the
outermost region beyond Ry which may be metal or dielectric. We assume that at the
outer surface of the cylindrical nanoporous alumina (r = Ry), the nanopores organization
is ideally hexagonal packed as shown in Fig. 3.2(a). The interpore distances decrease
along the azimuthal direction and there is no change in the interpore distance along the
z-direction towards the cylindrical axis. Let the interpore distance be D, at Ry and the
nanopore diameter be 2Q); there. Let the interpore distance be d at the ¢z-surface at
radius 7, and the nanopore diameter be 2¢ at that point. Consider the unit cell as shown
in Fig. 3.2(b). The solid angle 2 made by the surface area of the pore at Ry and r will

be same. Therefore, at a point in the nanoporous alumina shell at a distance r from the
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Figure 3.2: The schematic of (a) position a cylindrical shell of radius  and (b) a small
local area on the general ¢z surface at radius 7.

center axis,

Q(r) = Q(Ry), (3.4a)
2 2

o= %, (3.4b)
q= %r. (3.4¢)

Equation (3.4c) shows that the pore radius linearly depends on the radial distance from
the center of the microwire.
If the pore periodicity at Ry is Ds, then from the Fig. 3.2(b) the unit cell length

along ¢-direction and along z-direction
d2’¢ = \/§D2, (35&)

da. = Ds. (3.5b)

In the azimuthal plane, the angular width of the unit cell at R,
3D
Ap = V3 2 (3.6)
Ry
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This angular width in the azimuthal plane will be same at any r. Therefore, the unit
cell length along ¢-direction (dy) and along z-direction (d,) at a distance r inside the

nanoporous alumina shell are given by

d¢ = Aqb X, (37&)
D,

=V3— .7b

ST (3.7b)

dz = DQ. (37(3)

These Eqs. (3.7) show that the pore periodicity along the ¢-direction linearly depends

on r. Therefore, the fill fraction f of the nanopores at a distance Ry from the center

Area of nanopores within unit cell at Ry

Ry = 3.8
f (Rs) Area of unit cell at Ry ’ (3.82)
2 2
4 X (rQ3) 7 (3.8b)
(V3D,) x D,
% 2
_ 2 (3.8¢)
V3D3
Similarly the nanopores fill fraction f at a distance r is
Area of nanopores within unit cell at r
_ 3.9
) Area of unit cell at r ’ (3.9)
2
2 % { (%r) }
_ (3.9b)

(ﬁ%r) X Do ,

21Q3 [ r
_ Iy (—) . (3.9¢)

V3D3 \ R
Equations (3.9) show the linear dependence of the filling fraction on r, which implies
that the cylindrical nanoporous alumina system is an inhomogeneous system. Here the
effective medium parameters (dielectric permittivity) will depend on the position. The

nanopore fill fraction of cylindrical nanoporous alumina system has been plotted in Fig.

3.3 at nanopore diameter 30 nm and 50 nm at the outer surface.
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Figure 3.3: Nanopores fill fraction of cylindrical nanoporous alumina when nanopore
diameters are 30 nm and 50 nm at the outer surface.

3.4 Geometric Transformation using Transformation
Optics

The ad-hoc homogenization of the nanoporous alumina microtube have several assump-
tions such as the inhomogeneity could be disregarded to locally homogenize the system
at different radial distances. In this section, we shall carry out the homogenization rig-
orously using the techniques of transformation optics [86,91]. Using a mapping we show
that an effective anisotropic dielectric tensor can be obtained for the medium with radially

oriented nanowires/nanopores in the curvilinear geometry as well.

The cylindrical shell can be transformed into a rectangular slab by the transforma-

tion into cylindrical coordinates,
T=Inr, g=¢, Z=z2. (3.10)

In the new coordinate frame (Z, 7, Z), the transformed material parameters and fields can

be written as [91]

51553 - ASlS2S3 Ej — S,E;, ﬁj = S;Hj, (3.11)

€= 5jT’ Hj = %T’
J J
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Figure 3.4: A cylindrical shell is mapped to a flat slab. The nanopores along the radial
direction in shell mapped along the z-direction in the new frame.
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where tilde (7) represents the new transformed frame. Now using Egs. (3.10)—(3.12), the
material parameters in the new frame for the embedded material () and alumina host
material (h) within their respective regions are given by

€30 = Eri, i = Eir Ez4= 6%5”, 3.13a

(
fizi = i Fgi = foir  Fzi = € fag, (3.13b

~ ~ ~ 2
€3h = Erhy  Egh = Ephy  Exh = € Exp, (3.13c

)
)
)
floh = Hrps  flgh = Hons  fzp = € iz (3.13d)

In this manner, we can transform the cylindrical shell with radially emanating nanopores/nanorods
into a slab with columns along the Z direction (see Fig. 3.4). The only difference from
a medium of unidirectional nano-columns is that both the background material of the
slab and the columns are now both anisotropic and inhomogenous (along Z) in the new
geometry. Such a structure can be easily homogenized by noting that the principal axis
of anisotropy coincides with the column axes and the fact that we have only diagonal

anisotropy.
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3.5 Homozenization of Cylindrical Nanoporous Alu-
mina

Now we will proceed to homogenize the structure in the new geometry, and then transform
the obtained effective-medium parameters back to the cylindrical geometry. This will be
valid at all points, except at the origin in the cylindrical geometry where there is a
singularity, which is excluded in the homogenization. The effective permittivity along the
Z-direction with the help of Eq. (3.13) can be given by the volume average [89, 90|

e = feri + (1 — fern, (3.14)

where f is the fill fraction of the inclusion. In the transverse direction, the effective
permittivity can be approximately obtained by the Maxwell-Garnett homogenization
procedure. We would need the polarizabilities of anisotropic cylinders embedded in an
anisotropic medium. The polarisability of an anisotropic prolate spheroid in an isotropic
medium is well known [92] and the homogenization of anisotropic ellipsoids embedded in

an anisotropic medium has been also been obtained [93].

The coincidence of the principal axes of anisotropy with the symmetry axes of the
geometry makes it simple here. In our case, as the inclusion is cylindrical with very
large aspect ratio, therefore, it can be approximated as a prolate spheroid with extreme
eccentricity (like a long needle). The normalized electric field of an anisotropic cylinder
with € = (1,1,72) embedded in an anisotropic medium & = (€ 41,05, € 41,05, EA1,0572) Which
is placed in a uniform electric field have been plotted using COMSOL Multiphysics is
shown in Fig. 3.5(a). Here £45,0, (= 2.6375) is the dielectric permittivity of the isotropic
alumina and 79 (= 12.5um) is the outer radius of cylindrical shell. The field plot of
an anisotropic nanowire with & = (44, €44, £4,75) embedded in an anisotropic medium
E = (EAL0s» EA1,055 EAL,0575) 18 shown in Fig. 3.5(b), where £ 4, (= —1359.1400+i115.5060)
represents the dielectric permittivity of silver metal. For comparison the field plots of an

isotropic air cylinder with € = 1 and an isotropic silver cylinder with € 4, = —1359.1400 +
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i115.5060 placed in isotropic alumina € 45,0, = 2.6375 are shown in Fig. 3.5(c) and 3.5(d)
respectively. Since the diameter of anisotropic cylinder with & = (1,1, r7) and anisotropic
nanowire with & = (£44,€44,4,72) both are electrically small, therefor, the field plots
are almost look like the case of isotropic air cylinder and isotropic silver nanowire. We
see that the field plots for anisotropic cylinders are almost the same as the field plots of
the isotropic cylinders as well as the polarizability. So the local homogenization is good
approximation for such type of system. The homogenized effective-medium parameters

are obtained as [90]
geﬁ _ (1 -+ f>5¢,i€¢,h -+ (1 — f)é“ih (315)
Y (1 — f)&b,i + (1 + f)€¢7h '

and )
off 9% (1 =y f)gz,igz,h =t (1 e f)EZﬁ

°2f B (1_f>8z,i+(1+f)5z,h

(3.16)

The additional exponential factor in the e&f results in a biaxial and inhomogeneous
medium in the Cartesian coordinate frame of rectangular slab. Thus, it is different from

a flat nanoporous anodic alumina template.

Now we will map back these parameters into the original cylindrical geometry and

obtain
5f§ﬁ = feri + (1 — flern, (3.17)
eff _ (L+ flegicon + (1 — ez, (3.18)
¢ (1 — f)5¢,i + (1 + f)€¢7h ’
and

or (It lesiean+ (1 - ez,
T T Pt (1 Nen (3.19)

Note that the exponential factors of €?? cancel in the inverse mapping process. Since
in the cylindrical geometry, the individual materials are isotropic, the effective permit-
tivity components 52’5& and &7 are equal in this approximation. Incidentally, we obtain

an identical result as obtained by just applying this process directly in the curvilinear
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geometry. This is the due to the large aspect ratio of the inclusions and the electrically
small diameter of the nanopores aligned along the r-direction. We also note that cylindri-
cally symmetric metamaterials have been also been homogenized using similar geometric

transformations [94,95], including for the design of anisotropic invisibility cloaks [96].

In this picture, only the areal fill fraction (f) of the pore/nanorod determines the
effective medium properties and the anisotropy results in €, # €4 and €, ~ €,. From the
FESEM images of several samples, we find that the nanopore cross-section approximately
reduces linearly with the radial distance in alumina microtubes anodized at constant
voltage, and the areal fill fraction changes with the radial distance as Eq. 3.9. Typically,
Dy = 100 nm at the outer surface of the anodized aluminium wire where anodization
begins when an anodization voltage of 40 V is used at 0° C in oxalic acid (see Chapter
2). Similarly, the pore diameter 2Q); is 30 nm under these circumstances. The pore
diameter can be flexibly increased to any any value up to about 90 nm by pore widening
in a solvent such as phosphoric acid. At a wavelength of 632.8 nm, Fig. 3.6 shows
the variation in the anisotropic material parameters with the radial distance obtained
for the cases of (i) air nanopores in nanoporous alumina and (ii) silver nanorods in the
nanoporous alumina, where a Drude dielectric permittivity for silver (Fig. 3.7(b)) was
used as €49 = €00 — Wi/ [wW(w + 77)] With e = 5.7, w, = 9.2¢V and v = 0.021eV [§].
For the host alumina material (Fig. 3.7(a)), the dielectric permittivity have been taken
from [1]. The imaginary part of the effective medium parameters for the silver filled
nanoporous structure is also small due to the small fill fractions (0.23) of silver. Due to the
radial variation of the pore diameters, these fibers are actually spatially inhomogenous.
Typically, nanowires made of plasmonic materials that have Re(¢) < 0 results in an

extreme effective anisotropy with ¢, < 0 and €, > 0.

At a constant nanopore fill fraction of 0.23, the effective permittivity components
with respect to the frequency have been plotted in Fig. 3.8. Here also the alumina data
is taken from Ref. [1] and the silver data is from Ref. [8]. For the case of air inclusions

as shown in Fig. 3.8(a), the permittivity components are anisotropic. The anisotropy is



3.5 Homozenization of Cylindrical Nanoporous Alumina 67

100~ : : : : ‘ ;
A =442nm
80F — Refe,) ]
N ]
g & | Re(ey)
& £ 40 1

L === Im(gy)

&, 8

A =632.8nm ]
£ — Re(ey)

£ = Re(gy)

6
5
4
s 3 === Im(z,)
)
1 === Tm(e,) |
0

A =785 nm

.2 — Re(e,)

e == Im(c,)
) O A

= Re(gy)
_2F === Im(ey)
—4k . . . . E|

0 2 4 6 8 10 12

7 (um)
(h)

Figure 3.6: The effective permittivity components of cylindrical nanoporous alumina with
respect to the radius of the wire at 442 nm, 532 nm, 632.8 nm and 785 nm wavelengths.
The left panel is for air inclusion and the right panel is for the silver inclusion.
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Figure 3.7  The permittivity of (a) pure alumina (Weber, Handbook of Optical Ma-
terials, 2003) and (b) silver metal of Drude model (Cai et al., Optical Metamaterials:
Fundamentals and Applications, 2010).

larger for higher frequencies. The material dispersion for the case of silver inclusions is
shown in Fig. 3.8(b). The signs of ¢, and ¢, vary over the given spectral range. We see
that in certain spectral range the permittivity components show the hyperbolic dispersion.
In the case of air inclusion, the ¢, is always greater than the ¢4 is shown in Fig. 3.8(a). If
we fill the nanopores of cylindrical nanoporous alumina with some higher index medium
compare to alumina then this inequality can be reversed, that is, in this case €, < €4. But
if we fill the nanopores of the cylindrical nanoporous alumina with metals then all the
inequality exist. Figure 3.8(b) shows the effective permittivity components of cylindrical
nanoporous alumina with silver metal inclusion. It shows that below the 600 THz there
is indefinite permittivity with ¢, < 0,4 > 0 which have very high metallic losses. In a
very narrow rage around 800 THz there is €, > 0,e4 < 0. But beyond this range there
is normal anisotropy. It is clear that the metal inclusion increases the anisotropy of the

nanoporous alumina.
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Figure 3.8: The effective permittivity components of cylindrical nanoporous alumina
at constant nanopore fill fractions of 0.08 and 0.23 with respect to the frequency. The
left panel for air inclusion, and the right panel for silver inclusion. Here R;=0.5pum and

Ro=12.5pum.
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3.6 Conclusions

We have carried out a homogenization analysis using the structural parameters of the
cylindrical nanoporous alumina microtubes. The nanopore diameter of nanopores, az-
imuthal interpore distance and the nanopore fill fraction vary linearly with the radius
of the wire. All these three decrease toward the microwire axis, and the cylindrical
nanoporous alumina is an inhomogeneous and anisotropic medium. These variations are
not available in the planar nanoporous alumina which is only an anisotropic but a homo-
geneous system. We locally homogenized the cylindrical nanoporous alumina using the
technique of the transformation optics and the Maxwell-Garnett homogenization theory.
We found that for the case of air inclusions the system has inhomogeneous and anisotropic
dispersion while for the silver inclusion the system has anisotropic as well as hyperbolic
dispersion depending on the electromagnetic spectral ranges. For fixed inclusions, these
dispersions can be changed by changing the nanopore diameters or changing the inter-
pore distance. For fixed nanopore diameters and interpore distance the dispersions can be
changed by using the different inclusions. This method is only valid for dilute inclusions
(f < 0.3). For higher fill fraction (f > 0.3), these homogenization would not be valid and
in that case we have to use some other homogenization method such as Bruggemann’s ho-
mogenization method. In the case of air inclusions there are less losses almost over whole

given range but there are huge losses for metallic inclusions in lower frequency ranges.



Chapter 4

Homogeneous, Anisotropic
Metamaterial Optical Fiber

4.1 Introduction

Circular waveguides optical fibers have been studied since several decades [97]. They are
being used in many scientific and engineering applications such as communication, power
transmission, sensors, medical, instruments etc. Most of them are isotropic in nature
and light confinement is due to the total internal reflections. Later on photonic crystal
fibers, which are internally structured but invariant along the axial direction, have been
introduced [29]. In these fibers, few micrometer size holes placed in a perodic manner are
drawn along the fiber axis and light is guided by the photonic band gap in the transverse
direction [30]. Development of metamaterials has opened new doors for applications
of optical fibers [7]. Using metamaterials, any desired anisotropy can be introduced in
the waveguides and optical fibers [31,53,98]. The modal dispersions of an anisotropic
dielectric permittivity fiber have been recently discovered [36]. The light guiding nature
of metamaterial clad hollow waveguides also has been of interest, where the anisotropy in

the clad region is produced by the split ring resonators [39,40].

In the Chapter 2 we have discussed about the fabrication of radially structured

71
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microtubes of nanoporous alumina, whose effective parameters have been theoretically
found in Chapter 3 using the Maxwell-Garnett homogenization theory. In this chapter we
shall discuss about the wave guiding nature of these radially structured fibers. These fibers
have an anisotropy with cylindrical symmetry that renders the polarization in the axial,
radial and azimuthal directions different. To simplify the discussion, we shall consider that
the anisotropic medium is homogeneous in this chapter. This assumption will be relaxed
in the next chapter. We find these waveguides to support novel modes, particularly where
the anisotropy is indefinite and the mode dispersions become hyperbolic. The new modes
possible are analyzed and explained in this chapter. Conditions for the guidance are also

analyzed.

4.2 Electromagnetic Fields in a Cylindrically Sym-
metric Anisotropic Medium

Consider a cylindrically symmetric medium with anisotropy along the radial, azimuthal
and axial directions as given by the homogenization in Chapter 3 for a nanoporous alumina
microtube. More generally, both the dielectric permittivity (£) and magnetic permeability
(12) can be anisotropic and are second ranked tensors that can be represented by 3 x 3
matrices. For cylindrically symmetric anisotropic medium for diagonal anisotropy, £ and

L are given as

e 0 0

eE=|0 g 0], (4.1a)
0 0 e,
e 00

p=10 pu 0]. (4.1Db)
0 0 p

The medium for the present discussion (in this chapter) will be regarded as homogeneous.
The Maxwell’s equations for time harmonic electromagnetic fields in a source free, linear,

anisotropic and homogeneous medium can be written as
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V- (20E) =0, (4.2a)
v (poﬁﬁ — 0, (4.2b)
V x E = iwpofiH, (4.2¢)
V x H = —iweoéE (4.2d)

We are interested in guided mode solutions in the waveguide that propagate along the
waveguide axis (z-direction). Hence, we consider the form of electromagnetic wave prop-
agating in the fiber as

E(r,¢,2,t) = E (r,¢) P70, (4.3)
(r, b, 2,t) = H (r,¢) e'P), (4.3b)

]

where [ is the propagation constant along z-direction. Expanding the Eq. (4.2¢) and
Eq. (4.2d) using Eqgs. (4.1) we get

1%_% P aET_aEZ $+1 Q(TE)_aET 3
rop 0z 9z or rlor Y 8¢

it {MTHTf + s Hod + uzﬂzz} , (4.4a)
10H, 0H,\ . (0H, OH,\. 1(9 OH,\ .
(F 96 0= )H ( I— )MF{E(TH”_ 59 }"‘
= —iwey {5ET +esEsp + EEZ} (4.4b)

Using Eq. (4.3) in Eq. (4.4), and comparing the coefficients of 7, ¢ and 2 on both
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sides, we get

10E, :

90 = iwpopr H,, (4.5a)
0E,

iBE, — = = twtopteHp, (4.5b)

1[0 OE, _
; {ar ( E¢) a¢ } = ZW,UO,Usza (45C)
laaiz = _l.wg()grEra (45d>
i3 88]-7{2 = —iwegeyFy, (4.5¢)
1 {% (rH,) aali"} = iwee, E.. (4.5)

Eliminating H, from Eq. (4.5b) and Eq. (4.5d), H, from Eq. (4.5a) and Eq. (4.5¢), E,
from Eq. (4.5a) and Eq. (4.5¢) and E, from Eq. (4.5b) and Eq. (4.5d) we obtain

() ().
wieoptoerpis — B2 ) \wpopy Or v 09
pom (ot V(O B IRy
H, = {w%ouo% @2} (a;{ s ! %i) | "
_ {w gouow _ 62} (wgg& 80ETZ . % aa%) o)

We see that in Eqs. (4.6) E,, Es, H, and H, are all functions of E, and H,. For the
TE mode, £, = 0 and the components F,, Fy, H, and Hg will be non-zero. For the TM
mode, H, = 0 and the four components E,, E4, H, and Hy will be non-zero. Only either
TE, TM, or hybrid EH and HE modes are considered here.

In an ordinary isotropic fiber or waveguide there are oscillatory and decaying solu-
tions described by Bessel functions with integral order. But the anisotropic nature of the

material of the waveguides causes the other kind of solutions. To explore all the possible
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solutions in a cylindrical anisotropic waveguide, we shall first discuss the modes in an
anisotropic coaxial waveguide, where the region inside and outside are metallic. These
metal boundaries can be approximated as perfect electric conductors (PEC) for most
practical purposes. The PEC condition will have lesser errors for lower frequencies than
the higher frequencies because at lower frequencies its metallic nature will be better than
higher frequencies. At higher frequencies, beyond optical (e.g. UV), metals behaves as
dielectric. But metals like silver or aluminium has a large plasma frequency (9.2 eV and
15.1 eV) which would make the magnitude of the dielectric permittivity very large even
at 632.8 nm wavelength. Then the metal would actually appear as a resistive electrical
conductor. If we do not consider the PEC conditions then the solutions particular to the
cylindrical anisotropic medium can not be clearly distinguished because of the dielectric
boundary constraints which will couple the polarization and will not allow the propaga-
tion of pure TE and TM modes. If we consider a coaxial waveguide with PEC boundary
inside and outside, then the modal dispersion relations can be decoupled for E, and H,
which will give TM and TE modes respectively. In the next section we will study the
behavior of TE and TM modes in a nanoporus alumina metamaterial waveguide in the
coaxial geometry. A schematic picture of such a waveguide is shown in Fig. 4.1. Now
we first carry out the general mode analysis of a PEC-anisotropic-PEC coaxial fiber, and

later present the numerical analysis of the PEC-nanoporous alumina-PEC coaxial fiber.

4.2.1 TE Modes in a Coaxial Anisotropic Fiber

We shall first consider the TE modes with
E, #0,E4#0,E, =0, (4.7a)
H,#0,H; #0,H, # 0. (4.7b)

Using Eq. (4.7) in Egs. (4.6a) and (4.6b) and solving the Eq. (4.5¢) for H,, we get

{ko%ur B’} H, = 0. (4.8)

0*H, N 10H, L e kiesu, — %) 1 O°H
or? r Or kie gy — B2 r2 8¢2
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Anisotropic
region

PEC

Figure 4.1:  Schematic of the coaxial fiber. The region between R; and R, is the
anisotropic cylindrical nanoporous alumina shell. The core (r < R;) and the outer region
(r > Ry) of the anisotropic region are the PEC.

We use separation of variables to solve the above partial differential Eq. (4.8). Let

H. (r,0) = R(r)©(0), (4.9)
so that azimuthal part of the Eq. (4.8) is governed by
1 d*®(¢) 2

o(g) dg* 0

where m is a constant and the radial part of the Eq. (4.8) satisfies

d’R(r)  dR(r) I po [ kieppr — 52

2 Pz (2 L 21,2 _ Mo 0= @Hr 2 —0.

e +r - + Mr{ Seotr — B} r i Ueni — 72 m’| R(r)=0
(4.11)

The solution of Eq. (4.10) is
d (¢) = Ce™? (4.12)

where C' is a constant and m is constrained to be an integer due to the single valued

requirement on ®(¢). Defining

k2 = {kean, — ), (1130)
o Mg [Koesnr — B2\ o

_ A, 4.13b

Y Moy {kgé?r/hp - 62 ’ ( )



4.2 Electromagnetic Fields in a Cylindrically Symmetric Anisotropic Medium 77

then the Eq. (4.11) can be written as

2 d*R (1) dR (r)

I +r = + (klr* = v*) R(r) = 0, (4.14)

which is the well known Bessel differential equation. Solving this equation we obtain the

radial dependence. A general form for the z component for the magnetic field is

H,(r,¢,z,t) ={A1J, (k,r) + ASY, (k,r)} eime i(Bz—wt) (4.15)

where J, and Y, are the Bessel functions of first kind and second kind (Y, are also termed

Neumann functions). The coefficients A; and A, can be found by setting the tangential

components F, = 0 at PEC bundary R, and R, and we obtain the following condition
T, (kyBy) Y, (kyRy) = J, (ky B2) Y,, (ki By) = 0, (4.16)

where prime () indicates the radial derivative. Solving this equation, we can obtain the

dispersion relations for TE modes.

The nature of the modes critically depends on the parameters v and k,. It is well
known that when £k, is imaginary, the modal solutions assume the form of the modified
Bessel functions. More importantly, in this case, the anisotropic nature of the waveguide
allows the order, v, of the Bessel function to be fractional and even imaginary (v? <
0) [99,100], which is not possible in isotropic systems. In a non-magnetic medium, for
example, a propagating (/3 is real) TE mode with real k, (implying that kie, > (%). If
kie, < B* < kiey, then v? < 0 and the order of the mode becomes imaginary. This is seen
to occur straightforwardly in a medium with €, < 0 and €4 > 0, whereas in a medium
with e, = 4, this situation would not arise [88]. Note that the inequalities reverse if
we seek a TE mode with imaginary k, described by the modified Bessel functions. The
requirements for an imaginary order for the TM modes are actually slightly more involved
due to the various possibilities of the material parameters which is discussed in the next
subsection. By changing the sign of the dielectric permittivity components, there are

various kinds of solutions possible. All the possible solutions of the TE modes for various
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Table 4.1: Possible solutions for H, in a non-magnetic (p, = py = p, = 1) homogeneous
anisotropic circular coaxial waveguide.

Sr. & €4 &, Conditions k2 12 B Remarks
Solutions similar to
I + + + kie, > (3 + 4+ /kde, — k2 positive index fibers,
fractional order modes
kg€¢ > 52
k}g&r < 52 + . m Imaginary Order
modes
kg&“qg > ﬁ2
K2e, > B2 o [FE— Imaginary order
0=r 0.7 Y modes
k(2]€¢ < ﬁ2
Plasmonic surface
2 2 _ 2 _ 1.2
kie, < B Fik kies — k2 modes
/{236(15 < ,32
2 + 4+ — H,sameas|
3 4+ - 4+ ki > B — iy/k2|es| + k2 No propagation
—kg leg| < B
kie. < B* — + i\/k}|ey|+ k2 No propagation
—k%€¢ < 62
I ' d
4~ 4 4+ —Rel<B + - /—kg% e maginary order
modes
k§€¢ > /32
R2e < B — 4+ m Plasmonic surface
modes
k’g€¢ < 52
5 4+ — — H,sameas3
6 — 4+ — H,sameas4
7T — — + —kle|<pB* — + iykiles|+ k2 No propagation

—kj leg| < B
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possibilities with anisotropic and non-magnetic materials are tabulated in Table 4.1.

Physical applications of Bessel functions with imaginary orders have been rarely
reported [99-101]. There are consequences to a fractional or imaginary order, v. The
order of the Bessel function and the field distributions now depend on the propagation
constant (3, unlike those for an integral order (m) mode in isotropic media. We notice in
Table 4.1 that the imaginary order modes (v* < 0) are even possible if the all permittivity
components are positive (Sr. 1 Table 4.1). There are some surface plasmonic modes as
presented by Table 4.1 Sr. no. 1, 4 and 6. In the plasmonic mode, the field decay along the
radial direction but can propagate along the axial direction. There is one very important
issue is that if the €, < 0, then the propagation constant 8 becomes imaginary and there
is no propagation is possible for TE modes (Sr. 3,5,7 Table 4.1). The nature of the fields
of the modes described by the Bessel functions with imaginary orders will be discussed in

the later subsections of this chapter.

4.2.2 TM Modes in a Coaxial Anisotropic Fiber

Now we describe the TM modes in the coaxial anisotropic waveguide. The field compo-
nents for TM modes
E, #0,E4#0,E, #0, (4.17a)
H,#0,Hy#0,H, =0. (4.17b)

We again use the method of separation of variables and let
E.(r,¢) = R(r)®(9). (4.18)

Following a similar approach as for the TE modes, for TM modes we can get the azimuthal
component of the F, field as
O (¢) = Ce™?, (4.19)



4.2 Electromagnetic Fields in a Cylindrically Symmetric Anisotropic Medium 80

where m is an integer and C' is a constant. The radial part of E, is the solution of the

differential equation
Zd*R(r)  dR(r)

2.2 2 _
dr? tr dr T <kTT -7 )R(T) =0, (4.20)
in which
€z
k2 = = {kierps — B}, (4.21a)
o €s [ Kgerpy — B 2
= - : 4.21b
T TS {k85¢ﬂr —g " ( )

If we see the expressions of the k, and v in Eq. (4.13) of TE modes and the expressions
of the k,; and 7 in Eq. (4.21) of TM modes are exactly complimentary to each other,
but with the permittivity replaced by the permeability components and vice versa. So to
avoid the confusion between the expressions of the TE and TM modes, we used different
symbols. The general form of the field component E, of the TM mode is given by

E. (r,¢,2,t) = {B1J, (k1) + BoY; (k1)) eimeeiBz=et), (4.22)

where k, and 7 is given by the Eq. (4.21). The coefficients B; and By can be obtained by
setting the tangential components of the field, E, = 0 for the field at the PEC boundaries,
resulting in

Jzz (krRl) YV (krR2> - JV (krR2) Yl/ (krRl) = 0. (423>

This the dispersion relation of the TM modes of the coaxial waveguides. After taking
the various combinations of the sign of permittivity components, there are various types
of solutions possible. All these solutions for a non-magnetic anisotropic circular coaxial
fiber are listed in Table 4.2. Due to the involvement of ¢, in Eq. (4.21a), there some more
solutions that are not possible in the case of TE mode of non-magnetic and anisotropic
circular coaxial fiber as we have seen in the Table 4.1 of the previous subsection . In the
TM mode case, if the €, < 0 then in some cases when there are modes with essentially no
cutoff frequency (Sr. 2,5 Table 4.2). Here there is only one case ¢, < 0,e, < 0 for which
there is no propagation (Sr. 6 Table 4.2).
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Table 4.2: Possible solutions for F, in a non-magnetic (i,
anisotropic circular coaxial waveguide.

= 11y = p, = 1) homogeneous

Sr. & €4 e, Conditions k2 72 B Remarks
Solutions similar to
1+ 4+ + kie, > (32 + + kie, — Z—ZkZ positive index fibers,
fractional order modes
kg€¢ > 52
9 9 2 - ., lmaginary order
kie, > B + = koer — =2k2 modes
kg&“qg < ﬁ2
9 9 - ., lmaginary order
k(2]€¢ > ﬁ2
Plasmonic surface
ke, <> — + kger — k2 modes
/{238(15 < 52
2+ + - ke >p - 4+ koer + k2 No cutoff
k’gé“qg > 52
kie.>p3* — - kger + £5k2  No cutoff
k36¢> < 52
kie, < 3 + - k3e, + k2 No cutoff
k’36¢ > 52
ke, <+ + koer + 2k7 No cutoff
k(2]€¢ < ﬁ2
Solutions similar to
3 + - + kie, > (32 + + kje, — ==k2  positive index fibers,
fractional order modes
—k leg| < 52
9 9 2 . .o Imaginary order
kie, < B - - ke, — ;kT modes

—kg leg| < B
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Sr. & &4 e, Conditions k2 I& Remarks
Fractional order
4 — k2 |e, 2 \/_ 2e, lerl 7.2
+ + k§lerl < 8% + kg ler| + 2 k2 modes
k§€¢ > /32
0 9 BT lerl 1.2 Imaginary order
2le,| < 82 + VR ler] + B2 mast
k’g€¢ < 52
5 + — —  kie,>p* - kger + 25k2 No cutoff
—ki leg| < 52
ke, < B2 + koer + k2 No cutoff
—kg leg| < B2
6 — + — —kile|<B* — ir/ k3 e + %kﬁ No propagation
kg€¢ > ﬁQ
_ 1.2 2 © /1.2 lerl 7.2 ;
ki ler| < B i/ kg ler] + Z5k2 - No propagation
k§€¢ < /32
o By 9 BT _ lerlg. [Practional order
7 v Ral < B+ VR ler| — g2 .

—kj leg| < B
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4.3 Modal Fields and Dispersions in a homogeneously
filled anisotropic coaxial waveguide

In Chapter 3, we homogenized a cylindrically symmetric microwire of nanoporous alu-
mina and found that it has uniaxial anisotropy, i.e., €, # €4 = €,. Due to the varying fill
fraction with the radial distance, the alumina microtube is actually an inhomogeneously
filled anisotropic waveguide. However, to understand the nature of the modes in cylindri-
cally anisotropic medium, it would be good to separate out the effects of anisotropy and
inhomogeneity. Hence, in this section, we analyze the modes of a homogeneously filled
anisotropic waveguide. As an approximation, let us assume that the nanoporus alumina
fiber is homogeneously filled and it has uniaxial anisotropy. Additionally PEC boundary
conditions are applied symmetrically at » = R; and r = R, thereby reducing it to a

coaxial waveguide.

In the previous section, we discussed the general solutions of TE and TM modes
of a homogeneously filled anisotropic (&, # €4 # ¢,) coaxial waveguide. If in the Tables
4.1 and 4.2, we use the anisotropy as e, # ¢, = ¢, then the number of possibilities
are reduced. From these two tables we have noticed that the TM modes present more
interesting cases with than the TE modes with dielectric anisotropy. For example, there
are modes with no cut-off frequencies in some cases. Hence we discuss the TM modes
here. The numerical analysis of the TE modes can be done in a similar manner. As we
have seen, the nanopores of cylindrical nanoporous alumina microtube can be filled with
suitable materials like polymers, liquids, metals etc. which can give different signs to
the different permittivity components. Here we considered two cases to demonstrate the
nanoporous alumina coaxial fiber. First the nanopores filled with air and the second the

nanopores filled with silver metal.

In this chapter we have used mode index notation TM,, ,, to avoid the confusion for
higher index modes, where m is the azimuthal integral order of the mode which appears in

the solution of the angular part of Eq. (4.12) or (4.19), and n is the sequence of number of
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roots of dispersion relation for a fixed azimuthal order m. Since in the anisotropic coaxial
waveguides there can exist the integral, fractional and imaginary order modes, therefore,
in the next subsection we shall briefly introduce about the Bessel functions of various

kinds of orders which will help to understand the nature of the modes of the anisotropic
fiber.

4.3.1 Bessel Functions of Integral, Fractional and Imaginary Or-
ders

The Bessel functions are the solutions of the Bessel differential equation [102]

d? d
xzd—x‘z + x% + (2% — a?)y = 0, (4.24)

where constant « is called the order of the Bessel functions. The above equation have
two solutions which are called Bessel functions of first kind (.J,) and Bessel functions of
second kind or Neumann function (Y,). For the purely imaginary argument the solutions
of the Eq. (4.24) are called Modified Bessel function of first kind (1,,) and Modified Bessel
function of second kind (K,). The Bessel functions order, o, can be integral, fractional,
imaginary or complex numbers which will reflect on the properties of the Bessel functions.

Some plots of Bessel functions of different kind of orders are shown in Fig. 4.2 [103].

We see that the integral order Bessel functions either oscillate or decay as shown in
Fig. 4.2(a) and 4.2(b). In the integral order case the minimum variation of « is 1, while
this variation in the fractional order case can be extremely small. The fractional order
Bessel functions also oscillate or decay but their variation with the order a become slow
or fast as the functions orders slow or fast than the integral order Bessel functions. For
example in the Fig. 4.2(c) the functions orders are 1/2 and 1/3 then the variation in the
function is small. If the function order would become 1/2.1 or 17/2 then the function
would change very slow or fast compared to the function of order 1/2. Similarly this
also happens for the modified Bessel functions too, but only thing is that they always

decay with increasing x. The behavior of the imaginary order Bessel functions are very
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Figure 4.2: Plots of the Bessel functions J, and Y, (left panel), and plots of the Modified
Bessel functions I, and K, (right panel). Plots of (a) and (b) for integral order, (c) and
(d) for fractional order, and (e) and (f) for imaginary order (Olver et al., NIST Handbook
of Mathematical Functions,2010).
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different than the integral and fractional order Bessel functions. They always oscillate
whether they are ordinary Bessel functions (Fig. 4.2(e)) or Modified Bessel functions(Fig.
4.2(f)). As the argument, z, decrease, the functions oscillations increase. The functions
amplitudes and oscillations increase tremendously with their order as argument tends to
zero. In fact, these functions do not have a well defined limit as x — 0, and are reminiscent
functions like sin(1/z) that have an essential singularity at x = 0. More details of the
Bessel functions can be found in Ref. [103]. In the next subsection, we shall use these
Bessel functions to explain the mode properties of the homogeneously filled anisotropic

coaxial waveguides.

4.3.2 Modal Fields in homogeneous Anisotropic Waveguides

At cut-off, every type of mode has an integral order, the order 7 or v of the Bessel function
changes with 8 or the frequency, w, for a given m. One of the consequences is that the
modes become comparatively more confined near the center with increasing 3 or w. This
confinement is more drastic than in ordinary dielectric fibers as the effects of 5 or w
are manifested within the Bessel functions order (7 or v) rather than only the argument
(k,). Figure 4.3 shows this behavior for the TM;; and TM 25 modes. In contrast to a
waveguide filled with an isotropic medium where the argument of the Bessel function (k)
changes with 3, here, the order v of the Bessel function itself evolves with 8. In Fig. 4.3,
this is strictly true that at 8 = 0 represents the onset of a stop band and a condition
where the modes may be described purely as TE or TM, hence, it is not unreasonable to
show them as we have also shown alongside the field distributions for 5 # 0. We highlight
that the field profile for the first two sub-figures varies subtly for the non-zero beta value
shown in the remaining figures, as a result of the mode order becoming fractional from a

integral one.

For air inclusions and at 0.23 fill fraction, the field component (E,) for the TM

modes is plotted in Fig. 4.4. In this figure, the first row is for an isotropic alumina
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Figure 4.3:  The behavior of low-order modes (TM;; and TM;5) in an anisotropic
nanoporous alumina coaxial fiber for dimensions Ry = 0.5 ym and Ry = 12.5 ym. Col. 1:
Eigen modes at 8 = 0, 7 = m integral order, Col. 2: modes at e, = 2.467, ¢, = ¢, = 2.638,

and 8 # 0, 7 # m fractional order, Col. 3: modes at ¢, = 2.638, €, = ¢, = 2.467, and
B # 0, T # m imaginary order. Dielectric constants are at wavelength 633 nm.

fiber with positive €, = ¢4 = €, = 3.118 at wavelength A = 632.8 nm for reference.
In the case of an air filled nanoporous fiber with e, = 2.467,e, = ¢, = 2.638, there
are fractional order modes possible at wavelength A\ = 632.8 nm as shown in Fig. 4.4.
We see that the confinement of the electric field is higher than the isotropic fiber. It
is more visible for the higher order modes. Imaginary order modes are also possible for
er = 2.638,64 = €, = 2.467, and A = 632.8 as shown in Fig. 4.4. Here the confinement of
light within the fiber is very high and the light is highly concentrated towards the center
of the fiber. For the imaginary order modes, as the index m increases, the fields spread
all over the volume while concentrating towards the center. By contrast, in the isotropic
fiber with positive ¢, the fields move away from the center of the fiber for large azimuthal
index m. These modes that are localized to the edge of the fiber are conventionally termed

“whispering gallery modes”.

Metals have complex permittivity with negative real parts below their plasma fre-
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Figure 4.4: The computed electric fields (F,) of modes in cylindrical nanoporous alumina
when nanopores have air inclusion for Ry = 0.5 um, Ry = 12.5 um for m = 1,2, 5, 20, 40.
Top row shows the Bessel modes in an isotropic alumina fiber with real integral orders for
er = €4 = €, = 3.118. The middle row shows Bessel modes in an anisotropic nanoporous
alumina fiber with fractional order and positive dielectric permittivity components for
er = 2.467 and €, = €, = 2.638. The bottom row shows the fields for Bessel modes of
anisotropic nanoporous alumina fiber with imaginary orders and e, = 2.638 and ¢4 =
€, = 2.467. Relative permittivity components are at wavelength 632.8 nm.
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Figure 4.5: The computed electric fields (£,) of modes in cylindrical nanoporous alu-
mina when nanopores have silver metal inclusion for R = 0.5 um, Ry, = 12.5 um for
m = 1,2,5,20,40. The fields for Bessel modes of anisotropic nanoporous alumina fiber
with complex orders and e, = —1.288 +40.053 and €4 = €, = 6.244 + ¢0.027. Relative
permittivity components are at wavelength 632.8 nm.

quencies which lie in UV range for most of the metals. Filling the nanopores of the
cylindrical nanoporous alumina with silver metal, the effective permittvity components
of the cylindrical nanoporous alumina show the hyperbolic dispersion in some frequency
range. Field plots for TM modes for the case of silver inclusion in nanoporous alumina
with &, = —1.288+140.053, ¢4 = €., = 6.244+10.027 at wavelength A\ = 632.8 nm have been
shown in Fig. 4.5. We see that the modes are confined like the imaginary order modes
of the air inclusion case. But in the silver inclusion case, complex order modes are also
possible because of the complex permittivity of the metal. Here also the fields are spread
over the volume while concentrating towards the fiber axis. If we vary the real part of the
dielectric permittivity and keeping imaginary part of the dielectric permittivity constant
then it will change the cutoff frequency of the modes and field confinement, but no change
in the losses will occur. The change of the cutoff and confinement also depend on the
levels of the anisotropy. On the other hand, if we keep real part of the dielectric permit-
tivity constant and vary the imaginary part, then it will increase the losses drastically and
slight change on the cutoff and field distribution. For smaller imaginary part of dielectric
permittivity losses will be lower and for larger imaginary part of dielectric permittivity
the losses will be higher. In all the applications, there is a need to keep imaginary part

of dielectric permittivity small as much as it can be.

The modes with imaginary orders are very interesting in that the higher-order (large
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m) modes are localized near the central region of the waveguide (see Fig. 4.4). In contrast,
the large m whispering gallery modes are concentrated at the edges of a waveguide filled
with an isotropic positive material (Fig. 4.2). Further, these Bessel functions with imagi-
nary orders undergo large oscillations near the center and need not converge at r = 0 [99],
a reflection of the geometric singularity at the axis, which cannot be attained in a physical
system. The PEC boundary condition applied at » = R;, however, prevents any issues
with the mathematical singularities of the function at the origin (r = 0). The number of
oscillations of the wave-field near r = 0 increases with the order 7 (or v) of the mode.
Even for modes with real fractional orders that result for anisotropic fibers, there is a

comparatively larger confinement of the higher-order m modes (Fig. 4.4).

The origin of this spreading out of the fields of the modes with large m well into the
interior of the waveguide lies in the dispersion of the wave in a hyperbolic medium with
cylindrical symmetry. Consider at very small length scales, when a wave propagating in
the (7, ¢) plane would essential look like a plane wave, so that the local wave-vector can
be considered to be along the ray. If (k,,k,) be locally the wave-vector, the phase shift
for an infinitesimal displacement (o7, r0¢) would be expli(k,0r + k,rd¢)]. Demanding a
single valued function constrains that k, = m/r, where m is an integer. Under these
circumstances (in analogy to a wave in an anisotropic medium in flat rectangular space),
locally we have

k2 oom® w

_v (4.25)

g T P

In a normal positive medium with €, > 0 and ¢, > 0, as the wave moves towards
the origin, » — 0 and k; — oo, and k, becomes imaginary. Thus, the wave decays
exponentially towards the origin for the large m whispering gallery modes and avoids the
region near the origin. On the contrary, in an hyperbolic medium with ¢, - €4 < 0, &k,
remains real and large for k; — oo (large m), and the wave can effectively propagate
in the region near the origin with the only difference that the fields oscillate more and

more rapidly along r closer to the origin. This is due to the fact that propagation of
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higher-order modes that can be supported in media with hyperbolic dispersion as seen
earlier in the case of the hyperlens [104]. In that work, the higher-order modes carrying
spatially sub-wavelength (rapidly varying) image features could be propagated across the
radial direction and imaged out into far-field radiating modes [12]. For example, in Eq.
(4.25), if e, < 0 and €, > 0, then k, increases without bound along with 5. Thus, very
large oscillatory field variations in the radial direction can be supported close the center

of the fiber and the field can occupy large modal volumes.

4.3.3 Modal Dispersions in Homogeneous Anisotropic Waveg-
uide

We proceeded then to calculate the dependence of the propagation constant 5 on the
frequency (the dispersion) for the anisotropic waveguide. The Fig. 4.6 shows the disper-
sions in an nanoporous alumina fiber with air and silver inclusions at fill fraction of 0.23
and 0.08 respectively. In the 1-35 THz frequency range, alumina has a number phonon
resonances. So we used experimental data for the dielectric permittivities of the alumina
host [105] and the silver inclusion [7,106]. For comparison the modal dispersion of the
isotropic alumina fiber is also shown. The cutoff frequencies of modes of isotropic alumina
fiber and anisotropic nanoporous alumina fiber for air inclusion are calculated in the 1-35

THz range and tabulated in the Tables 4.3 and 4.4 respectively.

As shown in Fig. 4.6(a), the alumina has phononic resonances at 13 THz and 17 THz,
which cause strong dispersion in the effective permittivity of the nanoporous alumina.
Both fibers, isotropic as well as anisotropic, show forward wave propagation from 5.5-
11.5 THz. In this range losses (Im(5) << Re(/3)) are very small and fibers are suitable
for practical applications. Because of phononic resonance of alumina, from 11.5-22 THz
range there are several narrow bands of backward and forward wave propagation. The
backward propagating waves usually have extreme losses. In the 22-25.7 THz frequency

range, there is negative phase velocity with high loss in the nanoporous alumina fiber for



4.3 Modal Fields and Dispersions in a homogeneously filled anisotropic coaxial waveguide 92

T T T
1 — T T
i BT, 50, ol — Re(TMj 1), Tso.
ga — ] i 4
: 1“ Im(TMy, ), Iso. === Im(TM, 1), Iso.
; g‘\ == Re(TM; 1), Ani] a0k Re(TM, ,), Ani|
® ;,‘\;\z == Im(TM; ;), Ani § = (TMl 1)’ Anil
R Q20 v
| RN 1 N -
f\ } s ; o4, OV O =S
3 \ N ~ ~ \\(/ v
b L M- I i ] ~20 I I L L -
5 10 15 20 25 30 5 10 15 20 25 30
Jo (THz) Jo (THz)
(a) (b)

Figure 4.6: The computed TM; ; dispersive dispersion of modes in cylindrical nanoporous
alumina when nanopores have (a) air inclusion with fill fraction 0.23 and (b) silver inclu-
sion with fill fraction 0.08. R; = 0.5 um, Ry = 12.5 pym. The air permittivity was 1, the

permittivity of alumina taken from Ref. Rajab et al. 2008 and for silver from Ref. Ordal
et al. 1983.

Table 4.3:  The dispersive cutoff frequencies (in THz) of TM modes of a non-magnetic

homogeneous isotropic alumina coaxial fiber. Cutoff frequencies are calculated in the 1-35
THz frequency range for various modes.

Mode fcl (THZ> ch(THZ> fc3(THZ)

TMp; 3.6371-10.0063 14.9586 -1 0.1575 27.5003 - i 0.3531
TMpo 7.0699 -1 0.0265 15.0282-10.1524 29.2919 - i 0.2667
TM;; 4.5847-10.0102 14.9684 -1 0.1566 27.8242 -1 0.3339
TM;, 7.6983 -10.0323 15.0601 -1 0.1509 29.8815 - i 0.2461

air inclusion only which is not possible in isotropic fibers. This is a very unique feature of

the nanoporous alumina. Beyond 25.7 THz the nanoporous alumina fibers again become

useful for applications.

For the case of silver inclusion in the nanoporous alumina, the high negative permit-
tivity of silver always dominates over the permittivity of alumina host and creates extreme
anisotropy. Since the metals are very lossy media. Therefore, including the metals into
the structured system such as nanoporous alumina increases the loss in the anisotropic

system. Figure 4.6(b) shows the dispersion and Table 4.5 shows the cutoff frequencies of
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Table 4.4: The dispersive cutoff frequencies (in THz) of TM modes of a non-magnetic
homogeneous nanoporous alumina coaxial fiber for air inclusion in the nanopores. Cutoff
frequencies are in the 1-35 THz frequency range.

Mode fe1(THz) fe2(THz) fes(THz) fea(THz)

TMo,; 4.3450 -1 0.0085 14.9262-10.1599 24.1951 -1 0.6636 27.3489 -1 0.3619
TMp2 8.1955-10.0359 15.0640 -1 0.1501 24.8165 -1 0.5454 29.0552 -1 0.2651
TM;; 5.4478 -10.0138 14.9681 -1 0.1565 24.3554 - 1 0.6256 27.6089 - 1 0.3441
TM;, 8.8376-10.0436 15.1223 -1 0.1487 24.9237 -10.5322 29.7192 -1 0.2384

the waveguide modes with silver nanowire inclusions in the nanopores of the cylindrical
nanoporous alumina. The Fig. 4.6(b) shows that there is extreme loss (Im(5) >> Re(f))
over almost the entire range. But in a very wide frequency range, from 6.6-25.5 THz,
there is backward wave propagation effectively. In a narrow band around 14.5 THz and a
wide band 26-28.3 THz, there is negative phase velocity. The nanoporous alumina with
silver inclusion from 27-28 THz might be potentially useful for applications because of

lower losses.

The losses due to the metal inclusion vary over the electromagnetic spectrum. These
losses are very less in the visible range. The solutions for modes for homogenized fibers
corresponding to silver-filled nanoporous alumina, the ratio of the imaginary and real parts
of B at 632.8 nm wavelength was on the order of 1073 for TM; ; modes (f = 0.08) with
complex order. Thus, while the fibers discussed here are clearly not meant for traditional
transmission applications, they have immense potential for several other purposes such as
coupling the near-field into a waveguide or waveguide couplers and shifters. The complex
order modes always will be lossy. While absorption can not be removed totally, but it can
be lowered down with very dilute metallic inclusions. For very dilute metallic inclusions
with very low fill fraction, we may not obtain hyperbolic dispersions. So we have to

optimize the parameters of the dielectric permittivity to obtain complex order modes as

per need.

For non-metallic inclusions, we can get the situation where Re(5) >> Im(f), as
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Table 4.5:

The dispersive cutoff frequencies (in THz) of TM modes of a non-magnetic
homogeneous nanoporous alumina coaxial fiber for silver metal inclusion in the nanopores.

Cutoff frequencies of fibers are in the 1-1500 THz frequency range.

Mode fe1(THz) fe2(THz) fe3(THz)

TMo,; 3.3632-10.0054 14.9565 -1 0.1577 27.4242 -1 0.3580
TMp2 6.6161 -1 0.0228 15.0111 -1 0.1534 28.9349 - i 0.2807
TM;; 4.2489 -10.0087 14.9645 -1 0.1570 27.6980 - i 0.3412
TM;, 7.2308 -10.0280 15.0353 -1 0.1520 29.4314 -1 0.2616

for example can be seen in Fig. 4.6(a) in the case of air inclusion. In this situation the
losses will be almost zero and such arrangement can be used for practical purpose. As
we see in the previous paragraph in the case of metallic inclusions, the losses are so high
that in this case the waveguide may not be practically suitable for applications, although
this arrangement has hyperbolic dispersion. But, if we are able to fill the nanopores with
such electrically conducting materials that have almost zero imaginary part of dielectric
permittivity (very low loss), then we can get Re(f) >> Im(f) and hyperbolic behavior

simultaneously.

4.4 Guided Modes in Homogeneously Filled Anisotropic
Hollow Fiber

It is also important to realize that the general nature of these modal solutions are not
limited by the application of PEC boundaries. The only restriction would be for the
nanoporous alumina regions to have a larger dielectric permittivity than the surrounding
medium. Having dielectric boundaries, for example by having a hollow core and no
aluminum coating on the outer surface, causes the waveguide to be inhomogeneous and

support hybrid (the so-called HE and EH) modes. Fibers with hollow cores are important

for various issues of confinement of light as in hollow core photonic crystal fibers.

Now we consider a general case in which the PEC condition in the core (r < R;) and
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outside region (r > Ry) of the homogeneously filled waveguide have been relaxed (4.1).
Assuming that in core and the outside region have same non-magnetic and isotropic
material with dielectric permittivity €1, then the nature of the field be same in core and
outer region. For the guided modes the longitudinal field components in region 1, 2 and

3 can be expressed as

E, = 01171(’yTlT)eim‘z’ei(ﬁz_m), (4.26a)
H,, = Cg[ul(yylr)eim¢ei(ﬂz_“t), (4.26b)
By, = (CaJra(yrar) + CyYoa(rar))emPeiPzet) (4.26¢)
Hy. = (CsJya(ar) + CeYoa(yar))emee! Pzt (4.26)
Bs. = (CrK o 3(yrsr))e™ e’ P40, (4.26¢)
Hs. = (CsKy3(7u37))e™ee’ P20, (4.26f)

where 7’s and v’s are given by Eqs. (4.21b) and (4.13b) respectively, and 7,’s and ,’s

by the following expressions:

= iy~ PP (4.27a)

s

i = e i = (4:27b)

T

Substituting Eqs. (4.26) in Eqs. (4.6) the transverse components can be obtained.
Equating the parallel components of the fields at boundary R; and R, we get eight
homogeneous equations in eight unknowns. For existence of the non-trivial solutions,
the determinant of the coefficient matrix must be zero. This determinant is solved for
[ to obtain the dispersion relations. Considering that in the region 2 the solutions are
oscillatory, then for €, > 0, €, > 0 and €, > 0, the guided mode conditions will be

g1 < /K < e, and e < B2/kE < &y (4.28)

For the guided modes, when €, > €4, there is one condition called the normalized propa-

gation constant defined as

V= kORQ\/8¢ —£&1. (429)
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Figure 4.7:  The modal dispersions of the homogeneously filled nanoporous alumina

hollow waveguides embedded in air and when the nanopoers are filled with (a) air for fill
fraction 0.23 and (b) silver metal for fill fraction 0.08. The permittivity of alumina taken
from Ref. Rajab et al. 2008 and for silver from Ref. Ordal et al. 1983.

Similarly if e, < 0, ¢4 > 0 and €, > 0, then the condition for a guided mode will be
—le,| < B%/k3, and e < B%/k] < &4, (4.30)

and the normalized propagation constant will be same as when all the permittivity com-
ponents are positive. By choosing the different signs for the dielectric permittivity com-
ponents, there are only few cases that are listed in Table 4.6 where the guided modes are
possible. Let a = 5um and b = 15um, then for the nanoporous alumina fiber with air in-
clusion embedded in air, at visible frequency He-Ne laser wavelength, the V is 180.34. But
for an isotropic fiber where the where the core and clad have indexes 1.4457 and 1.4378
respectively, V is 11.99. This demonstrates that more number of guided modes will exist
in the nanoporous alumina fiber for these conditions and this number will change over
changing the frequency. The number of guided modes will reduce at smaller frequencies.

The Fig. 4.7 shows the modal dispersions of the homogenepusly filled nanoporous alu-
mina hollow waveguide embedded in air with air and silver metal inclusions. The modal
dispersion of isotropic alumina fiber is also shown for comparison. We see that the change

of the normalized S is very small compared to the case of an isotropic fiber. This hap-
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Table 4.6: Guided mode conditions of a non-magnetic homogeneous anisotropic hollow
circular waveguide. Where dielectric constant of core and outer region are ¢; = €3 = ¢;.
The index ¢ for isotropic material.

Sr. & &4 €. k2 k2 Conditions
1+ + +  kdey— PP = (kje, — ) e < PR <er

g, < B2JkE < ey
2 4+ + = key—p (ke Y e < B/KE

g, < B2/kE < ey
3+ — 4+ —kdlesl — B2 £ (kje, — %) No guided mode
4 — 4+ +  kley - PP = (K lerl +8%) —lerl < B2/K3

g, < B2/kE < g4
5 4+ — = —klley| - B2 %T‘ (kke, — 3?)  No guided mode
6 — + — Ke—8 (=Kl =) No guided mode
7T — — + —klleg|—B* = (kile.]—B%) No guided mode

ler|
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Figure 4.8: The normalized mode plots of the homogeneously filled nanoporous alumina
waveguide, when the nanopores are filled with air and silver, at wavelength 632.8 nm. (a)
and (b) are modes for air inclusion, ¢, = 2.638,¢, = 2.467. (c¢) and (d) are modes for
silver inclusion, e, = —1.288+10.053, ¢4 = 6.244 4-10.027. Here the core radius 2; = Sum
and nanoporous alumina shell radius Ry = 15um.

pens because of the effective orders v and 7 of the Bessel functions for magnetic field and
electric field become fractional and changes very slowly with increasing with azimuthal
number m. Some plots of the modes in homogeneously filled anisotropic nanoporous alu-
mina waveguide, when nanopores filled with air and silver nanowires at fill fraction 0.23,
at wavelength 632.8 nm are shown in Fig. 4.8. For this example, the core (r < R; = 5um)
and outer region (r > Ry = 15um) of the homogeneous hollow anisotropic waveguide are
assumed to be air. When the nanopores of anisotropic region are filled with air, then
this is corresponds to Sr no. 1 of Table 4.6. Similarly, when the nanopores of anisotropic
region are filled with silver nanowires, then this case is correspond to Sr. no. 4 of the
Table 4.6. We see that the whole field is confined into the anisotropic region and in the

core and outer region the field is almost zero.

4.5 Conclusions

We have presented a sample of the astonishing range of possibilities that arise with
anisotropic metamaterial optical fibers. In this chapter, we have given a general mathe-

matical description of nature of wave propagation in the anisotropic metamaterial fibers



4.5 Conclusions 99

and numerically analyzed some practically possible examples of nanoporous alumina meta-
material fibers. These anisotropic metamaterial fibers support exotic modes described by
Bessel and Neumann functions of fractional, imaginary and complex order, a rare physi-
cal application of these mathematical objects. A detailed analysis of the modes that are
possible for the coaxial geometry under different kinds of anisotropies is presented. The
conditions under which the modes are described by Bessel functions with imaginary orders
or complex orders are investigated. These are shown to arise from hyperbolic dispersion
in the medium. Many of the properties presented here are generic to circular waveguides
with anisotropic metamaterial fillings and have wide ranging applications across the elec-
tromagnetic spectrum from the radio frequencies to optical frequencies. The nanoporous
alumina microtubes with or without a central hollow core are presented as a physical
manifestation of such an anisotropic metamaterial optical fiber. Here the guidance of the
modes is entirely due to refractive effects and the condition for guided modes are ana-
lyzed. These metamaterial fibers with metallic inclusions exhibit electromagnetic losses
by absorption and can not be used for communication purposes. But unique range of
properties offered by them can be best utilized for sensing, coupling and other non-linear

applications.






Chapter 5

Inhomogeneous, Anisotropic
Metamaterial Optical Fiber

5.1 Introduction

The optical fibers or waveguides that have been homogeneously filled with an anisotropic
dielectric material had been studied and used in various applications from several decades.
In the step index fiber, the core and the clad are homogeneous. The inhomogeneous
optical fibers have been less popular compared to homogeneous optical fibers [97,107,108].
This was presumably because of the difficulty in fabrication of the desired inhomogenious
distribution of materials and the difficulty in predicting the properties as well. A quadratic
inhomogeneous in permittivity optical fibers had been reported, which can be solved
approximately in closed form [108,109]. Fibers with parabolic profile in the radial direction
for the refractive index have been popular as they strongly localize the electromagnetic
wave into the fiber. The FEM numerical technique is commonly used to solve such type of
inhomogeneous problems [110-112]. An inhomogeneous fiber made of anisotropic liquid
crystals with homogeneous material clad has also been reported [113]. In this liquid
crystal fiber an angular inhomogeneity was present while the earlier fibers only have a

radial inhomogeneity in the refractive index. After the invention of the photonic crystal,

101
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a few inhomogeneous photonic crystal fibers have been reported to support spatial soliton

formation and to change the spectral properties of the fibers [114, 115].

In the previous Chapter 4, we presented the modal analysis of a homogeneously
filled nanoporous alumina metamaterial coaxial fiber. In fact, the cylindrical nanoporous
alumina is actually an inhomogeneous medium because of the varying nature of the size of
the nanopores along the radial direction. In the previous chapter, we considered that the
nanoporous alumina is homogeneous for simplicity and to understand the effects of the
anisotropy only. Otherwise, we could not have distinguished the effects of inhomogeneity
and anisotropy. In the present chapter, we shall discuss about the propagation of light and
analyze the modes in inhomogeneous and anisotropic nanoporous alumina coaxial /hollow
fiber. We shall see that in the inhomogeneous fiber, the electric and magnetic fields can
not be decoupled and the modal solutions are not always amenable to analytic solutions.
To study the waveguide properties of the inhomogeneous and anisotropic nanoporous

alumina fiber, we carry out the analysis using the COMSOL Multiphysics simulations.

5.2 Inhomogeneous Nature of Cylindrical Nanoporous
Alumina

We have seen in the previous Chapters 2 and 3, that the diameter of the nanopores and
the azimuthal interpore distance in the cylindrical nanopores decrease towards the center
of the fiber. Equation (3.9) shows that the nanopores fill fraction is a linear function of
fiber radius which makes the cylindrical nanoporous alumina an inhomogeneous system.
For a fixed radius of an aluminium microwire, the size of the nanopores and the interpore
distance at the outer surface of the anodized wire can be changed by electrolyte, anodiza-
tion voltage or current and solution temperature. Keeping the interpore distance fixed,
the nanopores size even can be increased by pore widening. As we have seen in Chapter
2, at 40 V anodization of aluminium microwire in an iced cold 0.3 M oxalic acid solution

gives average 30 nm nanopore diameter and average 100 nm interpore distance. Later
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Figure 5.1: Plot of the fill fraction of nanopores of the cylindrical nanoporous alumina
with microtube radius r» and the diameter of the nanopores 2Q) at the outer surface at
R5. Here interpore distance D = 100 nm, R; = 0.5 pym, Ry = 12.5 pm.

on the nanopore diameters can be increased up to below the interpore distance by pore
widening in dilute phosphoric acid. For a fixed interpore distance of 100 nm, the Fig. 5.1
show the plot of the nanopores fill fraction of the cylindrical nanoporous alumina with
respect to the radius of the fiber and the nanopore diameter (2Q)) at the outer surface.
We see that for smaller nanopores diameter the variation of the fill fraction along the fiber
radius is smaller and this variation increases for the bigger nanopore diameters, that is,

the inhomogeneity and the anisotropy increase with the nanopores diameter.

The effective permittivity tensor components of the cylindrical nanoporous alumina
are obtained in Egs. (3.17), (3.18) and (3.19), by using the transformation optics technique
and the Maxwell-Garnett homogenization theory. They have been plotted in Fig. 5.2 with
respect to the radius of the fiber and frequency for the case of air inclusions and 50 nm
nanopores diameter and 100 nm interpore distance. For lower frequency ranges, there is
a resonance in the effective permittivity components ¢, and €, = ¢, as shown in Figs.
5.2(a) and 5.2(b). But at visible range of frequencies, the ¢, and ¢, are almost varying
linear with the fiber radius at fixed frequency as shown in Figs. 5.2(c) and 5.2(d). Near
the resonance, the anisotropy in the permittivity components is high and beyond the

resonance the anisotropy is very small.
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Figure 5.2: Plots of the effective permittivity components ¢, and ¢, with frequency and
radius of the fiber for 2Q) = 50 nm, D = 100 nm. (a) and (b) for 1 THz to 50 THz
frequency range, (c) and (d) for the visible range.
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5.3 Electromagnetic Fields in Inhomogeneous and
Anisotropic Cylindrical Media

We have given the detailed mathematical modal analysis of homogeneously filled nanoporous
alumina fiber in Chapter 4. The previous derivations have only the anisotropic ef-
fects. Since the cylindrical ananoporous alumina is inhomogeneous also, therefore, for
investigating the waveguiding properties of the inhomogeneous and anisotopic cylindri-
cal ananoporous alumina, we need to rederive the equations allowing for inhomogeneous

material parameters.

Let us assume that the components of € and i in Eqgs. (4.1) are the functions of
radius. For cylindrically symmetric inhomogeneous and anisotropic medium, putting E,

and E, from Egs. (4.6a) and (4.6b) in the Eq. (4.5¢), we get

wpy O (ur 8Hz) B O*E, w,uoud)i@ZHz B (1) OF,

roor ;r or X?@raqb p r? 0¢? ror \q 13J0)

7 +wpop.H, =0. (5.1)

Putting H, and Hy from Eqgs. (4.6¢) and (4.6d) in Eq. (4.2b), we get

B o (urraHz) weyg PE, Pug 1 0*°H, wey O (ure(b) 0
Y Hr . = _weo 9
0

E, B
ror\q or r ordg  p r? 09> r Or \ ¢ ¢ +Bp-H. = 0. (52)

Putting H, and H, from Egs. (4.6¢) and (4.6d) in Eq. (4.5f), we get

2 2
weo O (e OB\ | W OOH.  weso LOE: 5O (INOH: |\ 5 0 (53)
r Orog

r Or prﬁr q 12 0¢? ror p) O0¢

Putting E, and E, from Eqgs. (4.6a) and (4.6b) in the Eq. (4.2a), we get

B o (an 8EZ> wio O*H, Pey 1 PE,  wpg O (5,4%) 0H
v " = 9

ror ET or r Orde q r? 0¢? r Or \ q 0p oL = 0. (54)
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In Egs. (5.1), (5.2), (5.3) and (5.3), we have defined

p=kjeey — B, q=kicpe, — B (5.5a)
11 Erlly  Eglr

X = (_ - _> o Xep = < o _ et > . (55b)
p g p q

Combing Egs. (5.1) and (5.2), we get
O0?H, ]

(ﬁ_X . wlLLOXE/L) |::ur1 0 (raHz) ( ) i
WEo 16 q ror or r2 0¢?
10F, 0 0 (el B
G {Xwa— () -+ (2 )} -0 69

and combining Eqs. (5.3) and (5.4), we get

Bx _ WEOXep ) | Er 10 OF, 0 (e, \OE, 41 0’F
(Wﬁbo I6] pror "or +8r p) Or = " q 12 02 - +e. B

23 s ) e ()} -0 o

We see in the Egs. (5.6) and (5.7) that the second, fifth and sixth terms, which are

4 He
p

spatial derivatives of the material parameters, are extra terms. It would be absent in a
homogeneously filled fiber. For inhomogeneous fibers, in the differential equation of H,
(5.6), we have one extra E, term and vice versa (5.7). So the equations for H, and F, can
not be decoupled and hence the fields can not be decomposed into independent transverse
modes, while in case of homogeneous fibers it can be nicely decomposed. It means there
must exist the hybrid modes even if there is PEC boundary conditions in the case of
the inhomogeneous and anisotropic waveguides or fibers. In a very coarse approximation,
if we derive the modal equation for TE or TM modes separately putting E, or H, to
zero in the inhomogeneous medium, the quantities within the square brackets of Egs.

(5.6) or (5.7) still exist and the differential equation can not be solved for the general
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variation of the permittivity components. There are only few cases such as quadratic
variation of the permittivity can be solved analytically in an approximate manner [116].
To solve such type of problems, numerical methods such as the FEM analysis [110-112]
are used. In the case of cylindrical nanoporous alumina the permittivity components vary
with different effective functions in different frequency ranges. Therefore, for the case
of cylindrical nanoporous alumina fiber, we have implemented FEM analysis using the

COMSOL Multiphysics simulation software.

5.4 Modal Analysis of Inhomogeneous and Anisotropic
Nanoporous Alumina Coaxial Fiber

After the anodization of aluminium microwire, there remains an aluminium core at the
center of the nanoporous alumina shell. By coating a metal at the outer surface of the
cylindrical nanoporous alumina, we can approximate this system as composed of PEC-
nanoporous alumina shell-PEC regrows. These PEC conditions at the inside and the
outside of the alumina relax the use of extra boundary conditions. It has another impor-
tance that it can be used as an inhomogeneous metamaterial fiber in the coaxial geometry.
For the case of air inclusions in the nanopores of the cylindrical nanoporous alumina, the
air and alumina are the constituent materials. We incorporate the nanopores fill fractions
of Eq. (3.9), constituent material alumina® [1], effective permittivity components ¢, and

g4 of Egs. (3.17) and (3.18) directly into the COMSOL for the modal analysis.

The dispersion of the first few modes in an inhomogeneously filled anisotropic coaxial
waveguide (nanoporous alumina) is shown in Fig. 5.3 for the particular case of 50 nm
nanopore diameter and 100 nm interpore distance. For calculating the dispersion, the
core radius R, is taken to be 0.5 um and outer shell diameter R, is taken as 12.5 pym

with PEC boundaries applied at R; and R;. We chosen 50 nm nanopore diameter to

'For simplicity, we used the Sellmeier equation for alumina from Ref. Weber, Handbook of Optical
Materials, 2003.
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Figure 5.3: The modal dispersion plots for inhomogeneous and anisotropic cylindrical
nanoporous alumina coaxial fiber obtained by the COMSOL simulation. The inner core
radius R = 0.5pum and the shell radius Ry = 12.5pum. The nanopores diameter and inter-
pore distance are 50 nm and 100 nm respectively at the outer surface of the nanopoorus
alumina shell.

get sufficiently large anisotropy and inhomogeneity and at this nanopore diameter, the
nanopore fill fraction is 0.23. So the Maxwell-Garnett homogenization is also valid. The
dispersion will also change with change in these parameters. In Fig. 5.3, the dispersion of
the are EH hybrid modes are shown. In the EH hybrid mode |E,| > |H,| and in the HE
hybrid mode |E,| < |H,|. We can see in the Egs. (5.6) and (5.7) that there must exist
hybrid modes even if there are PEC boundary conditions. We also found in the COMSOL
numerical calculation that the zeroth order modes are pure TM modes. But the pure TE
or TM modes are not obtained for the non-zero order modes. The cutoff frequencies of
some EH hybrid modes are tabulated in Table 5.1 as obtained by the COMSOL numerical

calculations.

Some plots of the modal fields in the inhomogeneous and anisotropic nanoporous
alumina coaxial fiber at wavelength 632.8 nm are shown in Fig. 5.4 for the same param-
eters as was used for the calculation of the dispersion. We see that the light is highly
concentrated near the center of the fiber in a very small volume even for the lower order

modes also. We have seen in Chapter 4, that the anisotropy causes the more confinement
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Table 5.1:  The cutoff frequencies (in THz) of an inhomogeneous and anisotropic
nanoporous alumina coaxial fiber. The cutoff frequencies were calculated for core and
shell radius 0.5 pm and 12.5 pym. The nanopores diameter and interpore distance are 50
nm and 100 nm respectively at the outer surface of the nanoporus alumina shell.

Mode f.(THz)

EHy, 2.57
EH;o 5.40
EHos 4.28
EHs, 7.10

of the light than the isotropic fiber, which could be seen clearly only for much higher
modes. In the case of homogeneous anisotropic fiber, the lower order modes were spread
over large volume but slightly more confined than the isotropic fiber. To confirm whether
the extreme confinement is either due to inhomogeneity or a combination of inhomogene-
ity and anisotropy, the modal field plots in inhomogeneous and isotropic fibers are also
shown in Fig. 5.4 where the dielectric permittivity is inhomogeneous with the same radial
dependence but is isotropic with ¢ = ¢, in case of rows 3 and 4 in Fig. 5.4 or ¢ = ¢,
in case of rows 5 and 6 in Fig. 5.4. We conclude from these diagrams that the extreme
confinement is principally happening because of the inhomogeneity and the anisotropy
only accentuates it, in the nanoporous alumina fiber. The field plot of Fig. 5.4 is only
for a particular case and parameters. If we increase the inhomogeneity by increasing the
nanopores diameter by pore widening while keeping the other geometrical parameters
same then the confinement of light also increases. This is a very good thing about the
cylindrical nanoporous alumina fiber because we can tune its properties very easily. The
dispersion and the confinement behavior can be flexibly changed by filling the nanopores

of the cylindrical nanoporous alumina by suitable materials.
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Figure 5.4: The COMSOL simulated field plots of some hybrid modes of nanoporous
alumina fiber for air inclusion at wavelength A = 632.8 nm, the inner core radius Ry =
0.5um and the shell radius Ry = 12.5um. The inner and outer boundaries are PEC. Here
there exist only EH hybrid modes. Rows 1 and 2 for inhomogeneous and anisotropic fiber,
and rows 3 to 6 for inhomogeneous and isotropic fiber.
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5.5 Guided Modes in the Inhomogeneous and Anisotropic
Nanoporous Alumina Fiber

In this section, we consider the most realistic case where the nanoporous alumina fiber
refractively guides the modes by itself. The aluminium core presence will necessarily be
dissipative although we approximately we have modeled it as a PEC. Here we remove
that requirement as well. Let us consider that the core (r < R;) and the outer region
(r > Rs) of the inhomogeneous and anisotropic nanoporous alumina fiber are filled with
the air. Since the both regions 1 and 3 have the same material, therefore, the nature
of the field will be same either decaying or oscillating in both of them. For the guided
field in the region 2 that is the inhomogeneous and anisotropic region, the electric and
magnetic fields are the solutions of the Eqgs. (5.7) and (5.6) respectively, and the field
in the region 1 and 3 will be decaying with increasing radial distance. Since the region
2 is inhomogeneous and can not be treated analytically, therefore, the guided modes for
this inhomogeneous and anisotropic nanoporous alumina fiber have been simulated by the

COMSOL multiphysics software.

Some modal field plots of the guided modes in the inhomogeneous and anisotropic
nanoporous alumina fiber with for inclusion are shown in Fig. 5.5. For comparison, modal
field plots of inhomogeneous and isotropic fiber are also shown in Fig. 5.5 in rows 3 to
6. We see that here too there exist only the hybrid modes for non-zero m values and the
fields are concentrated towards the inwards side in the region 2. The modal dispersions
of the inhomogeneous and anisotropic nanoporous alumina hollow fiber for air inclusion
are shown in the Fig. 5.6. It is very difficult to obtain the effective § value at near the

cutoff frequencies, therefore, the cutoff frequencies could not be found.
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Figure 5.5: The COMSOL simulated field plots of some guided modes of nanoporous alu-
mina fiber for air inclusion at wavelength A = 632.8 nm, the inner core radius R; = 0.5um
and the shell radius Ry = 12.5um. Here the core and the outer regions are filled with air.
The nanopores diameter and interpore distance are 50 nm and 100 nm respectively at the
outer surface of the nanopoorus alumina shell. Modal field plots for inhomogeneous and
anisotropic fiber are in rows 1 and 2, and for inhomogeneous and isotropic fiber are in
rows 3 to 6.
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Figure 5.6: The modal dispersion plots for inhomogeneous and anisotropic cylindrical
nanoporous alumina hollow fiber obtained by the COMSOL simulation. The inner core
radius Ry = 0.5pum and the shell radius Ry = 12.5pum. The nanopores diameter and inter-
pore distance are 50 nm and 100 nm respectively at the outer surface of the nanopoorus
alumina shell.

5.6 Optical Charaterization of Inhomogeneous Anisotropic
Nanoporous Alumina Fiber

Crystalline alumina is very transparent for a wide range of the visible frequencies. The
crystal nature and optical characteristic of the anodized alumina depend on the growth
conditions [117,118]. We have seen in the Chapter 2 that anodizing a very high purity
aluminium sheet or microwire in a ice cold 0.3 M oxalic acid at 40 V yields an optically
transparent nanoporous alumina. But it does exhibit some scattering which depends on
the wavelength because of the structured nature. In a sense this scattering due to the nano
structure will be almost fundamental. Here we shall present some optical measurement
on the cylindrical nanoporous alumina fiber. The cylindrical nanoporous alumina also is
very brittle and its end can not be cleaved very clearly to leave a sharp interface. We have
just bent the fiber to break it to obtain proper end facets that are roughly flat. If the

cleaved edges are not extremely sharp then the mode characterization can not be done.
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To characterize the nanoporous alumina fiber we only carried out some preliminary
optical transmission experiments. A slightly bent cylindrical nanoporous alumina fiber
of length 1.3 cm and diameter 80 ym with aluminium core of diameter 10 ym was used.
The length of the fiber was kept short because for longer fiber lengths, the output would
be lost by scattering. Some photographs of the fiber scattering and laser transmission
output through the fiber are shown in Fig. 5.7. 532 nm green laser used to see the light
scattering, while the transmission from the nanoporous alumina was examined with a
632.8 nm He-Ne laser. As stated before the nanoporous alumina fiber was intentionally
bent slightly to distinguish the transmitted light from the uncoupled incident light. This
bending of nanoporous alumina fiber was obtained by bending the aluminium micro wire
prior to anodization as the nanoporous alumina was very delicate and it could not be bent
after the anodizing a straight aluminium micro wire. We see that the light follows along
the fiber with large amount of scattering. This scattering is primarily due to the large
level of imperfections in the structure of the fiber, apart from the Rayleigh-like scattering
from the nanostructure. This scattering can be minimized by reducing the nanopores
diameters or using light of longer wavelength. The smaller nanopores, in general, can be
obtained by anodizing aluminium microwire at low voltage. The anodization in sulfuric
acid can also reduce the nanopore size substantially. For the present, we believe that
the chemical synthesis process for the nanoporous alumina will have to be significantly
improved and optimized to yield high quality fibers. Figure 5.7(b) shows the output of
the nanoporous alumina fiber with 632.8 nm wavelength of He-Ne laser light. We chosen
this wavelength because it is easily available and have longer wavelength also in the visible
range, for which scattering would be lower and we would get more intensity in the output.
Since the nanoporous alumina fiber was slightly bent, the direct laser light spot and the
output of the fiber can be spatially separated and simultaneously photographed. We
see that the nanoporous alumina fiber output is much concentrated than the direct laser
output. We have seen in the previous section of this chapter that light in the modal

field plots of nanoporous alumina fiber was concentrated near to the center of the fiber.
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Figure 5.7: (a) Photograph of light (A = 532 nm) propagating across a bent nanoporous
alumina fiber with an aluminum core, aluminium core diameter- 10 pm, nanoporous
alumina shell diameter- 80 pm, length- 1.3 cm, nanopore diameter is 30 nm and nanopore
periodicity is 100 nm at outer surface. The scale bar is shown for scale. (b) The output
from the nanoporous alumina fiber at A = 632.8 nm wavelength.

But in the experiment the fiber modes could not be resolved because the cleaved edges
of the nanoporous alumina fiber were not sharp and we could only see the output light
without any features. If the nanoporous alumina fiber can be cleaved sharply, then it

would probably permit a mode analysis can be done.

5.7 Conclusions

We presented the cylindrical nanoporous alumina as an inhomogenesously filled anisotropic
waveguide or fiber because of variation of the nanopore size with the radial distance in
the volume of the fiber. In the visible frequency range, the approximately linear variation
of the effective permiitivity components of the fiber with respect to the radius does not
easily permit the analytic solution for the modes in the fiber, particularly in closed form.
From the differential equation, we perceive that there must exist hybrid modes even for

PEC boundary conditions, which are not possible in the conventional isotropic optical
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fibers. To carry out the modal analysis, we implemented the FEM using COMSOL Mul-
tiphysics software on the nanoporous alumina fiber. We have shown by simulations that
the nanoporous alumina fiber has highly localized modes and the light near the center of
the fiber. We have examined the modal fields and the dispersions of the modes for two
kinds of boundary conditions: (i) when there are PEC at the central and the exterior of
the anisotropic medium and (ii) when the anisotropic medium has air on both sides and

the modes are entirely refractively guided.

The nanoporous alumina fiber synthesized was very brittle so it could not be cleaved
sharply, but it was bent by using aluminium microwire bent prior to anodization. We
shown the transmission of light through the nanoporous alumina fiber experimentally us-
ing light of visible frequency range. The fiber was found to exhibit high level of scattering
presumably due to the imperfections and cracks in the structure. The output from the
nanoporous alumina fiber was very highly localize focused than the direct laser output.
The nanoporous alumina fiber is also expected to highly scatter light due to the nanos-
tructure. These fibers may not be suitable for tele-communications purpose because of
their scattering properties due to the nanostructured nature. But they could be excellent

materials for use in the sensing, coupling and nonlinear application.



Chapter 6

Fluorescence from molecules on, and
Scattering from Nanoporous
Alumina

6.1 Introduction

The optical properties and applications of planar nanoporous alumina have been widely in-
vestigated in the literature [43,119-122]. The birefringent property of nanoporous alumina
has been reported [119]. The optical properties of planar nanoporous alumina embedded
with nanowires have also been investigated [120]. Chemical transport detection, medical
applications and quantum dot confinement had been studied in nanoporous alumina us-
ing fluorescence [123-126]. All the mentioned studies have been carried out using planar
nanoporous alumina with hexagonal arrangement of the nanopores, but the optical prop-
erties of planar nanoporous alumina with anisotropically organized nanopores was not
known. Some nanoporous alumina coated microtubes with large diameters were proposed
for use as catalyst in hydrocarbon conversion [65] and as a catalyst in the formation of
ammonia [66]. Hence it would be very interesting to investigate the optical properties of

nanoporous alumina in the cylindrical geometry, which is a new system developed by us.
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In the Chapter 2, we have shown the fabrication of planar nanoporous alumina
with hexagonal, random and linear arrangement of the nanopores and the cylindrical
nanoporous alumina. We have also shown the electrodeposition of the silver nanowires in
the nanopores of the planar as well as cylindrical nanoporous alumina. In this chapter,
we shall show that how the linear arrangement of the nanopores in planar nanoporous
alumina affects the fluorescence from Rhodamine-6G (R6G)dye and scattering from gold
coated planar nanoporous alumina. We shall see that the planar nanoporous alumina
with linearly organized nanopores show the polarization dependent scattering of light.
In the cylindrical geometry, we shall investigate how the silver nanowires grown in the
nanopores of a cylindrical nanoporous alumina microtube affects the darkfield and bright-
field scattering. If the nanopores of the cylindrical nanoporous alumina is filled with R6G,
then how will the fluorescence from molecules deposited on the alumina be affected. First
we shall discuss the radiation and scattering in the planar geometry and then in the

cylindrical geometry.

6.2 Fluorescence and Scattering from Planar Nanoporous
Alumina

6.2.1 Sample Fabrication

The planar nanoporous alumina were used as templates to study the darkfield spectra
and fluorescence of active probe molecules such as R6G deposited on the templates. To
make the nanoporous alumina plasmonically active, we deposited 25 nm thick gold film by
thermal evaporation onto these templates prior to the deposition of fluorescent molecules.
The R6G dissolved in polymethylmethacrylate (R6G+PMMA) at a concentration of 50
1M was spin coated at 3000 rpm on to these gold coated templates.

Surface morphology and the porous nature of the prepared aluminium sheet and

planar nanoporous alumina were investigated by a field emission scanning electron mi-
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Figure 6.1: FESEM images of the front surface of planar nanoporous alumina: (a) before
and (b) after the deposition of a 25 nm thick Au film. Image (c) is the cross sectional
image of the Au-coated planar nanoporous alumina showing the pores and the top gold
coating.

croscope (FESEM: Zeiss Supra 40VP). The optical properties of the prepared samples
were studied by an optical polarizing microscope Olympus BX51 in the brightfield and
the darkfield illumination modes. The fluorescence was measured by Olympus BX51 flu-
orescence microscope through a 100X objective. The wavelength bands 488 nm (blue)
and 548 nm (green) with FWHM of 23 nm and 5 nm respectively were used as excitation
sources and appropriate filters were used to reject the excitation light for the collection
of the fluorescence spectra. The spectra were measured by an Ocean Optics HR2000

spectrometer connected to the trinocular part of the micoscope by an optical fiber.

6.2.2 Morphology of Linearly Organized Nanopores

Figure 6.1(a) and Fig. 6.1(b) show the FESEM images of a bare planar nanoporous
alumina and a planar nanoporous alumina with a 25 nm thick gold film deposited by
thermal evaporation process. The planar nanoporous alumina in both cases has randomly
oriented pores. In Fig. 6.1(c) the cross section of the gold coated planar nanoporous
alumina is shown. We see that the gold primarily gets deposited on the bridges between
the pores and may partially cover the holes. The gold does not appear to coat inner

surface of the pore walls except for about 25 nm from the surface of the planar nanoporous
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alumina. Thus we end up with a network of thin metallic bridges that span the surface
of the planar nanoporous alumina. Such thin bridge metallic structures are known to
support strongly localized electromagnetic modes [127]. In the sequel, we would examine

plasmonic properties of such materials.

6.2.3 Darkfield Spectroscopy

Broadband white light scattering from the alumina surfaces was studied using white light
reflection in the brightfield and darkfield modes. Primarily reflected light at small scatter-
ing angles including a strong specular component is obtained with bright field illumination,
while light scattered at large angles are detected with darkfield illumination where light
is incident on the sample from large oblique angles through a darkfield condenser lens.
Darkfield optical microscope spectroscopy is known to yield a wealth of information about
localized plasmonic resonances of metallic nanostructures [128,129]. The polarization of
the incident light was adjusted to be such that the electric field of radiation was either
parallel to the direction of linearly aligned pores (parallel polarization) or perpendicular to
the direction of linearly aligned pores (perpendicular polarization). We had used linearly
organized planar nanoporous alumina and randomly ordered planar nanoporous alumina

for the study unless otherwise stated.

The scattering spectra from the darkfield images and the reflection spectra from
the bright field images are shown in the Figs. 6.2(a), 6.2(b) and Figs. 6.2(c), 6.2(d)
respectively. It was observed that in the case of scattering spectra the signal was large only
for incident light with parallel polarization compared to incident light with perpendicular
polarization. The scattered light spectra for the cases of linearly organized pores without
gold coating were seen to be low for either polarization of incident light. Interestingly, a
similar trend of low scattered light was seen for the cases of randomly oriented pores with

and without gold coating.

Comparatively, the reflection spectra obtained from the planar nanoporous alumina
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Figure 6.2: The large-angle scattering and reflectivity spectra obtained by darkfield and
brightfield microscopic measurements. (a) The darkfield (scattering) spectra when the
planar nanoporous alumina (PNA) is coated with 25 nm thick gold film, (b) the darkfield
(scattering) spectra from bare PNA| (c) the brightfield (reflection) spectra when the PNA
is coated with 25 nm thick gold film and (d) the brightfield spectra (reflection) from the

bare PNA.
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(brightfield mode) was quite different from the scattering spectra for both the polariza-
tions. The reflectivity obtained from the linearly organized porous alumina templates
with and without gold coatings have similar spectral characteristics as shown in Figs.
6.2(c), 6.2(d). The light scattering from the randomly oriented porous alumina templates
without gold coating was also seen to be similar except for the case of gold coated random
planar nanoporous alumina when the reflectivity is relatively strong (Fig. 6.2(a)). The
polarization of the incident light in all these cases causes only marginal differences to the

reflectivity of the samples.

It should be noted that while there are not much differences with respect to the
polarization for the reflection spectra, the electric field direction of the incident light
with respect to the lines of the nanopores plays a significant role in the darkfield scatter-
ing spectrum. We also note that there was significant disorder in the positioning of the
nanopores along the lines and also in the line spacing. Differences in the back scattering of
light from random gratings of metal or dielectrics for different polarizations had been well
studied [130-134]. These random gratings consist of randomly modulated surfaces with
some average spacing that can be defined for the spacing and the randomness is character-
ized by the extent of deviations from this average spacing. Enhanced back scattering was
reported for shallow metallic random gratings for electric field of incident light polarized
perpendicular to the gratings (p-polarized [130,132]), while enhanced backscattering was
reported for incident light with electric field parallel to the gratings (s-polarized [130,133]),
only for deep metallic gratings. Further, the surface plasmon excitation mechanism was
dominant for the perpendicular polarization (p-polarization [133]). In our case, the gold
coated planar nanoporous alumina could be envisaged as network of thin metallic bridges
as seen from the SEM images. Hence, the gold coated planar nanoporous alumina with
the linearly organized pores along the scratch lines could essentially be considered to be
shallow metallic random gratings. There was additional sub-wavelength structuring along
the line due to the presence of the pores. We noted that the lines of pores themselves

were not of sub-wavelength size or spacing, as they were organized by the scratches of
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larger thickness.

The bright field reflection data indicate that the enhanced specular backscattering
was comparable in both cases of polarization for the incident light. The dark field scatter-
ing spectra indicate that a large angle scattering predominates for parallel polarized light
compared to perpendicular polarized light. This implies that a large band of plasmonic
resonances are excited, over the wavelength band of 600-800 nm. The disorder in the
structure produces localized surface plasmon resonances at a variety of wavelengths. Our
observation was in contrast to the reports by Maradudin et al. [130,131] with smooth grat-
ing lines, where large plasmonic excitation and scattering enhancements were obtained
for incident light polarized perpendicular to the lines (p-polarization). This difference
probably arises from the excitation of local surface plasmon (LSP) on the holes along the
lines in our case. It is also noted from Fig. 2.4 that the inter pore distance along the
lines is smaller than the inter pore distance perpendicular to the lines (line spacings).
The reduced distance between the pores along the lines would facilitate the interactions
of LSP on the holes within a line. Detailed computer simulations of the 2D structured

random gratings would be required to study these aspects.

6.2.4 Fluorescence Spectroscopy

Fluorescence spectra obtained from R6G deposited on the planar nanoporous alumina
templates were excited by either using blue light or green light as explained in the previous
section and the fluorescence measured is shown in Fig. 6.3. It was noted that large
fluorescence was obtained from the R6G molecules deposited on bare planar nanoporous
alumina surfaces with no gold coating. This large fluorescence from the planar nanoporous
alumina surfaces compared to the fluorescence from molecules on plain glass surface was
clearly due to the multiple scattering of both the excitation and fluorescence light within
the planar nanoporous alumina. The excitation light was thereby confined vicinity of the

absorbing molecules by multiple scattering in a manner akin to that of random lasers [135].
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planar nanoporous alumina (PNA) with and without gold coating using (a and b) 488
nm and (¢ and d) 548 nm wavelength excitations. (a) Fluorescence spectra when R6G
coated on Au-coated PNA, (b) fluorescence spectra when R6G coated on bare PNA, (c)
fluorescence spectra when R6G coated on Au coated PNA and (d) fluorescence spectra
when R6G coated on bare PNA.



6.2 Fluorescence and Scattering from Planar Nanoporous Alumina 125

Further, all the fluorescent light was scattered backwards in contrast to the molecules on
a glass slide where the fluorescent light was also emitted in the forward directions. The
fluorescence from molecules on anisotropic planar nanoporous alumina surfaces with linear
organization was higher than the fluorescence from molecules on the randomly oriented
nanoporous planar nanoporous alumina surfaces. Further, the fluorescence emitted by
the molecules on the anisotropic planar nanoporous alumina surfaces show a marginal
but consistent dependence on the orientation of polarization of the incident light with
respect to the linear rows of the pores. The fluorescence was higher when the excitation
light was polarized parallel to the rows of the nanopores. The more effective scattering
as measured in the darkfield spectra (Fig. 6.3) for the case of excitation light polarized
parallel to the linear rows of nanopores possibly gives rise to the higher fluorescence in
this case. It should be emphasized that the above effects are observable with both blue

and green excitations.

When molecules were deposited on the gold coated planar nanoporous alumina sur-
faces that are plasmonically active a strong quenching of the fluorescence (about 20 times
lower) was seen. This results from the large coupling of the excited dye molecules to
the localized near-fields of the surface plasmons whereby the energy was coupled into
free space modes. Quenching of the fluorescence was well known [136-138], but such a
quenching that was independent of the excitation wavelength is probably due to the ran-
dom nature of the plasmonic surface that enables coupling to a variety of surface plasmon
modes at any emission wavelength. Comparatively, molecules on lithographically fabri-
cated ordered gratings can show excitation wavelength dependent enhancements of the
fluorescence as the excited molecules can couple their energy into surface plasmon modes

only when available [139].
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6.3 Fluorescence and Scattering from Cylindrical
Nanoporous Alumina

6.3.1 Sample Fabrication

The electrodeposition of silver nanowires into the nanopores of the cylindrical nanoporous
alumina have been described in Chapter 2. Here we describe the effects of doping
Rhodamine-6G (R6G) molecules into the nanopores of the cylindrical nanoporous alu-

mina.

After the anodization of electropolished aluminium micro wire and electrodeposion
of silver nanowires in the anodized aluminium wire were properly dried. We made a 50
1M solution of R6G by dissolving it in benzene chloride. The R6G solution was properly
stirred to mix it well so that aggregates are avoided while doping in to the nanopores of
alumina. The dried samples were immersed into the R6G solution. While sample were
immersed, after each 30 minutes interval the solutions was shaken to remove some micro
size air bubbles that emanated from the nanoporous microtube. After two hours the
samples were taken out from the R6G solution and dried in air at room temperature for
optical studies. A schematic of the R6G doped anodized wire is shown in Fig. 6.4(a). A
photograph of the R6G doped anodized wire exited by 548 nm wavelength light is shown
in Fig. 6.4(b). The anodized wire diameter was 70 pm.

6.3.2 Darkfield Spectroscopy of Nanowire Embedded Cylindri-
cal Nanoporous Alumina

The darkfield and brightfield of cylindrical nanoporous alumina with and without sil-
ver nanowires were studied by a Olympus BX51 optical microscope. The spectra were
recorded by Ocean Optics HR2000 connected to the trinocular port optical microscope
by an optical fiber. Figure 6.5 show the dark and bright filed spectra of silver nanowire

deposited cylindrical nanoporous alumina and a bare cylindrical nanoporous alumina for
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Figure 6.4: (a) Schematic of R6G doped nanoporous alumina shell and (b) Fluorescence
photograph of R6G coated nanoporous alumina shell excited by 548 nm wavelength light.
The diameter of the anodized wire was 70 pum.

comparison. The dark and bright field spectrum were normalized with an electropolished
aluminium micro wire. The reason of using the cylindrical references is that we wanted
to compare the scattering and fluorescence enhancement from the same geometry but it
can also be compared with flat references. As in Fig. 6.5(a) the bare alumina shows
less scattering in the darkfield mode. While the silver nanowire deposited shows much
higher level of scattering more than the electropolished aluminium micro wire due to an
increased rough surface and, perhaps, surface plasmon resonances on the silver nanowires.
The nanoporous alumina shell thickness is very small and after the electrodeposition of
nanopores some amount of silver also gets deposited on the outer surface of the anodized
wire and the outer surface becomes very rough as shown in Figs. 6.5(c) and 6.5(d). The
deposition of silver on the outer surface is because of the non-uniform deposition pro-
cess and could not be controlled by several methods tried by us. So in attempting to
fill the nanopores completely, some amount of silver gets deposited on the outer surface
of the cylindrical nanoporous alumina. This roughness could not be removed because
the anodized wire had sub-hundred pym diameter and was extremely delicate precluding
mechanical cleaning methods. Some other non-contact techniques such as chemical or ion

beam cleaning methods can be used. In the darkfield spectra of Fig. 6.5(a), there is small
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dip in the nanowire embedded cylindrical nanoporous alumina which is presumably due
to the surface plasmon of nanowire mdedia while the bare cylindrical nanoporous alumina
does not show this resonance. The resonance appears highly broadened and inhomogene-
ity seems rather large. An optical photograph of the light scattering in darkfield mode
from the surface of cylindrical nanoporous alumina with and without silver nanowire is
shown in Fig. 6.5(c). We see that the nanowire deposited cylindrical nanoporous alumina

is highly scattering comparatively.

In the case of the brightfield measurements, the situation is just opposite compared
to the darkfield mode case. As Fig. 6.5(b) shows that in the brightfield mode, the scatter-
ing of bare cylindrical nanoporous alumina is approximately same as the electropolished
aluminium micro wire while the silver nanowire embedded cylindrical nanoporous alu-
mina is less scattering compare to the electropolished aluminium micro wire. An optical
photograph of samples in the brightfield mode is shown in Fig. 6.5(d). We see that the
in this case, the silver nanowire embedded cylindrical nanoporous alumina appear much
darker than the bare cylindrical nanoporous alumina. This is due to the large absorption

of light that happens due to the silver nanowires.

6.3.3 Fluorescence from Rhodamine-6G coated Cylindrical Nanoporous
Alumina

To study the fluorescence properties of the R6G coated cylindrical nanoporous alumina
two wavelengths 488 nm and 548 nm of light were used as excitation sources, which had
full-width and half-maxima (FWHM) of 23 and 5 nm, respectively. For the collection
of fluorescence signals, appropriate filters were used to cut-off the excitation light and
pass the fluorescence light only. The fluorescence spectra are shown in Fig. 6.6. The
obtained fluorescence spectra of samples as obtained by excitation wavelengths 488 nm
(blue light) (Fig. 6.6(a)) and 548 nm (green light) (Fig. 6.6(b)) have similar charac-

teristics, but a large difference in the amplitudes because the fluorescence efficiency fro
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Figure 6.5: (a) The darkfield and (b) the brightfield spectra of silver nanowires (NWs)
embedded cylindrical nanopoorus alumina (CNA). All the spectra had been normalized
with an electropolished aluminium micro wire. (c¢) and (d) are the optical photograph of

the bare CNA and silver nanowire embedded CNA in the darkfield and the brightfield
mode respectively.
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excitation of R6G is very much higher for green light than blue light. We see that when
there are no nanowires in the alumina matrix then the signal is much larger than if
there were nanowires in the alumina matrix. We believe that the fluorescent signal is
quenched by the excitation of local surface plasmons on the silver nanowires to which
the fluorescent light directly couples [140,141]. For reference, we coated R6G on a plane
electropolished aluminium micro wire. We see in Fig. 6.6 that the fluorescence signal
from the R6G coated plane aluminium micro wire was also highly quenched. This is only
a rough measure as the amount of R6G on the metal surface and the nanoporous alumina
would be very different. A similar characteristic was also observed in the case of the planar
nanoporous alumina [142]. This enhancing and quenching properties of R6G coated cylin-
drical nanoporous alumina can be potentially used for bio-sensors. The enhancement of
the fluorescence signal for R6G doped cylindrical nanoporous alumina with respect to the
R6G doped silver nanowires embedded cylindrical nanoporous alumina was nearly 900%
higher for 488 nm wavelength while this enhancement was higher by 400% for 548 nm
wavelength. The maximum fluorescence intensity of R6G doped cylindrical nanoporous
alumina for 548 nm wavelength was nearly two times higher than maximum fluorescence

intensity of R6G doped cylindrical nanoporous alumina for 488 nm wavelength.

6.4 Conclusions

In this chapter, we reported preliminary examination of the light scattering and fluores-
cence of dye doped nanoporous alumina in the planar and cylindrical geometries. Planar
nanoporous alumina having linearly arranged nanopores were shown to effectively become
anisotropic and the surface showed scattering that was sensitive to polarized light. The
anisotropic planar nanoporous alumina with linearly organized pores show interesting
polarization dependent scattering which has earlier been seen in random grating struc-
tures. This suggests that these system could be treated as random grating structures

for theoretical analysis. Fluorescence from R6G molecules deposited on these scattering
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Figure 6.6: Fluorescence spectra of R6G doped in cylindrical nanoporous alumina excited
by (a) 488 nm wavelength and (b) 548 nm wavelength lights.

planar nanoporous alumina surfaces show a large enhancement, while fluorescence from
R6G molecules deposited on gold coated planar nanoporous alumina surface was strongly

quenched.

The darkfield and the brightfield scattering of the cylindrical nanoporous alumina
with and without silver nanowires was studied. The darkfield spectra of silver nanowire
embedded nanopoorus alumina had high signal levels and show a plasmonic resonance,
while the bare cylindrical nanopoorus alumina show much lower levels of scattering as
required for fiber applications. The brightfield scattering by the cylindrical nanoporous
alumina with and without silver nanowires had reversed brightens levels as expected.
The R6G doped cylindrical nanoporous alumina had enhanced fluorescence signals, while
R6G doped cylindrical nanoporous alumina with silver nanowires embedded, quenched

the fluorescence signal drastically.






Chapter 7

Summary and Future Directions

7.1 Summary

In this thesis, we presented a three dimensional cylindrical metamaterial made of nanoporous
alumina, and nanotructured in the azimuthal and axial directions. We presented the de-
tails of its fabrication and the structural characterization. We found that the radially
emanating nanopores size vary linearly with the radius of the metamaterial, making this
metamaterial radially inhomogeneous and cylindrically anisotropic. We could also make a
cylindrical nanowire medium by electrodepositing metal nanowires in the nanopores of the
metamaterial. To the best of our knowledge, we believe such metamaterials with cylindri-
cal anisotropy and wave propagation in these metamaterials have been studied here for the
first time. We homogenized this cylindrical anisotropic metamaterial by using techniques
of transformation optics and Maxwell-Garnett homogenization theory. We saw that this
cylindrical metamaterial can also exhibit indefinite permittivity or the hyperbolic disper-
sion. This cylindrical nanoporous alumina can be used as waveguide or optical fiber that
can be operated over a very wide range of frequencies, from the terahertz to the visible
part of the electromagnetic spectrum. We investigated the light guiding properties of this
anisotropic cylindrical metamaterial and found that in these waveguides, there exist some

unique type of modes described byBessel functions with fractional and imaginary or even
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complex orders. These waveguides can support modes of large angular momentum and
exhibit a high level of light confinement. In this waveguide there are frequency bands
when backward wave propagation occurs. We also made preliminary studies of the light
scattering on planar and cylindrical metamaterials and fluorescence from dye molecules

coated on the planar as well as cylindrical metamaterials.

We have only studied the waveguide, light scattering and fluorescence properties of
this cylindrical metamaterial. This newly developed system appear to have a plethora of
properties and potential applications that need to be investigated in details in the future.
In the next section, we shall discuss about the future uses and applications of the novel

cylindrical metamaterials introduced in this thesis.

7.2 Future Directions

One very important result of the thesis was the discovery of waveguide modes in the
cylindrical anisotropic system that are described by Bessel functions of imaginary orders.
So we first discuss here what are the possible potential applications of the imaginary or

complex order modes.

The special case in which the core is hollow but PEC boundary conditions at r = R,
are maintained, is in fact, an anisotropic metamaterial-lined circular waveguide. When
the metamaterial liner exhibits certain properties, e.g., a permittivity tensor contain-
ing negative and near-zero elements, these waveguides permit propagation well below
their natural cutoff frequencies [98]. This has important applications in the miniaturiza-
tion of microwave waveguide systems requiring access to the interior volume such as in
fluid heating, electron-beam propagation, and traveling-wave magnetic-resonance imag-
ing. As open-ended waveguide probe antennas, these structures may enable subwavelength
spatial-resolution measurements with high efficiency in near-field antenna characteriza-

tion [31]. We also note the case of TM modes with imaginary orders that have no cutoff
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frequency when e, < 0 and €, > 0, as then 3 = kZe, + ¢, /|¢.|k? that are distinct from

the quasi-static TEM mode.

The Bessel modes with imaginary orders or complex orders have enormous implica-
tions for coupling to the near-field modes of small sources as they have fast varying fields
along both the radial and azimuthal directions localized near the center of the fiber. The
subwavelength image resolution possible with near-field imaging by a hyperlens is also due
to this effect [12,104]. Usually, one is able to couple light to the whispering gallery modes
only though the cladding due to the localization of these modes at the edges. The Bessel
modes with imaginary orders can enable a butt-coupling to the high order m modes to
couple to the near-field modes of a radiating source. Further, these Bessel modes with
imaginary orders occupy the entire cross section of the fibre and have implications for
the amplification of these modes in the presence of gain media without spatial hole burn-
ing effects. The presence of plasmonic nanorods inside the medium results in large local
electromagnetic fields that are crucial for nonlinear interactions. The guidance of fields
within the fiber with large nonlinear interactions has immense implications for effects like
super-continuum generation due to dispersion of ultra-short pulses. The enormous sur-
face areas available within the nanopores for adsorbing molecules coupled with the fiber
geometry and resonant modes makes this system highly suitable for sensor applications.
In case of hollow core fibers, liquids can be flown through the central microtube and the
enhanced fields of the higher order m modes localized near the center could be a very

useful for detecting molecules in the liquids.

With respect to the optical characterization of the cylindrical nanoporous alumina
as an optical fiber, we have shown only the laser light transmission/output. The fabri-
cation process developed yields waveguides with imperfections and cracks which appears
to create large scattering, thereby preventing single mode excitation in the fiber. Thus
the new fiber modes predicted by us are yet to be imaged and confirmed. Further optical
characterization for attenuation, coupling etc. still remains and is a good area for further

study. This thesis discusses the fabrication of cylindrical nanoporous alumina at some
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fixed parameters. But these parameters need to be optimized well for achieving high
quality nanoporous microwires as well as some other purposes too. The inverse replica
of the cylindrical nanoporous alumina with metal or polymer is also possible. Radially

emanating plasmonic nanowires may form a nice sensor materials.

One very nice point is that the nanopores of cylindrical nanoporous alumina can be
filled with a variety of materials to investigate other physical phenomena or applications.
Because of the nanopopores, the surface area of cylindrical nanoporous alumina becomes
very large and the microwires can be very useful for heat exchanging at micron level which
is studied by our collaborators [143]. This was made by anodizing an aluminium microwire
to get a nanoporous alumina shell at outer side. The experiment was done in a water
boiling chamber. The heat transfer coefficient was enhanced due to the nanopores. The
heat transfer coefficient can be enhanced also by coating of nanowires of very high thermal
conductive materials, such as metals, using the nanoporous alumina on the aluminium
microwire. Using the nanowires on heat exchanger, the effective surface area will increase
and if nanowires made of high conductivity materials then its heat exchanging capacity
can be enhanced enormously. There are other elements, such as silicon, zinc, titanium

etc., might be used in place of aluminium.

By removing the aluminium core, we obtained hollow nanoporous alumina micro
tubes. These micro tubes can be used as novel micro fluidic devices with very large
nanoporous surface area. The nanoporous alumina microtubes are the good candidates

for bio-sensors with appropriate fictionalization of their surfaces.

The anodization is a highly established technique and widely used in research and
industrial purposes. It is a simple and good tool to make the various nanomaterials and
the hyperbolic metamaterials for research and new technological applications. Using the
anodization technique, various types of surface texturing can be obtained and even super-
hydrophilic and super-hydrophobic surfaces can be made [144,145]. The large surface

area available the planar nanoporous alumina can also be used in thermal engineering. It
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makes for a very good heat exchanger. It changes the condensation and the evaporation
behavior of a liquid on the surface depending on the porous nature. The thermal properties
have been found by us to also depend on the organization of the nanopores [142]. The
planar nanoporous alumina is being used in gas sensing and chemical sensing too. Like
the nanowire coating on the cylindrical nanoporous alumina, the nanowires can be grown
on the planar nanoporous alumina also to increase the thermal properties. It is noted
that the deposition of nanowires on the planar nanoporous alumina is easier than the

cylindrical nanoporous alumina.

Finally, there are other several metals such as silicon, zinc, magnesium, tantalum
etc. which can be anodized. The different types of anodized metals are used in different
applications. Particularly, nanoporous silicon and titanium may make for some wonderful
applications. Anodization technique also used in coloring, resistible surface, cleaning etc.
It is an environment friendly very good technique for metal finishing and recycling. This

method is now days used to make heat efficient household tools too.
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