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Metallic films with narrow and deep subwavelength gratings or holes having a
converging-diverging channel (CDC) can exhibit enhanced transmission resonances for
wavelengths larger than the periodicity of the grating or hole. Using the finite element
method, it is shown that by varying the gap size at the throat of a CDC, the spectral
locations of the transmission resonance bands can be shifted close to each other and have
high transmittance in a very narrow energy band. Additionally, the transmission of light
can be influenced by the presence of the externally applied magnetic field H. The spectral
locations of the transmission peak resonances depend on the magnitude and the direction
of H. The transmission peaks have blue-shift with the increase in H.

A new multilayer thermal emitter has been analyzed in the visible wavelength
range. The proposed emitter has large temporal and spatial coherence extending into the
far field. The thermal emitter is made up of a cavity that is surrounded by a thin silver
grating having a CDC on one side and a one-dimensional (1D) photonic crystal (PhC) on
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the other side. The large coherence length is achieved by making use of the coherence
properties of the surface waves. Due to the nature of surface waves the new multilayer
structure can attain the spectral and directional control of emission with only p-
polarization. The resonance condition inside the cavity is extremely sensitive to the
wavelength, which would then lead to high emission in a very narrow wavelength band.

In addition a new tunable plasmonic crystal (tPLC) was proposed, where the
plasmonic or polaritonic mode of a metallic array can be combined with the photonic
mode of a hole array in a dielectric slab for achieving negative refraction and still posses
an extra degree of freedom for tuning the tPLC as a superlens to operate at different
frequencies. The tunability of the single planar tPLC slab is demonstrated numerically for
subwavelength imaging (FWHM 0.38A ~ 0.42)) by just varying the fluid in the hole
array, thereby enabling the realization of ultracompact tunable superlens and paving the
way for a new class of lens.

An aggressive pursuit for decreasing the minimum feature size in high bandgap
materials has lead to various challenges in nanofabrication. However, it is difficult to
achieve critical dimensions at sub-wavelength scale using traditional optical lithography.
A new technique to create submicron patterns on hard-to-machine materials like silicon
carbide (SiC) and borosilicate glass with a laser beam is demonstrated. Here the principle
of optical near-field enhancement between the spheres and substrate when irradiated by a

laser beam has been used for obtaining the patterning.
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Chapter 1: Near-field optics

1.1 INTRODUCTION

During the past two decades near-field optics has drawn much attention, because
it overcomes the diffraction limit of conventional optics. Although, the physics of near-
field optics was a well established research area before mid 1970s, its actual and
systematic investigation began with the invention of the scanning tunneling microscope
(STM) where a weak electric current passes through the tip and surface [1-4]. This STM
has inspired many follow-up studies with different surface interaction mechanisms,
which in general can be called scanning probe microscopes (SPM).

The optical near-field has been extensively studied in the past decade using the
near-field scanning optical microscope (NSOM) [5] which is a combination of SPM and
optical field. The strength of the local electromagnetic interaction between a specimen
surface and the scanning probe tip is mapped to produce a nanometer scale resolution
image. In NSOM the tip and sample surface are at a distance much smaller than the
wavelength of the light, but still far from the intrinsic contact. The optical image with
super-resolution can be achieved with NSOM due to the fact that in the near-field of
matter the electromagnetic fields have both propagating and evanescent fields. It is
believed that the latter part of the field has much higher spatial frequency information due
to its large wavevector number. The performance of NSOM is dependent on the optical
near-field enhancement which is defined as the local maximum field intensity over the
incident field intensity and it is dependent on many factors.

The surface limiting a solid body locally modifies the physical properties of many
materials and this gives rise to the concept of the near-field. It can be defined as the

extension of the field inside a given material to the outside. This is due to the linear,
1



homogeneous, and isotropic properties of the space-time that impose a continuous
variation of the field amplitudes and energies across the interface [4]. Also, the concept
of the near-field and far-field has originated from the microwave technology. The near-
field can be understood by analyzing the electric and magnetic fields of an element that
can be described by equations with three components having different powers of ‘r’, the
distance from the element [6]. The component proportional to ‘1/r’ is called radiation
term and it defines the energy flow away from the element. The component with “1/r” is
called induction term and the component with ‘1/r” is called the electrostatic field
strength term and it represents the electric charge in the element. Among the three
components it can be clearly assessed that the ‘1 and “1/r”’ terms are more dominant
in the near-field or in the Fresnel zone. On the other hand the ‘1/t” term is dominant in
the far-field. There is no clear boundary between the near-field and far-field. So, it can be
imagined that there is a transition region between them.

The amplitude of the near-field decays very rapidly along the direction
perpendicular to the interface giving rise to the evanescent nature of the near-field. Hence
the surface or interface can be considered as a privileged place to generate, guide,
manipulate and detect evanescent waves. There are two important categories for
interfacial near-fields. The first corresponds to the spontaneous near-field, i.e., a field
produced in one material due to the permanently established field in another material.
The other category is surface near-fields that can only be produced by applying an
external excitation. Both optical near-fields and surface plasmon polaritons excited at the
interface are good illustrations of this category. This second phenomenon has a special
interest because they can be manipulated at will by an external operator [4]. In order to
engineer and optimize a particular nano-optical field distribution model-based estimates

have to be applied to determine the magnitude of the field enhancement factor. In
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addition the spatial distribution of the enhancement is also important to understand the

field enhancement.

1.2 SURFACE PLASMON POLARITONS

Surface plasmon polaritons (SPPs) are an electromagnetic excitation that
propagates in wave like form along the planar interface between a metal and a dielectric
medium (Fig. 1.1). The amplitude of SPPs decays exponentially with increasing distance
into each medium from the interface. Hence, SPPs can be regarded as surface
electromagnetic waves confined to the near vicinity of the dielectric-metal interface. This
confinement of the SPPs leads to the enhancement of the electromagnetic fields and has
extreme sensitivity to the surface conditions [7]. Devices exploiting this sensitivity of the
SPPs are widely used in the chemo- and bio-sensors [8]. The relative ease of
manipulating SPPs on surface and its intrinsic two-dimensional nature opens an
opportunity for their applications to photonics and optoelectronics for scaling down
optical and electronic devices to nanometric dimensions.

Under normal conditions SPPs cannot be excited directly with external light on a
smooth metal interface, since its wavevector is greater than the photon wavevector. For
the same reason the SPPs propagating on the smooth metal interface cannot be
transformed into light in the adjacent dielectric medium. Hence using conventional (far-
field) measurements SPPs cannot be observed unless the scattering in light occurs due to
surface defects. With the development of SPMs like scanning near-field optical
microscopy (SNOM) it became possible to study the SPPs electromagnetic field in the

near-field of the surface where it exists [9].



1.2.1 Surface plasmon propagation at a metal and dielectric interface

A plasmon is defined as the quanta of the collective excitation of free electrons in
solids. In free-electron metals plasma effects are most pronounced. The dielectric

constant of metal can be expressed using free electron model as

em(w)ﬂ{&y (1.1)

[0

where o, is the frequency of the bulk longitudinal electron excitations, or plasma
frequency. The electromagnetic properties of the metals related to the plasma effects are
significantly different from the properties of the ordinary dielectric materials in the
frequency range below plasma frequency where the real part of a dielectric constant is
negative. The wavevector of light in this frequency range is imaginary, and hence there
are no propagating electromagnetic modes in such a medium [9].

A combined excitation of a surface plasmon and a photon is called SPP. Surface
plasmon (SP) is the electron plasma oscillation near a metal surface that originated from
the broken translational invariance in the direction perpendicular to the surface. The SP
frequency (wsp) on a semi-infinite flat metal surface can be determined from Re[en(wsp)
= -g;, where gy(w) is the frequency dependent metal dielectric constant and ¢ is the
dielectric constant of the adjacent material. For free-electron metal in contact with a

vacuum as the adjacent medium @y, = —= [9].

V2

The electromagnetic field of a SPP at a metal-dielectric interface can be obtained
by applying Maxwell’s equations in each medium along the corresponding boundary
conditions. The latter expresses the continuity of the tangential components of the electric
and magnetic fields across the interface and these fields would vanish infinitely far from
the interface. In order to introduce the main parameters in describing SPPs, let us

consider a dielectric material with an isotropic, real and positive dielectric constant (g4) in
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the half space x3 > 0, and a metal with an isotropic, frequency-dependent, complex
dielectric function gn(®) = g1(w) + igx(w) in the half-space x3 < 0 (Fig. 1.1). First a p-
polarized or transverse magnetic (TM) wave is considered in this structure and it
propagates in the x;-direction. A TM wave has magnetic vector perpendicular to the
plane of incidence (the plane defined by the direction of propagation and the normal to

the interface).

Figure 1.1: Surface plasmon polariton wave form propagation at the metal and dielectric
interface [7].

The solution of Maxwell’s equations that are wavelike in the x;-direction can be

written as follows
H, (x,t)= (0, A0)explikx, +ik®x; —ict]

12
E, (x.t)=—A—— (= ik 0,ik Jexpliks, +ik(®)x, —iat] (12)
weE

lwg,



in the region x3 > 0 with ‘A’ as the amplitude, k and k! as the wave vector in x; and x,
direction, ‘w’ is the frequency and ‘C’ is the speed of light.

H,,(x,t) = (0, B,0)explikx, +ik(™x, —iat]
(1.3)

E (xt)=-B— "

iwe, (o) (_iks(m),O,ik)exp[ikxl +ik{™x, — ia)t]

in the region x3 < 0. If we now apply Maxwell’s equation V -E = 0then the following

equations are obtained

k
Ex;m = _Exlm k(m)
3 (1.4)
E 6 =-E K .
xd — 7 Exd @

In order to find the relation between Hy, and Ey; we can use the Maxwell’s
. oH , .. : .
equation VxE = —,uE (Faraday’s law of electromagnetic induction) and assuming p=

Wo. The resulting equations are

coElegd &,
szm = k(m)
" 1.5
a)Exldgmeo (15
H xd = k(d)

m

Finally we can apply the interface or boundary condition at x; = 0. At this

interface the tangential components of H and E are continuous, thus H, , =H, ;and

X,m

E,m = H,q, along with A = B. By using these boundary conditions the following simple

relationship between relative permittivity and the normal components of the wave vector

in both media can be obtained.



Em (CU) &y (1 6)

If we have a truly trapped surface plasmon wave with exponential decay into both

media then we need ik{™ > 0 and ik{" < 0. Also we know that

(T + (6 = ek 0

where k, = o/c. Hence by using the above equation (1.7) with the constraints of

exponential decay for s surface wave we obtain the following relations

k= =iy(k)* =&, (), )’)
ks = iy{(k) e, (. ))

The above equation (1.8) requires (k)*)e,(k,)* and (k)*)e, (@)K, )’. Thus both

(1.8)

the normal wave vector components are imaginary and are of opposite sign. This along
with the equation (1.6) gives that in order to have SPP wave the two adjacent media need
to have dielectric constant of opposite sign. This would then lead to a conclusion that the

‘k’> in the dielectric medium is greater than the maximum photon wave vector available in
the dielectric, /&, K, . In the metal medium the condition on ‘k’ is satisfied automatically

with the &, negative. By substituting equation (1.8) into equation (1.6) we obtain the

following equation.

ke =k =k, _en(@)eq (1.9)
gm (a)) + gd

where ‘ksp’ is the parallel wave vector of the SPP. For the SPP wave to be propagating on

the surface then ‘k’ needs to be real. This can be achieved for €, < 0 when | £y > &4. Thus
7



by solving the Maxwell’s equations and boundary conditions it has been shown that a
trapped surface wave like SPP can be obtained with real ‘k’, provided | €| > &4 and &, <
0. In order to illustrate the result obtained in Eq. (1.9), let us use the free-electron model
Eq. (1.1) for dielectric function of metal. The corresponding dispersion curve is shown in

Fig. 1.2.
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Figure 1.2: Dispersion curve (dark continuous line) of a surface plasmon polariton at a
planar smooth dielectric-metal interface. Also plotted is the dispersion curve (dashed
line) of the light in the dielectric medium and the corresponding surface plasmon
frequency [7].



The dispersion curve of the SPP is towards the right of the dispersion curve of

o . . : ck . - . .
light in the dielectric medium, @ = —=, the so-called dielectric light line. This is due to

Jon

the requirement of the normal wave vector ‘k3d > be imaginary and positive for the SPP

electromagnetic field decay exponentially into the dielectric medium. Consequently, the
SPPs cannot radiate light into the dielectric medium and also they cannot be excited with
conventional illumination schemes from the adjacent dielectric medium. The electric
field of SPP has a component that is parallel to the direction of propagation and another
component that is perpendicular to the surface. The ratio of transverse and longitudinal
components of the electric field in the dielectric medium is given by the following

equation

(1.10)

where the last expression is obtained by using the free electron model expression (1.1)
assumed for metal, gn(w). The transverse component is dominant at low frequencies and
with small wave vectors for which the dispersion curve is close to the dielectric light line.
For very large wave vectors the transverse and longitudinal components are comparable

@
and they are equal at the frequency given by E 1 [7].
g +

Let’s now consider s-polarized or transverse electric (TE) wave for the structure

shown in Fig. 1.1. In TE polarization the electric vector is perpendicular to the plane of



incidence. The solutions of the Maxwell’s equations are wavelike in the x;-direction and

are localized to the interface as shown below

E, (x.t)= (0, A.0)explikx, +ik{®x, — ict]

111
Hy (%)= A== (- ik®,0,ik Jexplikx, +ik¥x, —iat] (1D
lw
in the region x3 > 0, and
E,, (x.t)=(0,B,0)explikx, +ik™x, —iwt]
(1.12)

H_(xt)= Bii(— ik{™ 0,ik Jexplikx, +ik("x, —ict]
w

in the region x3 < 0. The boundary conditions of continuity of the tangential components
of the electric and magnetic fields across the interface (x3 = 0) yields the following

equations

A=B, A K@ =B kM (1.13)
lw lw

and the above equation (1.13) can be simplified as follows

(k@ —ki™)a=0 (1.14)

It can observed from the equation (1.13) that when the imaginary parts of the
‘ k}d)’ and ° k3(m)’ have to be of opposite sign for the electromagnetic wave to be localized

to the dielectric-metal interface (x3 = 0), the only solution is possible when A = B = 0.

Thus TE or s-polarized SPP cannot exist in the structure depicted in Fig. 1.1.

1.2.2 Optical excitation of surface plasmons

In order to excite SPPs by the p-polarized light incident on a planar metal surface
from the adjacent dielectric medium then there are two conditions that have to be
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satisfied. The first one is that the frequency of the incident light must be equal to the
frequency of the SPP. This condition is easily satisfied due to the energy balance. The

next condition is that the component of the wave vector of the incident light parallel to
the surface or interface in the dielectric medium (4/e, —sin(8), where ‘0’ is the angle of
C

incidence) must equal the SPP wave vector (equation (1.9)). However from the dispersion
curve (Fig. 1.2) it can be concluded that the SPP wave vector or wavenumber is larger
than the magnitude of the wave vector of the light in the adjacent dielectric medium.
Therefore special experimental arrangements have to be designed to provide the
necessary wave vector matching or conservation. Hence the photon and SPP wave
vectors can be matched either by using the either the photon tunneling that can be
achieved in the total internal reflection geometry (Kretschmann and Otto configurations)
or though the diffraction effects of the gratings (Fig. 1.3).

In Kretschmann geometry (Fig. 1.3a), a thin metal film can be illuminated
through a dielectric prism at an angle of incidence (0) greater than the critical angle for
total internal reflection [7]. The wave vector of the light is increased in the optically
denser medium. At a particular ‘0’ the in-plane wave vector of the photon would coincide
with the SPP wave vector at the air-metal interface. The resonant light tunneling through
the metal film occurs and then light is coupled to the SPPs. The wave vector conservation

is achieved by the following relation.

kSP :%\[‘gprism Sln(g) (115)
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At these resonant conditions, a sharp minimum can be observed in the reflectivity
from the prism-metal interface as the light couples to SPPs at 100% efficiency [7]. When
the metal film thickness increases the efficiency of the SPP excitation decreases since the
tunneling of photons decreases with the thickness increase. The SPP cannot be excited on
the interface of the prism and metal, since the wave vector of the SPP at this interface is
greater than the photon wave vector in the prism at all angles of incidence. Therefore in
order to excite SPPs on the internal metal interface an additional dielectric layer with a
refractive index smaller than the prism should be deposited between the prism and the
metal film (Fig. 1.3b). In such two-layer geometries the photon tunneling through the
dielectric layer can provide the resonant excitation of the SPPs on the inner surface of the
metal film. Hence the SPPs can be excited on both the inner and the outer surfaces of the

metal film at different angles of incidence [7].
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Figure 1.3: Surface plasmon polariton excitation configurations: (a) Kretschmann
geometry, (b) two-layer Kretschmann geometry, (¢) Otto geometry, (d) excitation of with
scanning near-field optical microscopy, (e) diffraction on a grating, and (f) diffraction on
surface features [7].
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For when the metal film thickness increases then the Kretschmann geometry
cannot be used. Instead Otto configuration (Fig. 1.3c) can be used where a prism with
total internal reflection is placed close to the metal surface. This time the photon
tunneling occurs through the thin air gap between the prism and the surface [7]. Another
way to provide the wave vector conservations for SPP excitation is by using the
diffraction of the gratings. If a diffraction grating is created on part of an otherwise
smooth metal film then the some of wave vector components of the diffracted light can
coincide with the SPP wave vector to couple and resonantly excite SPs. Wave vector
conservation between the diffraction on a periodic structure to the SPPs is given by the
following relation [10].

o . 2r 2
Kep =N sin(@)u,,5, + PS5 a5 (1.16)

where 6, = 1 for the a p-polarized (with respect to the surface plane) incident light and 0
for a the s-polarized light, U, is the unit vector in the in-plane component of the wave
vector of the incident light, ng is the refractive index of the medium through which the
metal film is illuminated, U; and U, are the unit lattice vectors of the periodic structure, D
is the period of the structure which is assumed to be same in both the x; and x, directions,
and p and q are the integer numbers corresponding to the diffraction order of the light that
couple to the excited SPPs. Depending on the metal film thickness and grating profile
depth SPPs can be excited on both air-metal and substrate-metal surfaces [7].

There is one more approach to resonantly excite the SPPs and it is possible
through diffraction of light from surface features (Fig. 1.3f). The SPPs are excited on
both sides of the interface and propagate in directions to both the left and right edge of
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the sample. The use of the SNOM to study the SPP has introduced a new technique that
provides the possibility of exciting SPP locally at a given place on a surface [11] (Fig.
1.3d). Circular SPP waves can be launched using illumination through a SNOM fiber tip.
This technique can be treated as either a diffraction or tunneling mechanism for exciting
SPPs. The former case is due to the near-field coupling of the diffracted light from the
subwavelength aperture of the fiber tip into the SPPs. The latter case is due to the photon
tunneling that takes place from the fiber tip to the metal surface and also only evanescent
field components are generated at the aperture. This SNOM fiber tip for SPP excitation is
similar to the Otto geometry except for the local excitation of SPPs is possible with sub-
wavelength precision. The SPPs have longitudinal nature and so for all of the
configurations described above the exciting light should have an electric field component
perpendicular to the metal surface or parallel to the propagation direction of the excited

SPPs [7].

1.3 OPTICAL NEAR-FIELD ENHANCEMENT

This optical near-field enhancement by micro-spheres can be explained by Mie
scattering and Rayleigh scattering. When the diameter of the sphere is equal to or greater
than the laser wavelength, light is scattered elastically and the field is enhanced several
times at the exit side of the spheres. Mie theory calculations show that this enhancement
is due to both near-field and scattering effects. Such optical enhancement can lead to
local melting or even vaporization of the substrate materials for nanoscale surface
patterning. On the other hand Rayleigh scattering would take place when the diameter of
the sphere is less than the wavelength of the light. In this case, the sphere is treated as a
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dipole radiator and the electric field enhancement is at its sides along the direction of
polarization of the incident light and there is hardly any focusing [12].

It has been reported that the optical near field intensity enhancement changes
dramatically with the size of the sphere and also with the distance between the sphere and
the substrate [13-15]. Figure 1.4a shows the optical near-field intensity distribution
obtained by [15] on the silicon substrate for wavelength A = 532 nm, and corresponding
to a silica microsphere (n = 1.37) 1.76 um in diameter. The resulting peak intensity
obtained is 14.65 times the incident intensity. Also it is shown that the obtained intensity
enhancement is centered on a circular area of radius smaller than the sphere. When the
microsphere is elevated to a distance from the silicon surface then the near-field intensity
peak decreases dramatically and the focusing area becomes much bigger (as shown in

Fig. 1.4b).
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Figure 1.4: Optical near-field intensity enhancement on silicon surface due to laser-
microsphere interaction (A = 532 nm, silica microsphere 1.76 um in diameter) when the
microsphere is (a) on the substrate, and (b) elevated 1.76 pm above the surface [15].
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The optical near-field enhancement on the surface is dependent on the
wavelength, diameter of the microsphere, and distance from the sphere. Fig. 1.5 shows
the enhancement variation with respect to the distance from the sphere for various
wavelengths and two different sphere diameters. From Fig. 1.5, it can be observed that
the enhancement is highest for a bigger sphere diameter, lower wavelength and when the
sphere is near the surface. As the wavelength increases the enhancement decreases. Also,
with the increase in the distance from the sphere the enhancement decreases and the rate
of decrease is large for the lower wavelengths. When the wavelength is high the
enhancement is low and becomes insensitive to the variation in the distance from the

sphere. The reduction in sphere diameter would also decrease the enhancement.
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Figure 1.5: Optical near-field intensity enhancement on silicon surface due to laser-
microsphere interaction for different wavelength with varying distance from the sphere
and (a) 1.76 pm in diameter, (b) 640 nm in diameter.
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1.4 Dissertation overview

The goals of this dissertation are to pattern high bandgap materials in a sub-
micron scale using optical near-field effects and to design and analyze plasmonic optical
devices. To understand the plasmonic nature of the optical devices that were designed,
numerical computation was performed using the Finite Element Method (FEM).

Chapter 2 is about extraordinary transmission (EOT) through subwavelength
holes and apertures in metallic films. It will be discussed on how the EOT spectral
locations can be tuned by introducing an extra degree of freedom in the geometrical
parameter and also by using an external magnetic field. In chapter 3, a very unique design
of sub-micron scale thermal emitter is proposed and analyzed. This new design has the
emission properties similar to a laser. Chapter 4 has another new design of photonic
crystal with plasmonic or metallic structures along with an extra degree of freedom to
tune the dispersion properties. This new tunable plasmonic crystal can be used for sub-
wavelength imaging. In chapter 5, experimental results of the direct parallel patterning of
Silicon carbide (SiC) and borosilicate glass will be discussed. Finally in chapter 6, a brief

summary of the current work along with the future recommendations is discussed.
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Chapter 2: Tuning the extraordinary optical transmission through
metallic film having subwavelength apertures

2.1 INTRODUCTION

In late 1980°s the concept of photonic crystals emerged, which initiated new
studies of gratings, as examples of one-dimensional (1D) periodic media [1, 2]. Since
then some theoretical studies have been done on the transmission gratings, but they did
not receive much attention because it was thought that the transmission through the
subwavelength apertures is very low according to the standard aperture theory by Bethe
[3], which states that the transmission through a subwavelength circular hole (r << 1) in
an infinitely thin perfectly conducting metal sheet would scale uniformly with the ratio of
r to A to the power of four. But, an extraordinary transmission (EOT) of several orders of
magnitude more than Bethe’s prediction has been reported through an array of
subwavelength holes milled in an opaque metal screen [4]. The underestimation of
transmission by Bethe’s theory is because it is too idealized to consider the surface modes
that might be involved and also propagating of evanescent modes that could be excited
inside the holes [5]. Subsequently, enhanced transmission through hole arrays in metal
films has been studied in great detail both theoretically and experimentally. This has
sparked renewed interest in studying the transmission gratings (or slits), which are 1D
version of the hole structures studied by [4], to explain the underlying physics for
enhanced transmission. However, the transmission properties between slit and hole arrays
have a fundamental difference. In a slit waveguide there is always a propagating mode

inside the channel, whereas in a hole waveguide all modes are evanescent when hole
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diameters are smaller than half the wavelength and there is a cutoff frequency for
transmission [6]. Hence the slit and hole array structures have very different propagation
mechanisms. But, it is believed in general that the EOT phenomenon is mainly due to the
surface plasmons polariton (SPP) modes trapped at the interface of metal and dielectric.
The SPPs are actually quanta of collective plasma oscillations localized at interface of a
metal and dielectric [7]. However not all agree on the same SPP mechanism for the
enhanced transmission phenomena [8, 9]. Nevertheless, according to several other
theoretical and experimental studies the enhanced transmission process through
subwavelength metallic hole array (MHA) can be divided into three steps: the coupling of
light to SPPs on the incident surface, transmission through the holes to the second surface
and then re-emission from the second surface [5].

The dielectric response, €(®), of a metal is governed mainly by its free electron
plasma and for frequencies smaller than the plasma frequency the real part of ‘e(®)’ is
negative, which makes it behave like a photonic insulator at those frequencies. Negative
‘¢’ has another consequence: the metal-dielectric interface can support surface
electromagnetic modes called SPPs as discussed in chapter 1. The dispersion relation of
these modes for a flat interface does not cross the light cone and so SPP cannot be excited
by a direct incident plane wave. However, if the metal-dielectric interface is modulated
periodically, the SPP bands fold allowing the external radiation to excite the SPP modes
[6]. Therefore, when the frequency (w) and the in-plane wave vector (kj) of the light
scattered by the grating vector match the surface mode (or SPP mode) of the structure the
transmittance and reflectance are modified [10]. Hence the physics behind the enhanced

transmission in metallic subwavelength apertures was initially considered as the coupling
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of the incident light via diffraction to the SPP modes of the metallic structure [4, 11].
This type of explanation was expected since surface plasmons are responsible for a type
of grating anomalies, as was previously established [12]. Due to the range of energies and
incident angles considered in the present study, the energetic positions of the SPP modes
coincide with the Wood-Rayleigh anomaly [13]. This anomaly in the transmission spectra
is due to the vanishing or emerging of a diffracted order above or below the grating in
vacuum. There is one more kind of anomaly that appears in Transverse Magnetic (TM-)
polarized reflection or transmission spectra of metallic gratings, which is called the
resonance anomaly [13]. For this anomaly the SPP resonance modes on lower and upper
surfaces of the gratings are excited when one of the diffracted waves is coupled to the
SPP modes. However, there are other kinds of electromagnetic resonances, like the cavity
modes or waveguide resonances, which may also play an important role in enhanced
transmission [14]. It was reported that in order to have high transmission through metallic
gratings the waveguide mode resonance in the channel is the only effective way, even at
the SPP resonance mode excitation wavelength [15].

For the transmission process through subwavelength holes or gratings, diffraction
plays a central role. When a plane wave is incident on grating array, the diffraction leads
to evanescent wave. After the transmitted evanescent wave reaches the far end of the
array it gets diffracted again producing a propagating transmitted wave. Therefore the
transmission enhancement occurs when the diffraction aids in coupling the incident light
and the SPP modes of the silver metal structure [10]. It was also reported that for lamellar
transmission metallic gratings there are two transmission resonances: coupled SPP modes

on both the horizontal surfaces of the metallic grating for A ~ d, and cavity or waveguide
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modes located inside the slits for A » d [16]. Diffraction is independent of the array
material, but the arrays made of a metal such as silver (Ag) have shown higher
transmittance when compared to metals like nickel (Ni1) [17].

The EOT phenomenon through subwavelength MHAs milled in opaque metal
screen [4] has generated considerable interest and promoted subwavelength apertures as a
core element of new optical devices. This is because of the simplicity with which the
spectral properties can be tuned and scaled. EOT in THz region has been observed
recently in both metallic [18-21] and semiconductor hole arrays [22-24]. In the millimeter
wave and terahertz (THz) region the two-dimensional (2D) MHAs act as band-pass filters
also known as frequency-selective surfaces (FSSs). However, in those frequency regions
the metal surfaces act as perfect conductors on which the SPPs excitation cannot be
expected. But, it has been proven both theoretically [25] and experimentally [26] that the
resonantly excited SPP-like mode plays an important role in the high transmission in the
THz region.

The manipulation of light at the subwavelength scale have several geometric
variables, such as hole shape, periodicity, interface media, film thickness, aperture size
and so on. In the previous work, different hole shapes like elliptical [27], rectangular
[28], C-shaped [29, 30], X-shaped [31], coaxial [32] and so on have been studied. It was
found that a hole shape change from circular to rectangular increases the normalized
transmission by an order of magnitude with a large red-shift in the spectra [28]. But, it
was noted that the influence of the hole shape is dramatically different in terahertz (THz)
region from that in the optical region [20, 21]. Also, hole lattices with different symmetry

are studied and it is found that the spectrum shape and transmission efficiency depend
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strongly on the rotational symmetry [33]. In addition, it was observed that when the index
of refraction filled in the metallic hole arrays increases then the peak transmission would
have a red-shift [34, 35]. Similarly, when the surrounding dielectric constant is increased
then a red-shift along with a reduction in the transmission amplitude is observed [24].
Furthermore, the thickness of the metal film strongly effects the coupling interaction of
the SPPs on both incident and transmitted surfaces. It was found that when the hole depth
is large then the SPPs on the two surfaces are uncoupled and the transmission increases
exponentially with the decreasing depth [36]. It is observed in the THz region the EOT
can be achieved at an array thickness of only one third of the skin depth [37].

The SPPs are attracting much attention due to their possible applications for light
control at nanoscale. For example, the plasmon resonance condition of a nanoshell is
sensitive to the relative size of the core and shell layers [38]. Similarly, gyrotropic media
with magento-optical Faraday and Kerr effects have derived a great interest for
applications in submicron scale to control the light [39, 40]. In recent times both the
magnetized films with perforated holes and magnetized pillars included in a dielectric
have been studied for their plasmonic aspects [41-43]. Following the report of
extraordinary transmission through subwavelength holes [4], a study was conducted on
the idea of how the transmission peaks would depend in the presence of a static, in-plane
magnetic field [42]. It was concluded in the study that the transmission peaks depend not
only on the plasma frequency but also on the magnitude and direction of an applied static
magnetic field H. However the study has treated the cylindrical holes as dielectric
inclusions in a conducting host that occupies the entire volume in between the infinitely

conducting plates of a large capacitor. Transmission through ferromagnetic Co films
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perforated with holes was determined experimentally and it was concluded that the
magneto-optic (MO) Kerr effect is suppressed in the wavelength range where there is an
enhanced transmission. Lately, a study [44] has been reported with simultaneous
enhancement of both transmittance and MO Faraday and Kerr effect in a bilayer system
of a metallic film perforated with subwavelength hole arrays and a uniform dielectric film
magnetized perpendicular to its plane. Nevertheless none of the above studies have
considered a finite metal film with the effect of different directions of the H on the

transmission peaks.

2.2 COMPUTATIONAL SET-UP
2.2.1 General theory of Maxwell’s equation

The Maxwell’s equations in differential form with no sources, i.e., no current
vector (J =0), no charge (p, = 0) and by substituting the constitutive equations for an

isotropic homogeneous medium are given below:

. oH

VxE=—u— 2.1
H (2.1)

vxiiz e 2 (2.2)
at

V-E=0 (2.3)

V-H=0 (2.4)

where E and H are the electric field and magnetic field intensity respectively. ‘€’ and

‘W are permittivity and permeability of the medium respectively. The electromagnetic
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field distribution can be assumed to be a harmonic propagation wave and it is given as

follows
E=E, exp[i(lz F- a)t)] (2.5)
i =1, explifk - 7 - ot (2.6)

where, ‘K * is the wavevector and ‘@’ is the frequency. Hence by substituting the eq. (2.5)

& (2.6) into eq. (2.2) & (2.1) respectively would give the following equations.

<!
X
el
I

iouH 2.7)
V xH = —iweE (2.8)

Substituting E from eq. (2.8) into eq. (2.7) gives the following equation

ﬁx( _1 ﬁxﬁj=ia),uﬁ (2.9)
—lwe
The above eq. (2.9) after few further simplifications and with a TM or p-

polarization for lamellar gratings (magnetic field is along the direction of gratings) would

be the following equation with p = p, and € = g&,, where |, and g, are the permeability

and permittivity of vacuum or air. Also C =

and k = 2, where c is the speed of
C

1
Vgoﬂo

light in air.

V(L6H2j+k2Hz =0 (2.10)

&r

The above equation is a partial differential equation (PDE) called Helmholtz
equation with the variableH,. The PDE can be solved using finite element method

(FEM). The FEM numerical simulation is carried out by using commercially available
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software FEMLAB 3.1i. The following sections give the details of the computational

study that has been done.

2.2.2 Two-dimensional computation domain for gratings and governing equations

In Fig. 2.1 we show a schematic view of the three different structures in vacuum
that were studied with the definition of different parameters: the period of grating (d), the
aperture width (a), the grating thickness (t), and the gap at the throat (g). Although the
transmission resonances of the gratings depend on their period, aperture width and
thickness, they are fixed in this study to explore the effect of different gap sizes at the
throat. The gap sizes were varied from 0.5 pm to 5 nm. It is plausible to use Maxwell’s
equation when the absolute lower limit of the length of macroscopic domain is 10 nm
[45]. In addition, the optical absorption spectrum of 30 nm spherical metallic particles
calculated by solving Maxwell’s equations agreed well with the experimental results [46].
Therefore, it is assumed that the results obtained in the present study for gap of 5 nm will
be rational. Nevertheless, it should be pointed out that the effects discussed in this study
do apply for any other range of grating parameters provided that the aperture width is
very small in comparison to the grating period. Also the frequency of incident light has to
be well below the plasma frequency of the metal [16]. The dielectric function of gold
described in this study is from the tables reported in [47]. The transmission for metallic
lamellar gratings with Transverse Electric (TE) polarization suffers a cut-off wavelength
[48]. Hence, we have analyzed the metallic gratings with only TM polarization (magnetic
field vector parallel to the gratings) in order to study whether the enhanced transmission

could be achieved for any desired wavelength with the CDC structure. Therefore the
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resulting governing equation for the time harmonic electromagnetic fields, with the
dependent variable as magnetic field in the z-direction (H,) is given by eq. (2.10).
Commercially available finite element software (FEMLAB 3.11) was used for solving the
governing equation. A 2D computational domain surrounded by periodic boundary
conditions and perfectly matching layer (PML) [49] was used (Fig. 2.2). The
transmittance of the grating was calculated from the obtained electromagnetic field
distributions. Since the proposed study has a structure that is periodic in 1D and has the
length of the grating larger than the period of the grating, then the resulting
computational domain would be a 2D domain.

In the 2D computational domain the plane wave is generated from a small
subdomain as shown in Fig. 2.2 and the governing equation for this source subdomain is
given as follows.

V(LWZ]H&HZ =f (2.11)
&

r

"
where f is scalar value and is taken as ° e(I sin(0)x)

’ in order to generate a plane wave
with an angle of incidence ‘0’. The governing equation for the remaining subdomains

(air, metal and PML) is same as eq. (2.10), except with a change in the dielectric constant

that depends on the respective medium.
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Figure 2.1: Schematic view of the lamellar transmission metallic gratings in vacuum with
grating parameters as period (d) = 3.5 pm; aperture (a) = 0.5 um; thickness (t) = 3.0 pm.
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Figure 2.2: Outline of the 2D computational domain for the numerical study.
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2.2.3 Boundary conditions, Interface conditions and absorbing boundary layer

The boundary conditions that will be used for the computational study is either a
phase-shifted boundary condition or a perfect electric conductor. The phase-shifted
boundary condition is used between boundaries @ & @ (Fig. 2.2) and is given as

follows.
H,, =H,, expliksin(¢)d] (2.12)

The boundary condition for the perfect electric conductor is taken on boundaries

(2 and (@) (Fig. 2.2). It is given in mathematical form as follows.

E =0 or ﬁ-[i?szzo (2.13)

&y

The interface condition between metal and air is taken as the tangential

component of electric field to be continuous and is

Et air :Et metal or (ﬁ[iﬁszj :[H(LﬁHZJJ (214)
i ’ g g
r t,air r t,metal

The outgoing waves are absorbed by using a perfectly matched layer (PML) as

suggested in [49]. The dielectric constant of the PML varies anisotropically as

5,8, 0
o =| (2.15)
r,PML .
N
Sy
where sg(g,a)):ag(g)ﬂﬂ;@x,y,z, a (¢)=1 (2.16)
w

29



2.2.4 Transmission calculations

The transmittance (t) and reflectance (1) for the metallic grating is calculated as follows

.= (Hz 'Hz*)Pl,F 2.17)

(Hz -H, )Pl,l

where (HZ -HZ*)PLF is the incident magnetic field intensity at plane P; as shown in the

Fig. 2.2, when there is no metallic grating and replaced with air instead. Similarly,
(Hz 'Hz*)

o1, 18 the final transmitted magnetic field intensity through the metallic grating.

Hence, the eq. (2.17) would give transmittance. The reflectance is calculated by the

following equation.

w1,

y = 2F (2.18)

z PLI

H

z

where | H, -—— is the reflected magnetic field at plane P, as shown in the Fig.
ik cos(#) o2F

2.2.

2.2.5 Verification and Validation

The computational results are verified by refining the mesh size and since the
linear system solver in FEMLAB 3.1i is a direct UMFPACK there is no iteration. Fig. 2.3
shows the magnetic field intensity inside a slab of thickness ‘2a’ for the TM polarization
and for both non-absorbing (n = 1.5) and absorbing (n = 1.5 + 0.051) medium. These

results match well with those given by [50].
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Figure 2.3: Magnetic field intensity inside the slab for different media.

2.2.6 Three-dimensional computation for holes

Figure 2.4 shows a schematic view of the square array of holes having CDC shape
in a metallic film with the definition of different parameters: the period of hole array (d),
the aperture size (A), the thickness of the metallic film (t), slope or angle of the CDC
shape (0) and the gap at the throat (g). Figure 2.4b shows cross-sectional view of the
CDC channel with an angle (0), which would relate ‘A’ and ‘g’ by a simple equation g =
A —tan(0)*t. The metallic film considered for the CDC hole array study is silver (Ag) and
for most part of the study a fixed value for the period (d = 19.0 pm) and thickness (t = 2.0
um) is used. Also, for the present study we considered the frequency to be around 100

THz or 20 um wavelength. The silver dielectric constant is fit into the Drude model with
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€= €x- W/ (® + iym) by taking €, = -175.0, 0, = 1.1 x 10, and y = 10.51 x 10" in
order to fit the empirical data given by [51] in the 100 THz frequency region. The
electromagnetic fields were assumed to be time harmonic and the resulting governing

equation for the steady-state distribution is given by eq. (2.10).

(a) (b)

Figure 2.4: (a) Schematic view of silver metallic hole array having periodicity ‘d’ with
converging-diverging channels (CDC), (b) cross-sectional view of the CDC shape with
aperture (A), thickness (t), slope or angle (0) of CDC shape and gap at the throat (g).

In the current study the transmission through a thin Ag film perforated with hole
pair under different externally applied H is also considered. The holes are in rectangular
shape and constitute a square lattice of period ‘d’ as shown in Fig. 2.5. The thickness of
the Ag film is ‘h” with the holes having width ‘w’ and length ‘I’. The spacing in between
the holes is given by ‘s’. Throughout the current study, we choose d = 600 nm, h = 300
nm, s = 60 nm, and | = 400 nm. The 3D numerical modeling is performed with a finite
element method (FEM) by using commercially available software (COMSOL 3.2a). The
metallic material dielectric function (€) is characterized by using a Drude model € = &, -

op/ (” + iyw) for the frequency dependence. The silver dielectric constant is fit into the
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Drude model by taking €, = 7.9, o, = 1.29 x 10", and y = 3.21 x 10" in order to fit the
empirical data given by [51]. The optical properties of the Ag have a directional
sensitivity to the externally applied H and result in strong anisotropy. The applied H
enters through Hall-to-Ohmic resistivity ratio [42]. The local permittivity tensor (€m) of

the Ag dielectric function can be obtained from [42, 52] and is given below for B || z.

A A l-iwor -or 0 .
=g —- il $Pm = il -7t l-ior 0 T=— (2.19
i m 2 c
om P 0 l-ior

The magnetic field enters the ‘g’ tensor through the cyclotron frequency ‘®.’ (=

eB/mc) and this appears only in the antisymmetric off-diagonal elements of pp.

d

Figure 2.5: Schematic figure of light incident on a thin Ag film perforated with square
array of rectangular hole pair having d = 600 nm; t = 300 nm; w = 60 nm; 1 =400 nm; s =
60 nm.

33



The 3-dimensional (3D) numerical modeling is carried out by commercially
available finite element software (COMSOL 3.2a). The computational domain considered
is a single unit cell surrounded by either periodic boundary conditions as described in the
above section or by perfectly matching layer (PML) as given in [49]. The light is incident
normal to the film surface (K || z) with transverse magnetic (TM) polarization and the
transmittance is calculated from the obtained electromagnetic field distributions. In order
to validate the 3D numerical model, transmission through a subwavelength hole array is
calculated and is compared with the result obtained by [53]. The results obtained agreed

with the theoretical results (Fig. 2.6).

100 T T I

— Full calculation
— — - minimal modsl

Transmiazion ()

0.7

0.6/ (b) S Y

a0 -

n

a0 -

=

Transmittance
&

Transmission (9

e
-

W ;
0.1 ‘,’

] 1 /
T T80 a0 AL 210 ~

_ [ ————_t L — L L L L ]
Wﬂ‘v'eleng[h {“n” 760 770 780 Wg:de::(;th (srlll;n} 820 830 840

Figure 2.6: Comparison between the (a) theoretical results [53] and (b) numerical results.
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2.3 TRANSMISSION THROUGH METALLIC SUBWAVELENGTH APERTURES HAVING
CONVERGING DIVERGING CHANNEL (CDC)

The effect of hole channel shape on the transmission characteristics has not
received considerable attention. The hole size along with the channel shape will have
significant impact on the transmission efficiency because the holes are expected to
mediate the SPP coupling between both surfaces. Hence in the present study the
subwavelength hole having converging diverging channel (CDC) is studied specifically
along with straight channel for transmission properties. This proposed CDC shape would
still allow similar EOT effects but, would give an extra degree of freedom in the
geometric variable to tune the transmission spectrum. Hence CDC shaped holes or
gratings can be used for practical purposes where a high transmission is required. We

also provide a physical insight into the mechanism for the shift of the resonant bands.

2.3.1 Metallic gratings with CDC

Figure 2.7a shows the zero-order transmittance for normal incident radiation as a
function of wavelength for different channel configurations. The CDC with 5 nm gap at
the throat has a remarkable transmission in a very narrow wavelength band. The two
transmission peaks for the straight channel are identified as the SPP & waveguide
coupled resonance (~ 3.9 um) and waveguide resonance (~ 7.4 um) [16]. Although the
two transmission peaks seen for the converging channel are located at almost the same
resonance wavelengths as for the straight channel, the transmittance is much lower,
which is explained later. For CDC, the locations of transmittance peaks have changed in

spectral positions and are approaching each other as the gap at throat decreases, as seen in
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Fig. 2.7a. This would lead to a high transmission in a very narrow wavelength band and
the transmittance is almost negligible everywhere else in the considered wavelength
range. A closer look at Fig. 2.7a would also tell that the resonances for CDC occur at
wavelengths which had lower transmittance with a straight channel. Similar kind of

behavior can be observed at different wavelengths for the silver gratings (Fig. 2.7b)
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Figure 2.7: Zero-order transmittance for a normal incident plane wave on lamellar
gratings in vacuum for different channel configurations, but with the same grating
parameters as (a) d =3.5 pm, a= 0.5 pm and t = 3.0 um in gold film. (b) d =650 nm, a =
300 nm and t = 500 nm in silver film.
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By varying the angle of incidence ‘0’ we can calculate the photonic band structure
(PBS), o(ky), of these transmission resonances or surface excitations of the metallic
gratings. Using the PBS, both the spectral position and the width of transmission peaks
can be found. In Fig. 2.8a we show the PBS of a grating with straight channel in vacuum.
Also, we show the energetic positions of the SPP modes (white dashed lines) for a nearly
flat metal surface. Fig. 2.8a shows that there are two transmission resonance bands, with
the higher energy band following close to the SPP mode energetic positions and the other
band present at lower energy (~ 0.17 eV) is almost independent of ‘0’. This result is in
close agreement to that obtained previously [16]. When the channel shape is changed to
CDC the locations of the high transmission resonance bands in the PBS change from their
previous energy positions and the bands appear to approach each other (Fig. 2.8b-2.8d).
Fig. 2.8b shows that the CDC with 100 nm gap at throat broadens the higher energy band
and contracts the lower energy band in comparison to the straight channel (Fig. 2.8a).
This is because the change in channel shape affects the wavevector of the propagating
wave inside the channel, which in turn might make the phases of the standing wave
across the grating to be in- or out-of tune. The phases across the grating have to be in-
phase for a Fabry-Perot or waveguide kind of resonance to occur, which is necessary for
the high transmission to occur in SPP resonant metallic gratings [15]. Also, the lower
energy band (Fig. 2.8b) is now dependent on ‘O’ at higher angles. In addition, the
transmittance above the first order diffraction limit has increased for higher ‘0’, when
compared to that of a straight channel (Fig. 2.8a). With further decrease in the gap at
throat to 50 nm (Fig. 2.8c) the band at the lower energy has become more dependent on

‘0’ and the transmittance above the first order diffraction has increased more, but now
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over a shorter range of energy spectrum when compared to that of the 100 nm gap (Fig.
2.8b). Fig. 2.8d shows that with a 5 nm gap at the throat the transmission above the first
order diffraction at higher 6 has a Gaussian distribution over the energy spectrum. Also, it
is shown that the two resonance bands have now almost merged together with negligible
transmittance everywhere else below the first order diffraction limit. Hence, it should be
pointed out that with very small gap at the throat the transmission over the entire energy
spectrum could be made high only in a very narrow band. This means that there would be
only one transmission band at a particular gap near the throat where the previous high
and low energy bands mix or overlap to give a single ‘hybrid band’. Fig. 2.8a-2.8d shows
quantitatively; when the gap at the throat decreases from 500 nm to 5 nm, the separation
between the two transmission bands for very small angles also decreases from 0.145 eV
to 0.025 eV. Moreover, the transmission near the first order diffraction limit decreases

with the decrease in gap at the throat (Fig. 2.8).

38



0.35 g
\

0.30

E . 3 025
>
) 3
= 1
g g 0.20
w w
0.15
0.10 - |
0 0.2 0.4 0.8 0.8 1
Parallel Wavevector (2*pifd)
0.35 gy 08
108
0.30
E E 0.25
= =
k=) k=)
1 1
a a
= 0.20 = 0.20
w w
0.15
2 0.10 2
0.2 0.4 0.8 0.8 1 0 0.2 0.4 0.8 0.8 1
Parallel Wavevector (2*pifd) Parallel Wavevctor (2*pifd)

Figure 2.8: Photonic band structure of the surface plasmons responsible for the
transmission resonances of gold gratings in vacuum with slit shape as (a) straight
channel, (b) CDC with g = 100 nm, (¢) CDC with g = 50 nm, and (d) CDC with g =5
nm. The grating parameters are fixed at d = 3.5 um, a = 0.5 um, and t = 3.0 um. Also
seen in figures are energetic positions (white dashed lines) of the SPP modes.

The evolution of this hybrid band can be seen in Fig. 2.9a, where the
transmittance of CDC as a function of wavelength and gap size at the throat is shown. We
can see that at ~ 7.4 um wavelength (which corresponds to the waveguide resonance of
the straight channel) the decrease in gap size at the throat would result in decrease of the
transmittance. At slightly smaller wavelengths the transmittance which was low for the
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straight channel would increase when gap sizes decrease and reach a maximum before
decreasing any further with the decrease in gap sizes. This clearly indicates that at any
given wavelength the transmittance can be made high by carefully selecting the right gap
size at throat. Also, it is shown in Fig. 2.9a, around 5 pm wavelength the transmittance
keeps increasing until the gap at throat is very small. At wavelengths smaller than 5 pm,
the transmittance increases and decreases with the gap sizes as before. This trend
continues until the wavelength is close to 3.9 um (which corresponds to the SPP &
waveguide coupled resonance of the straight channel). At 3.9 um wavelength the
transmittance variation with the gap sizes is same as that of at 7.4 um. This indicates that
the change in the channel shape from straight to CDC would lead to lower transmittance
at wavelengths where already a waveguide resonance condition in the channel exists. For
wavelengths lower than 3.9 um, the transmittance is always very low for all the gap sizes
at throat. Similarly kind of behavior in the visible-UV wavelength range is also observed
with the aluminum CDC gratings as shown in Fig. 2.9b. Here in this figure it has been
shown that a single transmission resonance band shifts in the spectral location with the

change in the gap at the throat of the CDC.
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In order to study the individual role played by the converging and diverging part
of the CDC, the transmittance of a channel with only converging shape is also calculated
with the gaps at throat decreasing. Fig. 2.10 shows the transmittance at ~ 6.35 um
incident wavelength for both CDC and converging channel with different gaps near the
throat. It is shown that the transmittance for the converging channel decreases with the
decrease in gaps at throat, whereas for CDC the transmittance increases until a certain
gap at throat (~ 200 nm) and then decreases after that point, but remains higher than the
converging channel transmittance for all gaps. This shows that changing the channel
shape from straight to only converging would not result in higher transmittance. Also,
both the converging and diverging part of CDC would play a combined role that would

result in higher transmittance.
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Figure 2.10: Transmittance of a gold grating in vacuum with channel shape as CDC and
converging at incident wavelength of 6.35 um and with the grating parameters as d = 3.5

um, a= 0.5 pm and t = 3.0 pm.
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The normalized magnitude of the x-component electric field (|Ey|) along the
center line of the channel at ~ 6.35 um wavelength for the converging channel and CDC
are shown in Fig. 2.11. The variation of |E4| in the channel is proportional to the
distribution of charges on the metallic grating channel surfaces. Also by looking at the
|E«| distribution along the channel would tell whether the wave inside the channel is in-
phase or out-of-phase. In Fig. 2.11a, we show that when the gap is 500 nm, the wave
inside the channel is an out-of-phase standing wave. This is because the minimum
magnitude (or node) is not at the center of the channel and the magnitudes near the end of
channels (or anti-nodes) are not equal. This indicates that at the end of channel, the
dipoles have unequal strength which could be due to the destructive interference of the
wave inside the channel [48]. The surface charges oscillate between these two anti-nodes
leading to the surface current that couples to the incident light and transmits it to the other
side of grating. With the decrease in gaps near the throat, the node moves further away
from the center and hence the wave inside the channel goes more out-of-phase. Also,
when the gap near the throat keeps decreasing, the dipole at the throat starts to gain in
strength and become stronger than the dipole at the other end of channel. This causes
very less net current or energy to flow out of the channel. Similarly, by looking at the |Ey]|
distributions in Fig. 2.11b, we show that the wave inside the channel of CDC is a
standing wave for different gaps near the throat. As the gap in CDC keeps decreasing, the
node keeps moving toward the center of channel. Also, the magnitudes of |E,| at two anti-
nodes are increasing and becoming equal. This shows that the CDC shape of the channel
is aiding the wave inside the channel to become an in-phase standing wave. The

condition for in-phase resonance inside the channel is given by [15] 2Kt + A¢ =m2r,
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where ‘K’ is the wavevector of the resonance and ‘Ae’ is the phase change on the
aperture of the slits. The role of throat is that for various gap sizes the length of the
channel surface would change and hence would result in having different resonance
wavevector. This can be seen from Fig. 2.10 and Fig. 2.11b where it is shown that at 6.35
um wavelength the high transmittance happens at 200 nm gap near the throat, which has
a standing wave inside the channel that is in-phase. A small decrease in the gap from 200
nm makes the standing wave inside the channel to go out-of-phase and so the
transmittance decreases. When the gap at throat becomes smaller, then the charges at
throat gain strength, just like in the case of converging channel (Fig. 2.11a). This would

not allow light to transmit more efficiently.
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Figure 2.11: Normalized electric field x-component (|E4|) at an incident wavelength of
6.35 um along the channel center line of a gold grating in vacuum with (a) converging
channel and (b) CDC for different gaps at the throat and grating parameters as d = 3.5
pm, a= 0.5 pm and t = 3.0 um.
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2.3.2 Metallic holes with CDC

Figure 2.12 shows the transmission spectrum for Ag MHAs having various
aperture sizes. The transmission spectrum changes when the aperture size decreases. But,
the magnitude of the transmission peak remains the same when the aperture size increase
and this is unexpected according to the Bethe power law model [3]. According to the
model the transmissivity for a single hole should vary with (A/A)*, where ‘A’ is the
aperture size and ‘A’ is the wavelength of light. This could be because the transmission
through the holes might have reached saturation with respect to the open air fraction of
the metallic film [54]. The full width at half maximum (FWHM) of the transmission
peaks becomes smaller when the aperture size decreases. The peak of the transmission
has a blue-shift when the aperture size decreases, which is in agreement with the result

reported by [54].
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Figure 2.12: Transmission spectrum for a silver metallic hole array with a straight
channel shape having period (d) = 19 um, thickness (t) = 2 um and different aperture
sizes (A).
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Figure 2.13 shows the transmission spectrum for different MHAs having CDC
shape and straight channel shape. For CDC shape smaller throat sizes ‘g’ are considered
while the aperture size ‘A’ is fixed at 10 um. It can be observed that the straight channel
has a broader transmission peak. When the channel shape is changed to CDC then the
transmittance peaks become narrower along with a blue-shift. The peak location for blue-
shift is larger when the throat gets smaller. In addition the decay of the transmission after
the peak is largest for the CDC shape MHA with smaller throat when compared to the
other cases. Also, it is to be noted that the transmission peak magnitudes do not decrease
with the CDC shape.

Figure 2.14 shows the transmittance of MHAs at A = 20 um for two different
aperture sizes with varying ‘g’. For A = 10 um the MHA with a straight channel (g = 10
um) has higher transmission when compared to the CDC shape with different throat
sizes. The transmission decreases exponentially with the decrease in the throat size and
reaches ‘0’ value asymptotically. For A = 12 pm the transmission for the straight channel
(g = 12 um) is not the highest. But, the CDC shape with approximately g = 9.75 um has
an almost perfect transmittance and is the highest. Hence, it can be seen from Fig. 2.14
that when A = 12 um the transmittance increases as the throat size reduces until it reaches
a maximum transmission and then decreases exponentially with the decrease in the ‘g’.
This suggests that the CDC shape with a particular ‘g’ aids the mediation of SPP mode
coupling between the incident and transmitted surfaces. Similar kind of behavior was
observed previously in gold metallic gratings having CDC shape [26]. It is to be noted
that the small variation in transmittance for A = 12 um near the peak is due to the

numerical calculations with different mesh densities.
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Figure 2.13: Transmission spectrum for silver metallic hole array with converging-
diverging channel having period (d) = 19 pm, thickness (t) = 2 um, aperture (A) = 10 pm
and different gaps at the throat (g).
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Figure 2.14: Transmittance at wavelength (A) = 20 um for silver metallic hole array with

converging-diverging channel having period (d) = 19 pm, thickness (t) = 2 um, different
aperture sizes (A) and varying gaps at the throat (g).
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Figure 2.15 shows the transmittance of the MHA for varying film thickness (t) at
two different wavelengths. For the straight channel MHA with t = 2 um the transmittance
is maximum at A = 19.825 um (Fig. 2.13). At this wavelength the transmittance through
the straight channel MHA does not vary much with ‘t’ (Fig. 2.15). In the CDC case the
transmittance is maximum with t =2 pm at A = 19.25 um (Fig. 2.13). At this wavelength
the transmittance would increase as the film thickness increases until it reaches a
maximum for ‘t’ around 1.9 um (Fig. 2.15) and then would decrease with the increase in
thickness. There is a small dip in the transmittance near the peak. This indicates that the

CDC shape MHAs are sensitive to the film thickness when compared to the straight

channel MHAs.
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Figure 2.15: Transmittance variation with respect to the film thickness at different
wavelengths (L) for silver metallic hole array having period (d) = 19 pum, aperture size
(A) = 10 um for straight channel and converging-diverging channel with gap at the throat
(g)=17.61 um.
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Figure 2.16 shows the transmittance of different MHAs with respect to
wavelength and aperture size ‘A’ or throat size ‘g’ (since, g = A — tan(0)*t) where ‘6’
(Fig. 2.14b) and the thickness is held fixed. Fig. 2.16a shows the transmittance for MHAs
with straight channel or 6 = 0°. It can be seen that at large aperture the transmittance is
high at large wavelengths and decreases very slowly as the wavelength reduces. But,
when the aperture is small the transmittance is high at lower wavelengths and it decrease
very sharply as the wavelength increases. Also, it can be noted from Fig. 2.16a is that the
location of the transmittance peak spectrum changes linearly as the ‘A’ or ‘g’ decreases.
In addition, the full width at half maximum (FWHM) of the transmittance peaks is large
when the aperture is big and it becomes very narrow as the aperture reduces. Similar kind
of transmittance variation (Fig. 2.16b) is observed for the CDC MHA having 6 = 50°.
But, this time transmission suffers a cut-off aperture size where there is no transmittance
below a particular aperture size. Furthermore the location of the transmittance peak
spectrum with respect to the aperture or throat size is not exactly linear. When the ‘0’ in
CDC MHA increases to 65° (Fig. 2.16¢) and 72° (Fig. 2.16d) the cut-off aperture for zero

transmittance increases.
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Figure 2.16. Transmittance spectrum of silver metallic hole array with period (d) = 19
um, thickness (t) = 2 um for varying aperture sizes (A) and hole channel shapes as (a)
straight, (b) CDC shape with angle (0) = 50°, (¢) CDC shape with angle (0) = 65°, and (d)
CDC shape with angle (0) = 72°.

2.4 TRANSMISSION THROUGH METALLIC SUBWAVELENGTH HOLES UNDER THE
INFLUENCE OF EXTERNAL MAGNETIC FIELD

Figure 2.17 shows the transmission spectra in the visible and near IR region for
various long and narrow rectangular hole arrays. The two high transmission peaks
observed are due to the cavity resonance in the rectangular holes that can be regarded as a
slit of definite length which can support standing waves [55]. At the first transmission

peak (A = 814 nm), the hole has a resonance that is very close to a complete standing
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wave or a second harmonic and at the second transmission peak (A = 1118 nm) the hole
has a resonance that is almost like a half standing wave or a first harmonic. The number
of transmission peaks can be determined by the cavity resonance or Fabry-Pérot
resonance condition: mA/real(nes) = 2d, where ‘m’ is an integer, ne is called effective
index and °‘d’ is the thickness of the metal film [56]. The location of both transmission
peaks have a blue-shift when the single hole array width is increased from w = 60 nm to
w = 120 nm. This is due to the decrease in nqs with the increase in width of the hole or
slit [56] that would then shift the resonance condition to lower wavelengths. However,
when a single hole (w = 120 nm) is split into two holes with smaller width (w = 60 nm)
and has a space (s= 60 nm) between them, then the transmission peaks would have red-
shift. This might again be explained by an increase in nes due to the decrease in hole
width but not as much as of single hole array with the same width. Because the hole pair
array would have a resonance mode with ‘z’ component wavevector (k,) different from
the single hole array, which then would lead to a different n.s (= k,/k,; where k, is the
free space wavevector [56]). Also it is to be noted that the double hole array has
transmission peak magnitudes bigger than the single hole array having the same width. In
addition, the double hoe array has transmission peaks that are well separated in
comparison to the single hole array having an equivalent width (w = 120 nm). It was also
found out that there is no transmission when the incident light has transverse electric (TE)
polarization, i.e., when the incident light polarization is parallel to the hole length. The
rectangular holes can be considered as finite length lamellar gratings when the length of
holes is much bigger than the width of the holes and it has been reported [48] that the

transmission of metallic gratings for TE polarization suffers a cut-off wavelength.
51



Single Hole array
7 with 'w' = 60nm

Double Hole array
Twith 'w' = 60nm

Transmittance

. Single Hole array
i 7with 'w' = 120nm

00 800 900 1000 1100 1200 1300
Wavelength (nm)

1400 1500 1600

Figure 2.17: Transmission spectrum of a TM polarized light through a thin Ag film
perforated with rectangular hole array having w = 60 nm (continuous line with open
circle), rectangular hole pair array having w = 60 nm and s = 60 nm (continuous line) and
rectangular hole array having w = 120 nm (dashed line).

The effect of applied H with different orientation and magnitude on the TM
polarized light transmission spectra through the thin Ag film perforated with a
rectangular hole pairs can be seen in Fig. 2.18. When the H direction is parallel to the
incident polarization (H;) then as the magnitude is increasing the locations of both the
transmission peaks have a blue-shift (Fig. 2.18a). This is in accordance to results obtained
by [42, 52, 57] which reported that the transmission peaks which appear at SPs resonance
locations would move to higher frequencies or lower wavelengths with increasing |H|.
Whereas, in the current study the transmission peaks are mainly due to the cavity

resonance. Hence, the increase in applied H would lower the ‘e’ tensor components
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except for the diagonal element that is in the direction of applied H and this might result
in smaller nes which would shift the transmission peak resonances to lower wavelengths.
The shift in the first transmission peaks is approximately 35 nm for the H range
considered and the shift in second transmission peaks is much bigger, in the range of 110
nm for the H range considered. Similarly the applied H in the direction perpendicular to
the incident polarization (H;) but still in-plane to the metal surface would result in a
similar blue-shift for the second transmission peak (Fig. 2.18b). Whereas, the first
transmission peak has very small shift and a new small transmission dip seems to evolve
with the increase in Hy, this can be seen clearly in Fig. 2.18c. The transmission peak on
the lower wavelength side of the dip has a strong cavity resonance similar to the second
harmonic. Whereas, the transmission peak on the higher wavelength side of the dip has
an off cavity resonance and this suggests that the high transmission might be due to a
resonance of in-plane SPs excited on the front and back surface of the metal film. Hence
the dip near the first transmission peak is due to the off resonances of both the cavity and
in-plane SPs. Fig. 2.18d shows that when the applied H is in the direction of the
propagation of the incident light (Hy) then the increase in its magnitude would result in a
similar shift of the transmission peaks to lower wavelengths as observed in (Fig 2.18a).
Except for now the range of shift for the first transmission peak is smaller for Hx when
compared to the H. Also it is to be noted from the Fig. 2.18 that the transmission peaks
are reducing in strength with the increase in H magnitude and the rate of decrease is more
for the second transmission peak when compared to the first peak. But the strength of the
transmission peaks 1s similar for different H orientation and the H situation has a larger

blue-shift for both the transmission peaks.
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Figure 2.18: Transmission spectrum of a TM polarized light through a thin Ag film
perforated with rectangular hole pair square array having w = 60 nm and s = 60 nm for
magnetic field |Bo| (= H/u, where p is Hall mobility) applied in the direction (a) parallel

to the incident polarization, (b) and (c) perpendicular to the incident polarization but in-
plane to the metal film and (d) parallel to the propagation direction of the incident light.

2.5 CONCLUSION

In conclusion, it was shown that with CDC metallic gratings the transmission
peaks can be selected by varying the width of gaps at the throat. Also, high transmission

resonances in a very narrow band can be achieved. It has also been shown that the
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transmission spectrum of metallic hole arrays (MHAs) with converging-diverging
channel (CDC) changes with the gap at the throat. The transmission peaks have blue-shift
when the throat size reduces. Whereas, MHAs with straight channel and large aperture
have broad transmission peaks at bigger wavelength. But, when the aperture size
decreases the transmission peaks shift to a lower wavelength and become narrower. It is
also shown that the transmittance can be increased when the MHA channel changes from
straight to CDC. But, the transmittance of MHAs with CDC shape suffers a cut-off
aperture size below which there will be no transmission. The cut-off aperture size
increases as the angle (0) of the CDC shape (Fig. 2.4b) increases. Also, it has been shown
that the transmittance of MHAs with straight channel does not change much with the
thickness of the film. But, for the MHA with CDC shape the transmittance is very
sensitive to the thickness of the film. The proposed CDC shape in MHAs could lead to
extraordinary transmission at any wavelength that has a wide range of potential
applications in integrated photonic circuits, tunable filters, near-field optics, imaging
nanolithography and biological sensors.

In addition it was also shown that for a rectangular hole pair array Ag film the
presence of externally applied magnetic field H would alter the transmission resonance
peak locations. The shift is dependent on the magnitude and the direction of the H. This
is due to the shift of cavity resonance condition as a result of the magento-induced
anisotropy in the optical properties of the metallic film. The transmission resonances
have blue-shift in the locations with the increase in H. The H; case has resulted in a new
smaller transmission dip which is due to the off resonances of both the cavity and in-

plane SPs. The H case has more blue-shift when compared to other directions of the H
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and so it could be the most favorable setting while building a tunable optical device with

an external electro-magnet that would not interfere with the path of incident light.
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Chapter 3: Monochromatic polarized coherent emitter enhanced by
surface plasmons and a cavity resonance

3.1 INTRODUCTION

In a thermal source, the light generation at the microscopic level is a spontaneous
emission of photon when a thermally excited emitter relaxes to a lower state. Unlike the
laser which produces highly directional and monochromatic light, a thermal light source
is isotropic with a broad spectrum. But the thermal source of light is coherent in the near
field, i.e., within a distance from the surface that is much smaller than the emission peak
wavelength of the spectrum [1-3]. The coherence is due to the role of surface waves.
Hence a roughness or a grating on the surface can couple these waves to propagating
waves, which will extend the coherence properties into the far field. Thus by modifying
the characteristics of the surface profile, the near field coherence properties can be
extended to the far field in a particular direction at a given wavelength. This was first
observed on a doped silicon grating supporting a surface plasmon polariton (SPP) [4].
Similarly, a peak in the thermal emission by gratings on ZnSe [5], gold [6], and SiC [7]
was also observed. For these grating structures, it was noted that the excited surface
waves could couple to the emitted radiation for the p-polarization only. No lobe of
emission has been observed for S-polarization; since in this case the SPPs or surface
waves cannot be present [8].

Using the surface waves it was shown that a one-dimensional (1D) photonic
crystal (PhC) coated with SiC can have coherent thermal emission lobes for both

polarizations in the stop band of the PhC [9]. Furthermore, a 1D PhC having metallic
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films with thickness of the order of skin depth exhibit photonic effects that can be used to
engineer the spectral emissivity of the PhC structure [10]. But the emissivity of 1D
metallodielectric PhC increases over a broad spectrum and this is not suitable for
monochromatic emission applications. A tunable thermal source with narrow angular
emission lobe in the near-infrared (NIR) region has been shown using a thin-film
structure - based on a vertical cavity and 1D PhC [11]. Yet, this kind of thermal source is
not suitable for highly monochromatic applications, because the spectral emission peak
has a large full width at half maximum (FWHM). The two-dimensional (2D) periodic
metallic structures microfabricated exhibit optical properties due to the SPPs that can be
used as wavelength selective radiation emitters or filters [12, 13]. Similarly, it was shown
that a 2D PhC made of germanium has coherent thermal emission for a wavelength in the
band gap and is due to the leaky surface waves on the air-PhC interface [14]. It has also
been shown that the three-dimensional (3D) tungsten PhC can have higher emissivity [15,
16]. But, the 2D periodic structures and 3D PhC are intricate to fabricate and scale up. In
addition, there are very few reports on spectral emittance in the visible region from
periodic nanostructured materials with large spatial and temporal coherence.

A unique thermal emitter with desired properties was realized by using the unique
properties of the PhCs and plasmonics (SPPs) together. Here we make use of the surface
waves that are present on both the metallic gratings (plasmonics) and in the PhC
structure. For the wavelength range of interest the surface waves excited on the metallic
grating are always evanescent, regardless of the angle of incidence, because the dielectric
constant of the metal is negative and the grating period is much smaller than the incident

wavelength.
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3.2 SCHEMATIC VIEW OF THERMAL EMITTER AND COMPUTATIONAL SET-UP

In this study we propose a design of a potential thermal emitter in the visible
range — that is tunable, polarized, highly monochromatic, extremely directional, and with
far-field spatial coherence. The proposed thermal source is a multilayer structure with a
cavity surrounded by silver (Ag) lamellar gratings having converging-diverging channel
(CDC) on one side and 1D PhC on the other side. The geometry of the emitter is shown
in Fig. 3.1. The characteristics of the CDC gratings are the period ‘A’, the aperture ‘h’,
the depth ‘t” and the gap at the throat ‘g’. The 1D PhC is made out of alternating layers of
Si0; and InSb, with the layer thickness of each equal to 50 nm. For the study we used the
following grating parameters: A = 250 nm, h = 100 nm and t = 100 nm. These grating
parameters are used for the entire study and also the cavity is filled with air. In order to
arrive at the final design of the potential thermal emitter different possible designs were
investigated; namely thin Ag film, Ag straight channel gratings, Ag CDC gratings with
different gap at the throat and 1D PhC with various cavity lengths.

According to Kirchhoff’s law, the spectral directional emissivity €9 can be
determined by using [17] 1-pye-Tae, Where the spectral-directional reflectance, p, o and
the spectral-directional transmittance, 1, ¢ are evaluated by using a plane monochromatic
wave incident from the air at an angle of incidence ‘0’ as shown in Fig. 3.1. The choice of
material on the bottom side of the PhC would not be significant since the wavelength
range of interest is in the stop band of the PhC (Fig. 3.2) and also the number of unit cells
considered for the PhC is large. Hence both the reflectance and the transmittance are
calculated in air. In the present study both p-polarization (magnetic field vector parallel to

the gratings) and S-polarization (electric field vector parallel to the gratings) were used
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for the analysis. The electromagnetic fields were assumed to be time harmonic. Therefore
the resulting governing equation for the steady-state distribution of the electromagnetic
fields is a Helmholtz equation, with the dependent variable being the magnetic field in
the z-direction (H,) or electric field in the z-direction (E,) for p-polarization and S-
polarization respectively as shown in eq. (3.10). The dielectric response of the metal
(silver) used for grating in this paper is taken from the tables reported in [18]. A
commercially available Finite Element software (FEMLAB 3.11) was used for solving the
governing equation. A 2D computational domain surrounded by either phase-shifted
boundary conditions or by perfectly matching layer (PML) [19] was used. The spectral
directional reflectance and transmittance of the gratings were calculated from the
obtained electromagnetic field distributions as discussed in section 3.2. For the

wavelength range considered in the paper both SiO;, and InSb are assumed to be lossless

dielectrics with refractive indices given by [18] ng, = 1.46 and n, g, = 3.95. A freely

available MIT photonic band (MPB) package was used for calculating the photonic band
structure (PBS) of the PhC (Fig. 3.2a). The first or lower band-gap in the PBS is between
the normalized frequency range of 0.136 to 0.217. So, a PhC having a unit cell thickness
‘a’ of 100 nm has first band-gap wavelength range between 460 nm to 735 nm. This can
be verified with the normal or zero angle of incidence reflectance spectrum of the PhC as
shown in Fig. 3.2b. When the angle of incidence increases to 45° then the wavelength

range for perfect reflectance would decrease (Fig. 3.2b).
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Figure 3.1: Schematic view of the thermal emitter geometry with silver (Ag) grating
having converging-diverging channel (CDC) with period ‘A’ = 250 nm, aperture ‘h’ =
100 nm, thickness‘t’ = 100 nm and the photonic crystal with unit cell thickness ‘a’ = 100
nm; thickness of SiO; ‘d,” = thickness of InSb ‘d,” = a/2 = 50nm along with a cavity
filled with air.
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Figure 3.2: (a) Photonic band structure of the 1D PhC made of SiO, and InSb with equal
thickness. (b) Reflectance spectrum of the 1D PhC for different angle of incidence and
unit cell thickness ‘a’ of 100 nm.
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3.3 EXTRAORDINARY NORMAL EMITTANCE IN NARROW BAND FROM SILVER
GRATING AND ONE-DIMENSIONAL (1D) PHOTONIC CRYSTAL

We first investigate the emission spectrum of just a finite thin Ag film with
different grating structures in it. Fig. 3.3 shows the p-polarized normal emittance for
different thin film structures in the PhC stop band wavelength range. The normal
emissivity of different structures is low and is monotonically decreasing with the
wavelength. Fig. 3.3 also shows that at smaller wavelength the thin film with the straight
channel gratings has higher emissive power than the remaining structures and at larger
wavelength all the structures have the same emissive power. In addition it can said from
Fig. 3.3 that the thin film slab emittance varies almost linearly with the wavelength,

whereas the emittance of different grating structures changes inversely proportional to the

wavelength.
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Figure 3.3: Normal emittance spectrum with p-polarization in vacuum for different thin
Ag film structures having the grating parameters A =250 nm, h = 100 nm, t = 100 nm.
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The normal emittance spectrum of various thin film structures and 1D PhC with
no cavity is shown in Fig. 3.4. Fig. 3.4a shows the normal emissivity of the thin film slab
on 1D PhC with no cavity, which is similar to the normal emissivity of a thin film slab as
shown in Fig. 3.3. This indicates that the thickness of the slab considered (t = 100 nm) is
larger than the skin depth of the Ag for the wavelength range of interest. The straight
channel grating on the 1D PhC with no cavity have multiple emission peaks in the
spectrum at lower wavelength range of the spectrum, as can be seen in Fig. 3.4b. The
presence of these narrow spectral emission peaks is an indication of large temporal
coherence of the field at the interface and the coherence time is essentially the lifetime of the
collective oscillation [20]. Each of these peaks has a very small full width at half maximum
(FWHM) which is required for a good monochromatic emitter. The abrupt changes in the
emission spectrum at lower wavelengths with multiple narrow emissive peaks transform
gradually to a monotonic decreasing variation at higher wavelengths. At higher
wavelengths there are no peaks in the emission spectrum except near the higher band-
edge wavelength of 1D PhC where there are a couple of smaller peaks. Also the
emissivity is very low at higher wavelength. The smaller emittance peaks are just outside
the wavelength range of the PhC band-gap where there are abrupt sharp transmittance
peaks. In addition, the small emittance peaks are also due to the sudden dips in the
reflectance spectrum of the multi-structure. The excitation of surface plasmons (SPs) on
the adjacent grating would couple and aid in the transmission of light. The coupling of
the SPs would happen at only particular wavelengths. Since wavelength of transmitted

light is outside PhC band-gap then there would be only a small part of the transmitted
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light from the CDC grating that would be absorbed. Fig. 3.4c shows that when there is a
CDC grating with 5 nm gap at the throat on 1D PhC with no cavity then some of the
narrow emissive peaks at the lower wavelengths will reduce in the magnitude and result
in having only a few bigger peaks. The FWHM for the peak at around 540 nm
wavelength is about 8 nm. But the presence of few smaller peaks near the 540 nm
wavelength might act like some kind of emissive noise and would make the design not a
very good monochromatic thermal emitter. Also the smaller peaks that were present at
the higher wavelengths for the straight channel grating case have been cancelled out with
the smaller gap at the throat of the CDC grating. The multiple peaks appearing in Fig.
3.4b and Fig. 3.4c are mainly because of the coupling of SPs on the adjacent gratings
which would allow most of the incoming energy or light to get transmitted through the
gratings and also due to the strong resonances inside the PhC that would than capture or
absorb all the energy resulting in high absorption or emission at different wavelengths.
The resonance inside the PhC is all through its length. After a certain wavelength there is

no coupling of SPs on adjacent gratings and also there is no resonance inside the PhC.
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Figure 3.4: Normal emittance spectrum with p-polarization in vacuum for different thin
Ag film structures having the same grating parameters A = 250 nm, h = 100 nm, t = 100
nm and a photonic crystal having the parameters a = 100 nm; d; = d, = 50 nm with no

cavity (a) thin film slab, (b) grating with straight channel, and (c¢) grating with CDC and
gap at throat ‘g’ =5 nm.

Figure 3.5 shows the p-polarized normal emittance for various thin film structures
and 1D PhC with 200 nm cavity length. This figure shows that the multiple emissive
peaks that were present at the lower wavelengths for the various thin film structures and
1D PhC with no cavity would disappear when there is a cavity. It is also shown in Fig.
3.5 that the thin film slab and 1D PhC with a 200 nm cavity length has a very small peak
at around 581 nm wavelength and this peak was not present when there was no cavity (as
shown in Fig. 3.4a). The small emissive peak is not desirable for a good thermal emitter
and it becomes bigger when the thin film slab structure is changed to a straight channel
grating structure. But the new peak position shifts in spectral location to a lower

wavelength of 562 nm and the FWHM of the new peak is around 32 nm. When the film
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structure changes further to a CDC grating with 50 nm gap at the throat the new peak
obtained will have an additional increase in magnitude and the spectral position of the
peak shifts to 569 nm wavelength with FWHM of the peak decreasing from the previous
case to around 17 nm. With an additional decrease in the gap at the throat of CDC grating
to 5 nm the peak formed in the emissive spectrum has a very big increase in the
magnitude and the spectral location of the peak moves to higher wavelength of around
584 nm. In addition, the FWHM of the new peak decreases further to around 4 nm,
making it an excellent choice for a monochromatic thermal emitter.

The presence of a cavity between the CDC gratings and 1D PhC would change
the dispersion characteristics of the SPs. The single large sharp emission peak in the case
of CDC with 5 nm gap at the throat as shown in Fig. 3.5 is due to the coupling of the SPs
on the adjacent CDC gratings and also due to the cavity resonance. This would then lead
to peaks at only particular wavelengths where the cavity resonance like the harmonic
resonances between two walls could happen. Also the presence of a narrow emission
peak in the spectrum indicates the strong excitation or the resonance of the surface mode.
According to the Wiener-Khinchin theorem the width of the spectrum of the field is
inversely proportional to the coherence time and similarly a narrow peak in a well-
defined direction would produce a large spatial coherence in the field [20]. Hence, the
CDC grating with 5 nm gap and 1D PhC with a cavity length of 200 nm can be
considered as a monochromatic thermal source with large temporal coherence at 584 nm

wavelength.
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Figure 3.5: Normal emittance spectrum with p-polarization in vacuum for different thin
Ag film structures having the same grating parameters A = 250 nm, h = 100 nm, t = 100
nm and a photonic crystal having the parameters a = 100 nm; d; = d, = 50 nm with cavity
length ‘L” =200 nm.

3.4 MONOCHROMATIC POLARIZED EMISSION WITH HIGH TEMPORAL AND LARGE
SPATIAL COHERENCE

Figure 3.6 show the p-polarized emittance spectrum of the CDC grating with 5
nm gap at the throat and 1D PhC with 500 nm cavity length for different angles of
emission. As can be seen from the figures the emission spectrum is very dependent on the
angle of observation- the so-called Wolf effect [21, 22]. At a normal angle from Fig. 3.6a,

it can be seen that there is a big emission peak in the spectrum at around 591 nm with a
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FWHM of about 3 nm. With the angle of emission changed to 34.5° (Fig. 3.6b), the
emittance spectrum has changed and the big emission peak has shifted to a lower
wavelength of 525 nm with a FWHM of about 4 nm. Fig. 3.6c shows the emittance
spectrum for the 68.5° angle, with a big emission peak at 595 nm wavelength and a
FWHM of about 9 nm. Also there are extremely small peaks in Fig. 3.6c that appear
regular and only at wavelengths greater than 600 nm. The transmittance spectrum of the
PhC crystal at 68.5° angle of incidence has regular peaks for wavelengths greater than
600 nm and the spectral locations of the small peaks in the emittance spectrum of Fig.
3.6¢ are near the PhC transmittance peaks. Hence at the spectral locations where the PhC
would have a high transmittance the multi-structure would absorb a very small part of the
light that is transmitted by the CDC grating. Thus the emission peaks in Fig 3.6 have very
high temporal coherence, which is inversely proportional to the width of the spectral
emission peak [20] and is decreasing very little with the increase in angle of emission.
Polarization dependence of the directional emission for the CDC grating with 5
nm gap and 1D PhC with 500 nm cavity length can be seen in Fig 3.7 for different
wavelengths. Fig. 3.7a and Fig. 3.7b show the p-polarized and s-polarized directional
emission respectively at the 525 nm wavelength. Fig. 3.7b shows that there is no
emission of S-polarization near the angles where the emission of p-polarization is high.
The FWHM for the directional emission peak seen in Fig. 3.7a at around 34.5° angle
from the normal, is around 1.15° and so, the length of spatial coherence that is given by
[23] Leon = M(nABcosH) is approximately 19.54, i.e., around 10.5 um. The length of the
multilayer structure (Le) could be around 2.5 um (with 10 periods of the gratings). This

would than have L., >> L. > A, making the spatial coherence length of emission at 525
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nm wavelength extend to a far-field and at the same time polarization dependent. Also
from Fig. 3.6b it can be noted that the temporal coherence is very high at 525 nm
wavelength and 34.5° angle. Therefore the multilayer structure has an almost
monochromatic polarization dependent emission with very high temporal coherence and
spatial coherence extending into far-field. This kind of emission properties make the
proposed multilayer structure emit similarly like a laser, but without a stimulated
emission and with a thermally excited emission. Fig. 3.7¢-3.7d shows the directional
emission of p-polarization and S-polarization respectively at the 591 nm wavelength. Fig.
3.7d shows that the s-polarized emission is again almost negligible near the directional
locations where the p-polarized emission is high. But, at this wavelength the p-polarized
directional emission has two peaks in the hemisphere (Fig. 3.7c) and the peak at the
normal angle has a FWHM of around 8° with Lo, ~1.4 um and this might lead to a local
or near-field spatial coherence in normal direction. Whereas, the second peak (at 6 =
68.5°) has FWHM of around 2.2° which gives Lcon ~ 14 um >> L, > 2, and that would
make it a far-field coherent emitter at 0 = 68.5°. Fig. 3.7¢-3.7f shows the p-polarized and
s-polarized directional emission respectively at the 595 nm wavelength. Fig. 3.7f shows
that the s-polarized emission for the entire hemisphere range is very low at the 595 nm
wavelength and p-polarized emission is very low in the normal direction (Fig. 3.7¢). The
directional emission peak for the p-polarized directional emission at 595 nm wavelength
is at 68.5° which is almost at the same angular position of the second directional emission
peak for the p-polarized emission at 591 nm wavelength. This is consistent with the Fig.
3.6¢ where the peak of spectral emission is at 595 nm with a FWHM of about 9 nm. The

FWHM of the directional emittance peak at 595 nm (Fig. 3.7¢) is around 2.1° with Lo ~
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14 pm >> Le > A. Therefore from Fig. 3.6a and Fig. 3.7¢-3.7d, it can be said that the
normal emission of the multilayer structure at 591 nm wavelength is very monochromatic
with polarization dependence, large temporal coherence and small spatial coherence
length when compared to the length of the structure. However, Fig. 3.6b-3.6¢, Fig. 3.7a-
3.7b, and Fig. 3.7e - 3.7f shows that the multilayer structure at some specific angles from
normal and at 525 nm and 595 nm wavelengths has emittance similar to a laser; very
monochromatic with high temporal coherence, polarization dependence and spatial
coherence length much larger than the wavelength of emission and the length of the

structure.
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Figure 3.6: Spectral emittance in vacuum with p-polarization for Ag CDC grating having
the parameters A = 250 nm, h = 100 nm, t = 100 nm, g = 5 nm and a photonic crystal
having the parameters a = 100 nm; d; = d> = 50 nm with cavity length L = 500 nm (a) in
normal direction 6 = 0°, (b) at 6 = 34.5° from normal, and (¢) 6 = 68.5° from normal.
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Figure 3.7: Directional emittance in vacuum for Ag CDC grating having the parameters
A =250 nm, h = 100 nm, t = 100 nm, g = 5 nm and a photonic crystal having the
parameters a = 100 nm; d; = d; = 50 nm with cavity length L = 500 nm: (a) with p-
polarization at wavelength ‘A” = 525 nm, (b) with s-polarization at wavelength ‘A’ = 525
nm, (c) with p-polarization at wavelength ‘A’ = 591 nm, (d) with S-polarization at
wavelength ‘A’ = 591 nm, (e) with p-polarization at wavelength ‘A’ = 595 nm, and (f)
with S-polarization at wavelength ‘A’ = 595 nm.

3.5 DEPENDENCE OF EMITTANCE PEAK SPECTRAL POSITION WITH CAVITY LENGTH

Normal emittance spectrum with p-polarization for the CDC grating with 5 nm
gap and 1D PhC with various cavity lengths can be seen in Fig. 3.8a. The 50 nm cavity
length has one smaller emissive peaks at lower wavelength. But, when the cavity length

is increased to 100 nm then the emissive peak present at lower wavelength would
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increase in magnitude and the spectral position of the peak moves to a larger wavelength
or has a red shift. When the cavity length further increases to 200 nm then the only
emissivity peak in the entire wavelength range of interest will have magnitude almost
close to unity and the spectral position of the peak would also have a further red shift.
Fig. 3.8a also shows that the cavity length of 300 nm would have a high emissive peak
with an additional red shift. The spectrum of normal emittance for the 320 nm cavity
length has several narrow peaks towards higher-band wavelength. The FWHM of the
emissive peaks for the cavity length of 100 nm and 200 nm are the same and is around 4
nm. For the 300 nm cavity length the FWHM is around 5 nm. Hence Fig. 3.8a shows that
varying the cavity length would result in the red shift of the emissive peak and the
FWHM of the peaks will be around 4 - 5 nm. This would then suggest that the cavity
length is a good degree of freedom for achieving a tunable monochromatic thermal
emitter for any desired wavelength. Fig. 3.8b shows the electric field intensity
distribution normalized to the incident along a line passing through the center of the CDC
grating throat and into the 1D PhC. The intensity variation in the cavity seems to be like a
first harmonic standing wave between the Ag grating and 1D PhC. The magnitude of the
electric field intensity variation in the cavity increases with the cavity length, suggesting
that the increase in emissive peak magnitude is due to the increase in the cavity resonance
strength. Also, in 1D PhC the electric field intensity decays within a smaller number of
unit cells for larger cavity lengths. Hence Fig. 3.8a-3.8b shows that the high absorption or
emission is mainly due to the strong resonance in the cavity and the condition for the

resonant wavelength changes with the cavity length.

75



0.6

S
e
T

Normal Emittance (g)

3001

250

— [y
th =
= =

I

Normalized [Ef

S0

i
e e o o

0

L L=50 nm

==== L,=100 nm
— L=200nm
—#— L =300 nm

—+— L =320 nm

~-
L LT r—
e

550

600 650

Wavelength (A nm)

-------

(b)

L=300nm& A =715 nm

L=200 nm & A = 584.5 nm

L =100 nm & A =481 nm

(@ T

400 600

1000

Distance from the CDC grating throat (nm)

Figure 3.8: (a) Normal emittance spectrum with p-polarization in vacuum for Ag CDC
grating having the parameters A = 250 nm, h = 100 nm, t = 100 nm, g = 5 nm and a
photonic crystal having the parameters a = 100 nm; d; = d, = 50 nm with cavity length L
=50 nm, L = 100 nm, L = 200 nm, L = 300 nm, L = 320 nm, (b) electric field intensity
distribution normalized to the incident along the line passing through the center of the
CDC grating throat and into the photonic crystal with cavity lengths L = 100 nm, L = 200

nm, L. = 300 nm and at respective normal emissive peak wavelengths.
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For a CDC grating with 5 nm gap at the throat and 1D PhC with an increased
cavity length from 320 nm to 350 nm has resulted in reducing the larger peaks present at
higher wavelengths, as is evident in Fig. 3.8a and Fig. 3.9a. An additional increase in the
cavity length to 400 nm has red shifted the spectral position of the emission peak present
at lower wavelengths and also the magnitude of the emissivity peak has increased. In
addition, at this cavity length there are no emission peaks near the larger wavelengths.
When the cavity length is increased to 500 nm then the emittance peak in the spectrum as
shown in Fig. 3.9a, has further red shifted and is almost in the middle of the wavelength
range of interest. But, a closer look on the normal emission spectrum in the lower
wavelength range shows that there is a very small peak in the emission indicating that
there could be an onset of even higher resonance in the cavity, as shown later. With the
cavity length increased to 600 nm the larger emission peak in the spectrum has further
red shifted and the smaller emission peak has gained in strength with a similar red shift.
But the normal emittance spectrum, for the cavity length of 690 nm has multiple emission
peaks at higher wavelengths and the emission peak at the lower wavelength has gained
further in the magnitude with all of the emission peaks having red shift. Fig. 3.9b shows
the electric field intensity distribution normalized to the incident along the line passing
through the center of the CDC throat and into the 1D PhC, at the spectral positions where
the emission spectrum has large peaks for the cavity lengths of 350 nm, 400 nm, 500 nm
and 600 nm. From the figure it can be seen that for all the cavity lengths considered the
resonance in the cavity is similar to a second harmonic resonance of a standing wave.
Therefore as the cavity length increases the spectral position of the emission peak due to

the second harmonic resonance would have red shift, as observed similarly for the first
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harmonic resonance in Fig. 3.8a-3.8b. When the cavity lengths increase beyond a certain
range, then there would be an onset of higher order resonances at lower wavelengths and
this is shown in Fig. 3.9c. In this figure the normalized electric field intensity distribution
is shown along the same line as the previous cases but for wavelengths where the spectral
emission has peaks in the lower wavelength. The intensity distribution shows that the
cavity has a resonance that is similar to a third harmonic standing wave.

Figure 3.10 shows the variation of the normal emission peaks with respect to the
change in cavity length for different resonances. The first resonance or the first harmonic
is due to half standing wave in the cavity as shown in Fig. 3.8b. The second resonance or
the second harmonic is due to a complete standing wave in the cavity as shown in Fig.
3.9b. The variation in the spectral position of the emission peaks with the change in
cavity length seems to be almost linear for both the resonances except at the band-edge
wavelengths of the 1D PhC. In addition the first resonance emission peaks needs a
smaller cavity length range or a higher slope to span the entire wavelength range of
interest when compared to the second resonance emission peaks that needs a larger cavity

length range or lower slope for the same wavelength range.
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Figure 3.9: (a) Normal emittance spectrum with p-polarization in vacuum for Ag CDC
grating having the parameters A = 250 nm, h = 100 nm, t = 100 nm, g = 5 nm and a
photonic crystal having the parameters a = 100 nm; d; = d; = 50 nm with varying cavity.
Electric field intensity distribution normalized to the incident along the line passing
through the center of the CDC grating throat and into the photonic crystal with (b) L =
350 nm, L =400 nm, L = 500 nm, L = 600 nm, and at respective higher normal emissive

peak wavelengths (¢) L = 600 nm, L = 690 nm and at respective lower normal emissive
peak wavelengths.
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Figure 3.10: Variation of the normal emittance peak wavelength with respect to the cavity
length for Ag CDC grating having the parameters A =250 nm, h =100 nm, t =100 nm, g
= 5 nm and a photonic crystal having the parameters a = 100 nm; d; = d, = 50 nm.

3.4 CONCLUSION

It has been shown that a unique thermal emitter in visible range could be
constructed by having a cavity surrounded on one side by a thin CDC Ag grating and a
1D PhC on the other side. The design concept described can be extended to various
wavelength ranges of interest. The emission properties of the proposed thermal emitter
are highly monochromatic (FWHM ~ 4 nm) with large temporal coherence, extremely

directional (FWHM ~ 1.15°) with far field spatial coherence and is p-polarized. The
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narrow peaks in the spectral and directional emission are mainly due to the strong
resonances in the cavity supported by the Ag CDC grating and 1D PhC. The thermal
source is tunable to various wavelengths and directions of emission with the choice of
right materials along with the parameters of the grating, cavity length and 1D PhC. Thus,
the CDC grating and 1D PhC with a cavity offers a simple multilayer structure that could
have great implications in a variety of applications with diverse wavelength range of
interest. Also the present thermal emitter with varying cavity length can be used as a
single light source for different colors which could make it an ideal fluorophores for
sensitive, multicolor and multiplexing applications in molecular biology and

bioengineering.
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Chapter 4: Tunable plasmonic-crystal superlens for subwavelength
imaging

4.1 INTRODUCTION

Traditional optical lenses have curved surfaces that focus light by virtue of the
refractive index contrast, but cannot focus light onto an area smaller than a wavelength
square. But, few decades ago it was predicted that an isotropic medium with
simultaneously negative electrical permittivity (€) and magnetic permeability (n) could
display unique electromagnetic (EM) properties with “negative” index of refraction
which can be utilized for producing an image smaller than the wavelength. However,
naturally occurring materials are not negative index materials (NIM) and so specially
engineered NIM called metamaterials have been proposed [1-4]. These metamaterials
nonetheless have a high probability where an unwanted resonance could hinder ‘€’ and
‘W to be simultaneously negative in a frequency range [5]. An interesting alternative to
the metamaterials could be the photonic crystal (PhC), which under proper conditions can
act as a homogeneous medium with a negative index. The physical principle that allows
negative refraction (NR) in PhC is dependent on the dispersion characteristics of the
wave propagation in the PhC. Here we report a hybrid photonic crystal (HPhC), where
the polaritonic mode of a metallic array can be combined with the photonic mode of a
hole array in a dielectric slab for achieving NR and still posses an extra degree of
freedom for tuning the HPhC as a superlens to operate at different frequencies. We
numerically demonstrate that a single planar HPhC structure can indeed be used for

subwavelength imaging at different frequencies by just varying the optical properties in
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the hole array, thereby enabling the realization of ultracompact tunable superlens and
paving the way for a new class of optical lens.

Recently a “planar superlens” was proposed with a thin negative index film that
can provide image details with a resolution beyond the diffraction limit [6]. The planar
superlens would aid the evanescent wave, which carries the finest details, from the object
to grow inside the slab and when exited the lens slab would have the same amplitude at
the image plane with which it started. Hence, the resolution limit of the planar superlens
is determined by the number of evanescent waves from the object that have been
recovered and not by the diffraction limit [5]. Similarly, metamaterials can restore not
only the phase of the propagation waves but also the evanescent waves of the object.
Metamaterials are achieved by having a medium made of conducting wires that would
give negative ‘€’ and various current loops that would give negative ‘u’ in the same
frequency band. The negative index of refraction is then determined by using an effective
medium theory. But, this would require the operating wavelength to be much larger than
the size of the unit cell. Hence, it would be difficult to build a metamaterial device that
can operate at very small wavelength. One of the first NIM was constructed using copper
split-ring resonators (SRR) and copper wire strips [1-4]. These SRR structures have been
recently scaled down to produce metamaterials active in terahertz frequency [5].

An interesting alternative to the metamaterials could be the photonic crystal
(PhC), which under proper conditions can act as a homogeneous medium with a negative
index. The dispersion in a PhC can be described by the equifreqeucny surface (EFS) of
the band structures of the PhC [7]. A two-dimensional (2D) polaritonic crystal (PLC)

made of metallic units was proposed to achieve the superlensing effect at visible
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frequencies. The metallic units support plasma mode which would interfere with photon
and lead to plasmon polariton that would then modify the photon dispersion to highly
symmetric concave and convex polaritonic bands ideal for superlensing [8]. All-angle NR
(AANR) was achieved at the lowest band of 2D PhC, consisting of a square lattice of air
holes in Si and the subwavelength image formed is in the near-field of PhC [9]. It was
observed by [10] that the near-field subwavelength imaging is mainly due to the self-
collimation effect and near-field scattering, apart from the NR effect that might also take
place. Nevertheless, far-field imaging and focusing has been achieved in the lowest (or
valence) band for a 2D square lattice of dielectric coated metallic core cylinders
immersed in air background [7]. Also, surface termination within a specific cut of the
triangular array of dielectric bars would excite surface waves at the interference between
air and a triangular array of dielectric bar PhC which would allow the reconstruction of
evanescent waves for a better focus and transmission [11]. Therefore a 2D PhC slab,
which is made from the periodic arrays of either dielectric or metallic building blocks,
with a lattice constant comparable with the wavelength, can be used as a superlens slab
for an image construction.

Optical systems that are synthesized by using fluids are called optofluidics. The
key advantage of fluid over a solid is the ability to change the optical property of the fluid
medium within an optical device by simply replacing one fluid with another. A number
of microfluidic devices based on PhC have been reported. One such PhC sensing device
is based on a high-Q cavity resonance shift due the various analytes in the cavity [12].
Recently it was also reported that by introducing coupled defects into the PhC

waveguide, the sensing of biomaterials like DNA which fills the defects, was made
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possible by measuring the associated changes in the transmission of the PhC [13, 14].
Thus micro/nano-fluidics provide a solution that enables both localized or global control

of high refractive index modulation for tuning the optical systems.

4.2 SCHEMATIC VIEW OF THE PLASMONIC CRYSTAL AND COMPUTATIONAL SET-UP

In the current study a 2D tunable plasmonic crystal (2D tPLC) is proposed and it
has a triangular array of metallic cylinders in a Si (¢ = 12) substrate with graphene array

of holes as shown in the inset of Fig. 4.1(a). The lattice constant of the metallic cylinders

is ‘a’, whereas the lattice constant of the holes is ‘a/ J3°. The NR and superlensing
effect of the 2D tPLC is demonstrated in the infrared (IR) range (1.4 ~ 1.65 um). In
addition it will also be shown that the present tPLC would behave like a homogeneous
medium with an effective refractive index (nes) approximately ‘-1 for different
frequencies and the imaging mechanism would follow the well-known wave-beam
geometric optics. The holes in 2D tPLC can be filled with different organic liquids to
have various dielectric constants that would subsequently shift the frequency range for
NR. The present study has considered the holes to be filled with either air (¢ = 1) or
tetrachloromethane (CCly; &€ = 2.2379) or dichloroethane (C,H4Cly; € = 10.10).
Electromagnetic response (€) of the metallic cylinder is assumed to be dispersive in IR

and is described by a free-electron model given by
o, 2
g(a)):l—[—pj Lo, =N @.1)

where, ‘@’ is the frequency and ‘o, is the plasma frequency as defined above;

with N = 2.5, ‘¢’ is the speed of light and ‘a’ is the lattice constant. The metallic
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cylinders considered have a radius (r,) of 0.3a and the holes have a radius (r,) of 0.2a. By
choosing the lattice constant a to be 375 nm, then the w, would be 1.25 x 10, close to
the plasma frequency of gold in IR. The dielectric response of gold in IR would have an
imaginary part that is two orders of magnitude lower then the real part and so the free-
electron model can be used for predicting the imaging mechanism. The imaging
characteristics with low absorption would not change except for the full-width at half
maximum (FWHM) of the intensity near the image plane which might increase by a
small extent [7, 8] and this will also be explored for comparison.

In the present study we consider only transverse electric (TE) mode (in-plane
electric field; x-y) propagation bands in the 2D tPLC, since for the transverse magnetic
(TM) mode we found no superlensing effect. The metallic cylinders and the holes in 2D
tPLC are considered to be infinitely extended in the z-direction. The non-vanishing EM
field components are H,, Ey, and E,. TE mode propagation bands can be obtained by

solving the following nonlinear eigenvalue equation for H,.

2
N (R :(ﬂj H, (42)
&(w,7) c
where, H, satisfies the phase-shifted periodic boundary condition as given by

H,(F+d)=H,(F)e" (as described in the following equations), with @ as a vector

z

connecting the opposite edges of the unit cell (Fig. 4.1b), and K as a Bloch wave number

that belongs to the irreducible Brillouin zone [15]. Solving the eq. (4.2) by an iterative

process gives the dispersion relation ‘®’ versus ‘k* or the photonic band structure. For
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numerical calculations we used commercially available finite element software

(COMSOL 3.2a).
k, =1, 2—7[
3
27
k =1 —
y —ly
3 (4.3)
C, =k,
C, =k, sin(zj +k, cos(ﬁj
6 6
Hz,3 = Hz,leicx
Hz,4 = Hz,zeicy

Metal

Figure 4.1: (a) Schematic figure of 2D triangular array of infinitely long metallic cylinder
and holes imbedded in a host material Si. (b) Unit cell of the hybrid photonic crystal.
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Figure 4.2 shows the dispersion characteristics of a 2D PhC consisting of air holes
with diameter ‘0.8a’ in silicon (¢ = 12.0) arranged in hexagonal or triangular lattice. Fig
4.2a and Fig. 4.2c are the results obtained by [16]. Whereas, the results for the same 2D
PhC using the present study numerical model is obtained and is shown in Fig. 4.2b and
Fig. 4.2d respectively. From Fig. 4.2 it can be clearly observed that the numerical model

used is valid and predicts the correct results that can be obtained by other techniques.

wal2nc
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X

Figure 4.2: (a) TE mode propagation modes a)(IZ) for the PhC consisting of air holes in
silicon [16], and (b) Band structure for the same PhC obtained by the present study
numerical model. (c) Equifrequency surface (EFS) for the lower frequency band of the

PhC [16], and (d) EFS for the same PhC obtained by using the present study numerical
model.
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4.3 BANDSTRUCTURE AND NORMALIZED EQUIFREQUENCY SURFACES

Figure 4.3a. shows the TE mode propagation band structure for the 2D tPLC with
holes filled by different fluids. The quantity ‘®a/2nc’ is a normalized or dimensionless
frequency (). For when the holes are filled with air, there is complete photonic bandgap
between the second and third bands, i.e., between the normalized frequency range of 0.31
~ 0.41. The second band has a convex shape around I' point which would give a
homogeneous NR in the PhC [7, 8]. Even with the holes filled by CCl, the band structure
would be similar to the previous except that complete bandgap is now between Q range
of 0.305 ~ 0.37 and the second band would still have a convex shape around I" point. By
changing the fluid in the hole to an even higher dielectric constant, like with C;H4Cl,, the
band structure would then have a change in the band structure with the complete bandgap
now between the third and fourth band within the Q range of 0.275 ~ 0.285. But the
second band is still convex around the I" point. Hence by changing the fluids in the hole
of 2D tPLC we can tune the band structure and subsequently the structure could be used
at different desired frequency ranges. Fig. 4.3b shows the EFS for the second band of the
2D tPLC with the holes filled by air. EFS, basically consists of allowed propagation
modes within the Brillouin zone (BZ) of PhC at a specific frequency. Most of the
frequency contours in Fig. 4.3b are isotropic with circles having a center around the I"
point. Thus when a plane wave is incident from vacuum onto the present PhC, the
refracted angle would be linearly proportional to the incident angle. This would then help

to have far-field images when the PhC medium also has negative index. For every chosen

wavevector (IZ ), the corresponding group velocity (V) will be normal to the EFS at that
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point and is directed towards the increasing frequency. Hence V  at any point on circular

EFS contour is collimated withk , indicating that the PhC slab medium behaves like an
effective homogeneous medium. Fig. 4.3b shows that a Q region of the second band

extending from 0.225 to 0.305 has EFS contours that are moving inward with increasing

frequency. This would then result inV - k <0. It has been shown analytically that for an
infinite PhC system V; coincides with the energy velocity (§ ) [17]. Hence the sign of
Vg - k <0 is equivalent to the sign of S -K < 0, which is of particular necessity for a left-

handed material (LHM) [18]. In a LHM thek, E and H form a left-handed set of
vectors which would then can give NR. Therefore the 2D tPLC with the holes filled by
air can be considered as a homogeneous medium with effective negative index of
refraction in the Q range from 0.225 to 0.305. Similarly, Fig. 4.3c shows that the EFS

contours of the second band for 2D tPLC with holes filled by CCly is the same as the

previous case except that S - k<0 is happening in a different Q region (0.215 - 0.30).

When the holes are filled by an even higher dielectric constant of C,H4Cl, the EFS
contours of the second band are still circular shapes (Fig. 4.3d). This time S-k <0

happens in a lower Q ranging from 0.175 to 0.27. The Q range in which S-k <0 will be
where the superlensing effect can be achieved. In addition, the refracted propagating
modes are determined by the conservation of frequency and parallel wave-vector near the
air and PhC interface. Therefore for a 2D tPLC planar slab with the surface normal along
the I'M direction of the BZ and with the convex EFS contours everywhere, the incoming

wave from the air would couple to a single propagating mode of the PhC and onto the
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negative side of the normal. This could than can be realized as NR for superlensing effect
with a far-field imaging.

The main challenge for perfect superlensing is to find a structure with a matching
condition that could have neg~ -1, which will then have no reflections during the imaging
process [11]. Fig. 4.4 shows the nes variation with respect to Q along two different
propagation directions of 'M and I'K in the BZ of the 2D tPLC for various fluids filling
the holes. The nqs for each fluid in the hole is same in both I'M and I'K directions for
most of their respective second band frequency range. This would further justify that the
2D tPLC under study is an isotropic medium with nes < 0 for a wide frequency range.
Also it can be noted from Fig. 4.4 is that at a particular Q the n. can be tuned to different
negative values by just varying the dielectric constant in the holes, i.e., by varying the
fluids in the holes. Moreover for tuning the PhC to different QQ at a particular negr, we
could achieve it again by simply changing the optical property in the holes. The nesr is
approximately -1’ for the present 2D tPLC with holes filled by air at Q = 0.275.

Whereas, for CCly it is at Q = 0.2675 and for C,H4Cl, 1t is at Q = 0.23.
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Figure 4.3: (a) TE mode propagation bands for a 2D plasmonic crystal consisting of
triangular array of metallic cylinders (r, = 0.3a) having a lattice constant ‘a’ imbedded in
Si (e = 12) substrate having triangular array of holes (r, = 0.2a) having a lattice constant

‘a/+3” filled by air (solid lines), tetrachloromethane (dashed line) and dichloroethane

(dashed dot line). Normalized equifrequecny surfaces (EFS) in the irreducible Brillouin
zone for the second band with TE mode of the 2D plasmonic crystal with the holes filled
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by (b) air, (c) tetrachloromethane and (d) dichloroethane.

93



0

-0.5-

C_H Cl 2
_ 14 - 2\ BIU
k> a3
= 5 o
E jaj
4 g
2.5+ 8,Ef -
af]
-3+ @ .

-STEI 6 0.18 0.2 0.22 0.24 0.26 0.28 0.3

Q (0a/(2zc))

Figure 4.4: Effective refractive index (nes) of a 2D plasmonic crystal, consisting of
triangular array of metallic cylinders (r, = 0.3a) having a lattice constant ‘a’ imbedded in
Si (e = 12) substrate having triangular array of holes (r, = 0.2a) having a lattice constant

“a/+/3 ", for the second band in 'M (circles) and I'K (square) directions of propagation
with the holes of the plasmonic crystal filled by air (dashed dot line), tetrachloromethane
(solid line) and dichloroethane (dashed line).

4.4 MAGNETIC FIELD INTENSITY PLOTS OF SOURCE AND IMAGE

A typical H, field distribution across the planar 2D tPLC with two different
optical properties in the holes is plotted in Fig. 4.5 for a source having diameter ‘a’ and is
at two different distances ‘d’. The H, field pattern shown is over a 40a x 29a region

around the center of the planar PhC slab. The geometry of 2D tPLC is also displayed for
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clarity of the PhC view. Fig. 4.5a shows the H, pattern across the planar PhC slab with

holes filled by air for a source placed on top of the slab at d = 2a and is at Q = 0.27, for

which the PhC has ng ~ -1 (Fig. 4.4). A high quality image on the opposite side of the

PhC slab is observed (Fig. 4.5a) along with the focusing region in the middle of the slab
which is in accordance to the wave-beam geometric optics. The rays diverging from the
source would negatively refract at the first surface of the slab and converge at a point
within the slab. The rays would then diverge from the focus region in the slab and then
negatively refract again at the second surface of the slab to converge and form a second
image outside the slab. The planar superlens slab does not have an optical axis and so
posses a key advantage over the conventional lenses by not requiring strict alignment and
also can be operated over distances on the order of wavelength. In order to further clarify
whether the superlensing effect of the present 2D tPLC slab is in accordance to the
geometric optics, the dependence of image and focusing distance inside the PhC slab on
source distance is also explored. Fig. 4.5b shows the H, field pattern for the same
conditions as in Fig. 4.5a except that now the source is very close to the PhC slab (d =
0.55a) and it can be observed that the image has shifted further away from the PhC slab
which is in accordance to the geometric optics. Also, the focusing region inside the PhC
slab moves to the top surface of the slab as the source moves close to the PhC slab
surface, which is also in agreement with the geometric optics. The FWHM of magnetic
field intensity at the image plane in Fig. 4.5a is 0.38\ and in Fig. 4.5b is 0.37\. Therefore,
at Q =0.27, the 2D tPLC with air in the holes can be considered as a homogeneous LHM

for superlensing effect with sub-wavelength imaging (Fig. 4.3b, Fig. 4.4 and Fig. 4.5a-
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4.5b). Fig. 4.5¢ and Fig. 4.5d shows the H, field pattern for a 2D tPLC with holes filled

by CCly for a source with Q = 0.26 (n, = -1, Fig. 4.4), but placed at d = 2a and d =

0.55a respectively. Even with higher dielectric constant fluid, like CCly, in the holes of
PhC slab the superlensing effect follows the geometric optics, but it happens at a
frequency different from the PhC with holes filled by air. The FWHM of the image in
Fig. 4.5c is 0.42) and in Fig. 4.5d is 0.41\.

Figure 4.6a-4.6b shows the snapshots of H, field pattern across a planar 2D tPLC

slab with the holes filled by C;H4Cl, along with a source having Q =0.23 (n,, = -1, Fig.

4.4) and at various distances. Fig. 4.6a, Fig. 4.6b and Fig. 4.6¢ are for sources placed at
distances 4a, 2a and 0.55a from the top of the slab respectively. Just as expected it can be
observed from the figures that with a change in the source distance from the slab, the
image distance changes too, which is in accordance with the geometric optics. The
FWHM of the images in Fig. 4.6a is 0.41A, in Fig. 4.6b is 0.40A and in Fig. 4.6¢ is 0.39A.
In addition Fig. 4.6b and Fig. 4.6¢ show the existence of surface waves (alternate blue
and yellow spikes) or surface plasmons (SPs) on the top surface of the slab. Hence for the
proposed 2D tPLC apart from the NR dispersion characteristics, the SPs also play a role
for superlensing effect. However it is to be noted that the existence of the SPs on the top
surface is evident only when the holes of the PhC slab are filled with a higher dielectric

constant fluid like CoH4Cl,.
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Figure 4.5: Snapshot of the H, field produced by a point source and its image across a 2D
plasmonic crystal slab with normal of the slab surface in I'M direction of the Brillouin
zone. The plasmonic crystal consists of a triangular array of metallic cylinders (r, = 0.3a)
having a lattice constant ‘a’ imbedded in Si (¢ = 12) substrate having triangular array of

holes (1, = 0.2a) having a lattice constant ‘a/ /3. The source is placed on top of the slab

at a distance (a) d = 2a, (b) d = 0.55a with the holes filled by air and at normalized

frequency Q = 0.27; (c) d = 2a, (d) d = 0.55a with the holes filled by tetrachloromethane
and at Q = 0.26.
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In order to clarify the good quality of the image it is better to plot the
intensity profile at the image plane and compare the FWHM of intensity plot with the
object diameter. Fig. 4.7 shows the normalized intensity versus the lateral direction at the
image plane with the holes filled by air (a), CCly (b) and C,H4Cl; (c). Fig. 4.7a shows the
image intensity plots for a source with Q = 0.27 (or wavelength, A = &/Q = 1.4 pm) and
placed at d = 2a from the top surface of planar PhC slab for when the cylinder in the PhC
is either a free electron model metal or gold having an absorption with a real dielectric
constant [19]. The object diameter is ‘@’ which in terms of the source wavelength is
0.27X. The FWHM in Fig. 4.7a for both free electron model metal and gold is 0.38A.
Whereas, for a PhC with holes filled by CCls, Fig. 4.7b shows that for a source with Q =
0.26 (or A = 1.44 um) and 0.26A diameter placed at d = 2a, will have a FWHM of 0.42L
for when the cylinder in PhC is a free electron model metal and a FWHM of 0.38\ for
when it is gold. Similarly, for a PhC with holes filled by C,H4Cl,, Fig. 4.7¢ shows that for
a source with Q = 0.23 (or A = 1.63 um) and 0.23A diameter placed at d = 2a the image
intensity has a FWHM of 0.4\ for both the free electron model metal and gold cylinders

in PhC.
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Figure 4.6: Snapshot of the H, field produced by a point source and its image across a 2D
plasmonic crystal slab with normal of the slab surface in I'M direction of the Brillouin
zone. The plasmonic crystal consists of a triangular array of metallic cylinders (r, = 0.3a)
having a lattice constant ‘a’ imbedded in Si (¢ = 12) substrate having triangular array of

holes (1, = 0.2a) having a lattice constant ‘a/ 3. The holes in the PhC are filled with
dichloroethane. The source has a normalized frequency Q = 0.23 and is place on top of

the slab at a distance (a) d = 4a, (b) d =2a and (c¢) d = 0.55a.
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Figure 4.7: The normalized magnetic field intensity vs. the lateral direction at the image
plane given in terms of the wavelength (A), when the source is placed at d = 2a from the
top of planar 2D plasmonic crystal slab with normal of the slab surface in 'M direction
of the Brillouin zone. The plasmonic crystal consists of a triangular array of metallic
cylinders (r, = 0.3a) having a lattice constant ‘a’ imbedded in Si (¢ = 12) substrate having

triangular array of holes (1, = 0.2a) having a lattice constant ‘a/ /3. The holes are filled
with air (a), tetrachloromethane (b) and dichloroethane (c). Solid line is for when the
cylinder in plasmonic crystal is a free electron model metal and the dashed line is for
when the cylinder is taken to be as gold.

100



4.5 CONCLUSION

In conclusion it is shown that the present 2D tPLC has an extra degree of freedom
that can be used for tuning the PhC to different n.r at a particular Q and to different Q at
a particular ner. In addition the superlensing by the tPLC has been realized with neg ~ -1
at different frequencies, which could then be used for imaging objects of different sizes.
Tuning to different frequencies can be realized by varying the fluids in the holes of tPLC.
Also it is shown that an object with a smaller size in comparison to the wavelength and
when placed far from the lens, a subwavelength image can still be achieved by using the
present 2D tPLC model but with the holes filled by a higher dielectric constant fluid.
Furthermore, a higher resolution image of an object that is placed closer to the lens can
be achieved by using the present 2D tPLC model but with a lower dielectric constant
fluid in the holes of PhC. Moreover the present 2D tPLC can be made from materials like
gold and Si to achieve subwavelength resolution for applications with novel imaging and

coupling functionality in integrated optics components.
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Chapter 5: Optical-near effects for patterning high bandgap materials
In a sub-micron scale

5.1 MOTIVATION

In the field of optoelectronics and micro-electronics Silicon carbide (SiC), fused
quartz and related silicate glasses are very important materials due to their high bandgap
energy, good transmission properties in the UV to IR range, excellent thermal properties,
good electrical insulation and high chemical stability [1]. Borosilicate glass has an
excellent anodic bonding property and surface integrity which makes it the usual
substrate for micro-electro mechanical systems (MEMS). Therefore in order to build a
communication interface, micro/nano-holes free of micro-cracks, with good edge and
surface quality as well as high aspect ratios need to be formed on the glass substrate.

SiC has great importance in electronic applications due its very high thermal
conductivity, high melting point, low thermal expansion coefficient, high breakdown
electric field, and high electron saturation. SiC based devices are attractive for blue light-
emitting diodes (LEDs), thyristors, U-shaped grooved MOS (UMOS) devices, and UV
photodiodes [2]. SiC is used in devices that operate in harsh environments like the
combustion chamber of an automobile engine where it is incorporated into the membrane
of the pressure sensor. Schottky based diodes (SBDs) fabricated on the 6H-SiC substrates
showed high blockage voltages. SiC junction field effect transistors (JFETS) are used in
developing a hybrid switch by combining it with a low-voltage Silicon MOSFET, for use
in resonant converters and auxillary power supplies. In order to fabricate any SiC based

devices with micro patterns, a dry etching technique was used and the etching rate is low
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due to the strong binding energy of SiC [3]. Also there are no wet etchants that can bulk
micromachine SiC as it is chemically very stable and is actually nature’s best etch
stopping material. SiC surface micromachining is also a very difficult task like SiC bulk
micromachining. Therefore, a novel technique for micro even nano- scale patterning of
SiC is in urgent need.

Using traditional micro-machining process for a micro-hole with a diameter
below 200 pum is difficult because of the extreme hardness, brittleness, corrosion
resistance and melting temperature of materials like borosilicate glass and SiC. Also the
conventional thermal and/or chemical machining methods create an excessive heat
affected zone. Mechanical machining methods also have limitations in productivity and
accuracy [4]. Hence, to solve this problem various machining methods have been
proposed like the combination of micro electrical-discharge machining (MEDM) and
micro ultrasonic vibration machining (MUSM) [5], micro-abrasive jet machining (AJM)
[4], and combination of nanoindenter and HF wet etching [6]. Due to the various working
mechanisms of these methods, the results produced are distinct. However high-quality
holes in nanoscale were not obtained using these techniques.

Recently, laser micromachining technique emerged as a simple, direct-write
process for engineering materials [7]. Since laser induced ablation has several advantages
over the conventional mechanical and/or chemical machining; it is a single-step process
with very high flexibility, non-contact process, direct patterning without the resist
process, good etch-rate and does not require any etchants. Femtosecond (fs) regime offers
advantages over the nanosecond (ns) regime, by depositing energy into a material in a

very short time period, before any thermal diffusion can occur. Also laser
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micormachining is a simple and clean method. Lasers can be used in fabricating high
aspect ratio holes with small diameters at designed locations, for cutting and scribing
applications. However, for breaking a bond in SiC either high energy density ns laser or
fs laser is needed. Femtosecond lasers have been used for ablating 1-um thick SiC (3C-
SiC) films on silicon. At high laser fluence the process is thermally dominated by
melting, boiling and vaporizing of the single crystal SiC, and at lower laser fluences the
ablation is a defect activated process [8]. Femtosecond laser micromachining of SiC
relies on multiphoton absorption [9]. A ns copper-vapor-laser (510 nm and 572 nm
wavelength) with energy density as high as 16 J/cm® have been used for etching
polycrystalline SiC, and despite the high energy density employed the etching rate was
very low both in air and water [10].

Hybrid laser processing is also used for the microfabrication of hard and
transparent materials like SiC, where the ns pulsed laser beam is used with a medium on
the transparent material surface. The medium is used for absorbing the laser beam and
generating plasma that would assist in the high-quality ablation of transparent materials.
This kind of process is called laser-induced plasma-assisted ablation (LIPAA) [11]. By
the nonlinear interaction of fs laser with transparent materials microplasma could be
generated within the material which on subsequent expansion results in the fabrication of
a small structure. Also by initiating micro-explosion inside the material, a small cavity
can be formed with the material ejected from the center [12].

As seen from the above mentioned studies, the processes used for the
microfabrication of SiC and glass require very high energies with a complicated optical

setup. Also, due to the diffraction limit of light, it is difficult to obtain nanometer sized
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features. In order to overcome the above mentioned difficulties, the enhancement of the
optical near-field obtained by irradiating microspheres by a laser radiation can be used.
This enhanced intensity distribution is very sensitive to the diameter of the spheres and to
the distance between the sphere and the substrate [13]. Mie-theory calculations have
shown that the enhancement is mainly due to the near-field and scattering effects [14].
Using this enhanced near field, silicon and borosilicate glass were massively patterned
with a ns pulsed laser [15, 16]. In the present study the parallel submicron patterning of
bulk SiC and borosilicate glass is attempted by using a ns-pulsed laser and fs-pulse laser
respectively. This can be achieved by irradiating through a monolayer of silica
microspheres on SiC or glass substrate. A Nd:yttritium-aluminium-garnet laser ( 10 ns
pulse duration) is used with two different wavelengths, 355 nm and 532 nm, to study the
effect of different photon energies in creating submicron features. Also a titanium-doped
sapphire (Ti:Sapphire), solid state laser with pulse at full width half maximum (FWHM)
around 100 fs and wavelength around 800 nm is used. Different sphere diameters (1.76
um and 640 nm) are also used in order to understand its effect on the features obtained on
the substrates. In the first part of the present chapter the experimental results obtained for
the SiC material is discussed and the following part will be the results of experimental

study on the borosilicate glass.

5.2 EXPERIMENTAL SET-UP

Both 6H-SiC polytype and borosilicate glass wafer samples are used as the
substrate. Monodisperse silica (Si0,) spherical particles with a diameters of 1.76 pum and

640 nm were utilized. These silica particles are transparent to the near infrared light (800
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nm wavelength of the fs laser used). The substrates are first cleaned in an ultrasonic bath
with acetone and isopropanol. After drying the substrates with nitrogen, the particle
suspension was diluted with de-ionized water (DI) water and deposited on the substrates
using a dispenser. The samples were then stored at room temperature over a period of few
hours for all the water solvent to evaporate. These spheres self-arranged themselves
forming a monolayer, confirmed by using a scanning electron microscope (SEM) in Fig.

5.1.

15.8kV X18.8K 1.6

Figure 5.1: SEM micrograph of the monolayer of silica spheres with a diameter of (a)
1.76 pm on SiC, (b) 640 nm on SiC and (c) 1.76 um on glass.
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The schematic of the experimental setup is shown in Fig. 5.2a. The output laser
beam is redirected by the harmonic separators and made smaller by using an aperture. By
means of a plano-convex lens, the beam is then focused onto the sample which is at the
focal distance. The substrate is placed on an XYZ-stage and the polarization of the laser
pulse is linear and horizontal to the surface of the substrate. The laser energies used in the
experiment were measured using an energy meter. As shown in Fig. 5.2b, a laser is
irradiated at a zero angle of incidence onto the monolayer of silica spheres deposited on
the substrates. Different laser fluences were used to study the laser energy dependence of
the nanostructures formed on the substrate. The laser energies used in the fs laser
experiment varied approximately from 200 mJ/cm® to 1 J/cm®. However Zhou et al. [17]
have recently used fs pulses at much higher laser energies to create sub-diffraction limit
modifications on glass substrate. The energy of the incident fs laser is varied by changing
the delay time between the two pockel cells during the amplification using a
synchronization and delay generator (SDG). Due to different delay times, the laser beam
has to be compressed accordingly to maintain a constant pulse width and this is done by
moving the compressor optics while monitoring the output laser beam pulse width with a
single shot auto-correlator (SSA) and an oscilloscope. The laser energies used in the ns
laser experiment varied approximately from 600 mJ/cm’ to 6 J/cm® depending on the
wavelength used. The ns laser pulse can be altered by changing the voltage of the source.
The substrates after laser submicron patterning was characterized by using scanning
electron microscope (SEM: Hitachi S4500) and the depths were measured by using an

atomic force microscope (AFM: Nanoscope D3100). To obtain good SEM images for
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glass substrate and in order to reduce the charging effects a very thin layer of gold is

deposited on the substrate.
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Figure 5.2: Schematic of (a) experimental setup, (b) irradiation of the spheres on
substrate.
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5.3 DIRECT PATTERNING ON SILICON CARBIDE (SIC) USING NANOSECOND LASER

The experiments were conducted at different energies and as predicted by Mie
theory, it was found that the minimum energy required for creating features on SiC is
smaller for bigger spheres irrespective of the laser wavelength. This is because of the
higher optical field enhancement for bigger spheres. At a laser wavelength of 355 nm, the
features started appearing at an incident energy density of 650 mJ/cm® for 1.76 pm
spheres, whereas for 640 nm spheres at least 850 mJ/cm® energy density is needed.
However, in the absence of spheres the actual threshold energy for substrate damage is
found to be around 4 J/cm®.

Figure 5.3 shows a SEM picture of the features obtained for 355 nm wavelength
ns laser with both 1.76 pm and 640 nm spheres at 950 mJ/cm® and 850 mJ/cm’
respectively. The features are well defined for the 1.76 um spheres compared to the
smaller sphere case. The possible ablation mechanism for the formation of holes is
discussed later. Figure 5.4 shows the variation in feature depth with respect to the laser
intensity for a 355 nm laser wavelength and 1.76 pm silica spheres. For the laser
intensities used in this study, the depth increases from 90 nm to 210 nm with laser
intensity. For the same conditions, Fig. 5.5 shows an increase in feature diameter from
300 nm to 450 nm depending on the laser intensity. The different rate of increase in both
the feature depth and diameter with laser intensity suggests that the interaction of the

laser beam with the SiC substrate might be non-linear.
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Figure 5.3: Features formed on the SiC substrate with a 355 nm laser (a) 1.76 um
diameter spheres and 950 mJ/cm? and (b) 640 nm diameter spheres and 850 mlJ/cm?.
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Figure 5.4: Variation in the feature depth with respect to the laser intensity for 355 nm
laser and 1.76 um spheres.
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Figure 5.5: Variation in the feature diameter with respect to the laser intensity for 355 nm
laser and 1.76 um spheres.

Figure 5.6 is a scanning electron micrograph of the features obtained for a ns laser
wavelength of 532 nm with 1.76 pm and 640 nm spheres at 2 J/cm® and 6 J/cm’
respectively. It is evident that SiC can be submicron patterned at 532 nm despite the
material being completely transparent to this wavelength. The threshold energy needed
for the formation of holes is around 2 J/cm?® for 1.76 um spheres and 5 J/cm® for the 640
nm spheres. Figure 5.7 shows the atomic force microscope data plot for the features
obtained with 1.76 um silica spheres. The feature diameters varied from 320 nm to 450

nm and the depths varied between 100 nm to 175 nm, depending on the laser intensity.
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Figure 5.6: Features formed on the SiC substrate with a 532 nm laser (a) 1.76 um
diameter spheres and 2 J/cm?” and (b) 640 nm diameter spheres and 6 J/cm®.
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Figure 5.7: AFM cross section view of the features obtained with 532 nm laser and 1.76

pum spheres.
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The minimum feature diameter observed for both wavelengths is approximately
the same, indicating a strong dependence on the band-gap energy of the material [18].
Also the depth of the features obtained with 355 nm wavelength is larger because of the
higher absorption coefficient of SiC in the ultraviolet spectrum. From the above results, it
can be concluded that, for the ablation of SiC with 532 nm laser, higher intensity is
required compared to the 355 nm laser. This is because the band-gap energy of SiC (6H-
SiC polytype) is around 3.0 eV and the electron affinity is around 4.0 eV, which makes
the minimum energy required for bond breakage to be near 7.0 eV. The photon energy of
the 355 nm and 532 nm wavelength are approximately 3.49 eV and 2.32 eV respectively.
Therefore, in order to break the bonds using these wavelengths, the interaction of the
laser with the SiC under optical near-field effect has to be a multiphoton process. Also,
since SiC is transparent at 532 nm wavelength, the submicron features formed could be
due to the non-linear interaction of the visible wavelength laser with SiC.

SiC is an indirect wide band gap semiconductor material and hence due to
multiphoton absorption, the electrons jump from the valence band to the higher energy
levels of the conduction band. The possibility of electron absorbing another photon in the
conduction band is more before getting scattered with a phonon. Once the electron
absorption of a photon takes place, the momentum is conserved by either plasmons or
impurities or phonons. Therefore the phonon energy increases with the number of
electrons in the conduction band. This increase in phonon energy would lead to a lattice
disorder that eventually makes bond breaking for ablation possible. The relation between

the number of bond scission and the excitation is linear when the band-gap energy is
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larger than the bond energy otherwise the relation is nonlinear due to the requirement of

higher order excitation energy [19].

5.4 PATTERNING ON BOROSILICATE GLASS USING FEMTOSECOND LASER

Figure 5.8 shows a SEM image of the nanostructures formed on the borosilicate
glass by using the optical near-field enhancement for different laser fluences and one
pulse irradiation. The nanostructures formed seem to be elliptical in shape as predicted in
[20]. This is due to the laser polarization, which plays an important role in optical
enhancement. Also it was found that most of the silica particles are removed from the
substrate surface. These particles are removed from the surface mainly due to the
deformation force and/or the high ablative force exceeding the particle-surface adhesion
force [21]. Figure 5.8 shows that as the laser fluence decreases the nanostructures formed
did not change in shape, unlike in some studies where sombrero-shape nanodents are
formed at high laser fluences and bowl-shape nanodents are formed at low laser fluences
[13, 22]. Also, from Figure 5.8 it can be seen that for the incident laser fluences of 330
mJ/cm?, 550 mJ/ecm” and 765 mJ/cm? the diameter of the holes along the major axis are
approximately 250 nm, 300 nm and 350 nm respectively. Hence, the diameter of the
nanostructures formed on the borosilicate glass increases with the laser fluence. Figure
5.9 shows the three-dimensional AFM scanning profile of the submicron structure formed
on the borosilicate glass and it can be seen that the structures formed are elliptical in
shape for different laser fluences which is in agreement with the SEM images (Fig. 5.8).

Figure 5.10 shows the cross-sectional or two-dimensional (2D) AFM profile of
the submicron structures along their major axis and it can be seen clearly that for laser
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fluences of 230 mJ/cm?, 550 mJ/cm? and 950 mJ/cm? the depth of the structures formed
are approximately 180 nm, 250 nm and 290 nm respectively. These measured AFM
cross-sectional profiles are in good agreement with the predicted profiles for similar
incident laser energies [20]. From 2D AFM profiles we can observe that the bottom of the
features along the major axis is flattened. The features obtained can be explained by the
theoretical model prediction using Fokker-Planck equation to describe the ablation
mechanism of the glass substrate during fs laser pulses [20] and also within the context of
Mie theory, which dictates strong forward scattering [23]. In general, the substrate
modifications would be expected at the contact point due to the normal incidence of the
laser pulse [24]. These submicron structures would then be driven by the intensity

distribution in the surface plane.
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Figure 5.8: SEM micrograph of the features formed on the glass substrate using
microspheres with a single laser pulse irradiation (A = 800 nm and FWHM = 100 fs)
having laser fluence of (a) 330 mJ/cm?, (b) 550 mJ/cm” and (c) 765 mJ/cm”.

Figure 5.9: AFM profiles of the features formed on the glass substrate using microspheres
with a single laser pulse irradiation (A=800 nm and FWHM= 100 fs) having laser fluence
of (a) 230 mJ/cm® and (b) 405 mJ/cm?
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nm

Figure 5.10: AFM cross-section profiles of the features formed on the glass substrate
using microspheres with a single laser pulse irradiation (A = 800 nm and FWHM = 100
fs) having laser fluence of (a) 230 mJ/cm?, (b) 550 mJ/cm?” and (c) 950 mJ/cm®.

5.5 CONCLUSION

Submicron patterning of the SiC material is achieved with features of diameter
ranging from 150 nm to 450 nm, with depths ranging from 70 nm to 200 nm depending
on the laser energy. This kind of patterning in a hard material like SiC is made possible
by using the optical near field enhancement, obtained by the irradiation of silica spheres
with a laser beam. Also an experimental study has been performed on a borosilicate glass
substrate using a fs laser. The features formed on the glass surface have diameters and

depths in the order of 300 nm and 250 nm, depending on the incident fs laser intensity.

118

nm
20
(a) 20 (v)
'20 T T _2507 T T T
0 25 5.0 0 0.5 1.0 1.5
pum Hm
nm
30
(©)
0
_30 T
0 1 2
pm
(©)




The experimentally observed damage is in good agreement with the theoretical
predictions of surface modifications [20]. Therefore, it is shown that the surface features
can be created below the diffraction limit and at the nanoscale. This unique technique can
be used for patterning in a massive and parallel fashion, such as on a transparent and bio-
compatible material like the borosilicate glass or SiC to obtain a very thin bio-membrane
for bio-filter applications. Also this study would open up fabrication of new nano-devices

having SiC as the main substrate.
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Chapter 6: Outlook

6.1 FINAL SUMMARY

Near-field effects for submicron patterning and developing new design for
plasmonic optical devices has been explored in this dissertation. The following specific
aims have been achieved (i) Tuning the extraordinary transmission by introducing an
extra geometrical factor and also by using an external magnetic field, (ii) Developing a
unique thermal emitter that has emission properties similar to laser by combing the
plasmonics and photonic crystals, (iii) Designing a tunable superlens for subwavelength
imaging by using plasmonic crystal and finally (iv) direct, parallel submicron patterning
of high bandgap materials,

In the case of the first aim it was shown that with metallic gratings or holes
having converging-diverging channels (CDC) the transmission peaks can be selected by
varying the width of gaps at the throat. By selecting a small throat gap high transmission
resonances in a very narrow band can be achieved. High transmission occurs in metallic
gratings when the phases across the grating are in-phase for a Fabry-Perot or waveguide
resonance to exist [1]. The CDC shape of the channel could aid the wave inside the
channel to become an in-phase standing wave. In addition it was shown that for a
rectangular hole pair array silver (Ag) film the presence of externally applied magnetic
field H would alter the transmission resonance peak locations. The shift is dependent on
the magnitude and the direction of the H. This is due to the shift of cavity resonance

condition as a result of the magento-induced anisotropy in the optical properties of the

121



metallic film. The proposed CDC shape along with the external magnetic field could lead
to extraordinary transmission at any wavelength that has a wide range of potential
applications in integrated photonic circuits, tunable filters, near-field optics, imaging
nanolithography and biological sensors.

The second aim is to develop a unique thermal emitter in any wavelength range.
This can be achieved by having a cavity surrounded on one side by a thin CDC Ag
grating and a one-dimensional (1D) photonic crystal (PhC) on the other side. The thermal
emitter has emission properties that are — highly monochromatic (FWHM ~ 4 nm) with
large temporal coherence, extremely directional (FWHM ~ 1.15°) with far field spatial
coherence and is p-polarized. The presence of cavity between the CDC gratings and 1D
PhC would change the dispersion characteristics of the surface plasmons (SPs). The
narrow peaks in the spectral and directional emission are mainly due to the strong
resonances in the cavity supported by the Ag CDC grating and 1D PhC. The thermal
source is tunable to various wavelengths and directions of emission with the choice of
right materials along with the parameters of the grating, cavity length and 1D PhC. Thus,
the CDC grating and 1D PhC with a cavity offers a simple multilayer structure that could
have great implications in a variety of applications with diverse wavelength range of
interest. Also the present thermal emitter with a varying cavity length can be used as a
single light source for different colors which could make it ideal for sensitive, multicolor
and multiplexing applications in molecular biology and bioengineering.

For the third aim a 2D tunable plasmonic crystal (2D tPLC) was proposed. It has a
triangular array of metallic cylinders in a Si (¢ = 12) substrate with a graphene array of

holes. The 2D tPLC has an extra degree of freedom that can be used for tuning the PhC to
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different effective refractive index (nefr) at a particular frequency (Q2) and to different Q at
a particular ne. In addition the superlensing by the tPLC has been realized with neg ~ -1
at different frequencies, which could then be used for imaging different size objects in
air. Tuning to different frequencies can be realized by varying the fluids in the holes of
tPLC. It is shown that an object with a smaller size in comparison to the wavelength and
when placed far from the lens, a subwavelength image can be achieved by using the
present 2D tPLC model with the holes filled by a higher dielectric constant fluid.
Whereas, a higher resolution image of an object that is placed closer to the lens can be
achieved by using the present 2D tPLC model with a lower dielectric constant fluid in the
holes of PhC. The proposed 2D tPLC can be made from materials like gold and Si to
achieve subwavelength resolution for applications with novel imaging and coupling
functionality in integrated optics components.

Finally for the last aim the submicron patterning on transparent high bandgap
materials like the SiC and borosilicate glass is made possible by using optical near-field
enhancement which is obtained by the irradiation of silica spheres with a laser beam and
it can be explained by Mie scattering theory. When the diameter of the sphere is equal to
or greater than the laser wavelength, light is scattered elastically and the field is enhanced
several times at the exit side of the spheres. Such optical enhancement can lead to local
melting or even vaporization of the substrate materials for surface patterning. Using this
technique features with diameter ranging from 150 nm to 450 nm and with depths
ranging from 70 nm to 200 nm were achieved depending on the laser energy. Surface
patterning on a borosilicate glass substrate was achieved by using fs laser. The features

formed on the glass surface have diameters and depths in the order of 300 nm and 250
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nm depending on the incident fs laser intensity. The experimentally observed damage is
in good agreement with the theoretical predictions of surface modifications [2].
Therefore, it is shown that the surface features can be created below the diffraction limit
and possibly at the sub-nanometer scale. This unique technique can be used for patterning
in a massive and parallel fashion on a transparent and bio-compatible material to obtain a
very thin bio-membrane for bio-filter applications. Also this study would open up

fabrication of new devices having SiC as the main substrate.

6.2 FUTURE WORK

In the field of metal-optics or plasmonics there are still lots of research
opportunities to explore and develop. These include SPs based circuits, where electronics
could merge with photonics at the nanoscale [3] for developing ultra-low loss optically
functional device. The new designs proposed and analyzed in this dissertation may open a
chance to implement them in non-conventional plasmonic chips. Hence it would be of
significant interest to fabricate these new plasmonic optical devices and conduct
experiments to confirm the tunable superlens for optical imaging with subwavelength
resolution, new thermal light source with unprecedented performance and tunable optical
filters with fine properties. But in order to build a complete circuit chip with plasmonic
based optical devices then plasmonic couplers with high conversion efficiency and
waveguides with low propagation loss comparable to the conventional optical

counterparts have to be designed and demonstrated.
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6.3 COMPUTATIONAL COST

The governing equation used in the present study is derived from the Maxwell’s
equations for an isotropic homogeneous medium with no current and charge sources
assumptions. Also the electromagnetic wave is assumed to be having a harmonic
propagation. Under these circumstances the present model can be used for most of the
simulation studies. But, the limitation of the model lies in the macroscopic nature of the
equations. The objects having dimensions in the range of 10 nm and lower can not be
simulated with the present model. Since the total number of nuclei and electrons present
in the object will have fluctuations that can not be spatially averaged.

In addition the present model can be used for a complex 2D simulation studies.
But, for 3D simulations the computational domain has to be simple. This is due to the fact
that the COMSOL 3.2a is limited in the amount of memory (4 GB) it can use for
calculations. Subsequently the number of degrees of freedom that can be solved for 3D is
around 1.2 x10° and for 2D is approximately 1x10°. But on the whole the present model
is very easy to use and the accuracy of the model increases with the total number of mesh

elements.
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Appendix

clear all

clc

% CONSTANTS
hp = 6.626e-34; % Planck’s Constant
cO = 3e8; % Speed of light in vacuum
mu0  =4*pi*le-7, % Permeability of vacuum
es 0 =38.5e-12; % Permittivity of vacuum
jev  =1.602e-19; % Joule to ev conversion

for bari =1 : 501

Lamda(bari) = (bari-1)*1e-7+3.5¢-6;

Lam = Lamda(bari);

energy = hp*cO/(Lam*j_ev);

esAu = DielectricConstant(3,0,energy); % Dielectric constant for Au
forbarj=1:2

flge

% INITIALIZING THE FEM STRUCUTURE
clear fem

fem.dim='U";
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fem.form='coefficient’;
fem.shape=2;

fem.sshape=2;

% CREATING THE GEOMETRY

pe = 3500e-9/Lam; % Grating period length (nm).

h =500e-9/Lam; % Aperture (nm)

Sp = pe-h; % Width of the Metal grating (nm).

L =pe; % Length of 2D computational domain.
b =2000e-9/Lam; % Intermediate layer thickness (nm).

¢ =1000e-9/Lam; % PML thickness (nm).

e =3000e-9/Lam; % Grating thickness (nm).

So = 10e-9/Lam; % Source region thickness (nm).

we = h-450e-9/Lam,; % Curvature of the Nanotip.

RX =rect2(-Lam*L/2,Lam*L/2,-c*Lam/2,c*Lam/2);
RX = move(RX,0,Lam/2*(4*b+e+2*So+c));

RIX =rect2(-Lam*L/2,Lam*L/2,-So*Lam/2,So*Lam/2);
RIX = move(RIX,0,Lam/2*(4*b+e+S0));

RVIII = rect2(-Lam*L/2,Lam*L/2,-b*Lam/4,b*Lam/4);
RVIII = move(RVIIL0,Lam/2*(7*b/2+e));

RVII = rect2(-Lam*L/2,Lam*L/2,-b*Lam/4,b*Lam/4);
RVII = move(RVIL0,Lam/2*(5*b/2+e));

RVI = rect2(-Lam*L/2,Lam*L/2,-b*Lam/2,b*Lam/2);
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RVI = move(RVL0,Lam/2*(b+e));

RV =rect2(-Lam*L/2,Lam*L/2,-e*Lam/2,e*Lam/2);

Ra = poly2([-h*Lam/2 h*Lam/2 we*Lam/2 h*Lam/2 -h*Lam/2 -we*Lam/2],
[e*Lam/2 e*Lam/2 0 -e*Lam/2 -e*Lam/2 0]);

RV =RV -Ra;

RIV =rect2(-Lam*L/2,Lam*L/2,-b*Lam/2,b*Lam/2);

RIV = move(RIV,0,-Lam/2*(b+e));

RIII = rect2(-Lam*L/2,Lam*L/2,-b*Lam/4,b*Lam/4);

RIIT = move(RIIL,0,-Lam/2*(5*b/2+e));

RII = rect2(-Lam*L/2,Lam*L/2,-b*Lam/4,b*Lam/4);

RII = move(RIL,0,-Lam/2*(7*b/2+¢));

RI = rect2(-Lam*L/2,Lam*L/2,-c*Lam/2,c*Lam/2);

RI = move(RIL,0,-Lam/2*(4*b+c+e));

fem.geom=RX+RIX+RVII+RVII+RVI+RV+RIV+RIII+RII+RI+Ra;

% FEM CONSTANTS
fem.const.teta =0;
fem.const.k = 2%pi/Lam;
fem.const.cO = 3e8;
fem.constmu 0  =4*pi*le-7;
fem.const.es_0 = 8.85e-12;
fem.const.h p = 6.626e-34;
fem.const.m =2;
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fem.const.sigma = lel6;

fem.const.L_ PML = c*Lam;
fem.const.Lx = L*Lam;
fem.const. W = 2*pi*(3e8)/Lam;
fem.const.yo bot = -Lam/2*(4*b+e);
fem.const.yo up = Lam/2*(4*b+e+2*So);
if barj = =1

fem.const.es quartz = 1;

fem.const.es Au =1
else

fem.const.es_quartz = 1;

fem.const.es Au real(esAu) - li*imag(esAu);

end

% EXPRESSIONS IN FEM STRUCUTRE.

fem.equ.expr.Ex ='"culy/(es_0*1*W)';
fem.equ.expr.Ey ="culx/(es_0*1*W)';
fem.equ.expr.E = 'sqrt(Ex*conj(Ex)+Ey*conj(Ey))';
fem.equ.expr.H = 'sqrt(U*conj(U))';
fem.equ.expr.Sx ="-U/Ux*culx"2*cO/(k*sqrt(-1))’;
fem.equ.expr.Sy ="-U/Uy*culy”"2*cO/(k*sqrt(-1))’;

fem.equ.expr.f y bot ='l-i*sigma/W*((y-yo bot)/L. PML)"m";

'1-1*sigma/W*((y-yo_up)/L_PML)"m';
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fem.equ.expr.source = 'exp(i*k*sin(teta)*x)";

fem.equ.expr.period = 'exp(-1*Lx*k*sin(teta))';

% INITIALIZE THE MESH
fem.mesh = meshinit(fem, hmax',6e-8);

fem.mesh = meshrefine(fem,'sdl',[11],' rmethod','regular');

% COUPLING VARIABLE ELEMENTS (PERIODIC BOUNDARY CONDITIONS)
clear elem
elem{1} = struct('elem’, {'clcplextr'}...
'var', { {'peonstr1','peonstr2', peonstr3', peonstr4’, peonstrS', peonstr6', peonstr 7', peonstrs’, p
constr9', peonstr10'}},...
2t e
sre’, igsstruet(expr, (UL UL UL UL UL U U s 16 s U
LU UL T UL s s U U U U s T UL 355 US U U U s s U U
SERIRIRIRURIRIRIR IR IR PR IR IR IR IRINORIRIR IR A2
U U U UL U UL L s s U 0 UL s U U U U5 UL 6 L U
U U U UL U s UL UL UL UG s T UL s s U U U 15 15 UL U
RERIRIRIRINRIRINIRIRTACE )
'map',{{0,0,'0',0,0,'0",0','0,'0",0'} }..
'ind, {{{'1'},{2,4,'6',8,'10,'12','14,'16,'18,20,21',22,23',24',25',26',27',28',29',30",
311,32',33',341,/35,136,137,138,139'}, {3}, {51, {7}, {9}, {11}, {13}, { 15}, { 17}, {'19')

IERER RS I
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‘geomdind, {{{ {}struct(map, {{{{},'1 {11 (L (L L L OB UL I 25 (L (10,
U U U U U35 U s U U U 5L U U s U U 45 UL U UL UL s s U
5> U U U555 U U U U U LU U U6 U UL U505 U UL UL B s 1 U U s U6 U6 557
AL DR 0000, 0. 0. 0800, 1000, 0,000, 0. 0.0.0.9. 0 1100,
(IRIRIRIRIRIRTATAIG
'ind', {{{1,2,3,4',5,6,'7,'8,9,'10,11',12',13'14,'15,'16,'17,'18',19',20',21',22',23',
24',25',26',27,28',29'}, {30}, {31,321}, {133'}, {134}, {135}, {136}, {137}, {138'},{139'}
F U
'map', { {struct('type’, {linear'},'sg, {'1'},'sv', {{'18,'19'}},'dg’, {'1'},'dv', {{' 1,2'} } ).
struct(type', { linear'},'sg’, {'1'},'sv, {{'191,20'} },'dg!, {1}, dv', { {23} })....
struct(type', {linear'},'sg’, {'1'},'sv, {{201,21'} },'dg!, {'1'},'dv', { {134} })....
struct(type', {linear'},'sg’, {'1'},'sv, {{'211,22'} },'dg!, {'1'},'dv', { {145} })....
struct(type', {linear'},'sg’, {'1'},'sv, {{'221,23'} },'dg,, {'1'},'dv', { {56} })....
struct(type', {linear'},'sg', {'1'},'sv, {{'23',24'} },'dg!, {'1'},'dv', { {16, 7'} })....
struct(type', { linear'},'sg’, {'1'},'sv, {{24',25'} },'dg,, {'1'}, AV, { {78} })....
struct(type', {linear'},'sg’, {'1'},'sv, {{'25',26'} },'dg!, {'1'},'dv', {{'8,'9'} })....
struct(type', {linear'},'sg’, {'1'},'sv, {{'261,27'} },'dg,, {'1'},'dv', { {9, 10'} }),...
struct('type’, {'linear'},'sg’, {'1'},'sv', { {27,28'}},'dg, {'1'}, /v, { {10, 11} )} });
elem{2} = struct(‘elem’, {'elpconstr'}...

AR o

‘geomdim’, { {{{},struct(‘constr', {{ {'pconstr1-
(U*period),'0',0',0',0,'0,'0',0',0','0'},{'0', pconstr2-

(U*period)',0',0,'0',0',0','0",0','0'},{'0',0", peonstr3-
131



(U*period)',0,0,'0',0',0,'0",0'},{'0,0",0", peonstr4-
(U*period)',0,0,'0',0',0,'0'},{'0','0,0",0", peonstrS-
(U*period)','0',0',0,0',0'},{'0,0,'0','0",'0", pconstr6-
(U*period)','0',0','0,0'},{'0',0','0,'0",'0",'0", pconstr7-
(U*period)','0',0',0'},{'0','0',0','0,'0",'0",'0", peonstr8-
(U*period)',0,0'},{'0,0,'0',0',0",'0,0",0", peonstr9-
(U*period),'0'},{0,'0',0','0',0','0','0",'0",'0", peonstr10-(U*period)'} } },..

‘epoints, {{{121,2/,2,121,2/,2,12',2/,2,'2'},{12,2,12/,2/,2,12',2/,2,12",2'},{'2/,2/,2/,'2",2/, 2",
21,121,212}, {12,2,2,121,2,2,121, 2/, 212"}, 12,12,21,2/, 12,121, 2/, 12,12/, 2"}, {122/, 2/, 12',12!, 2
2012022, §121,2,1221, 2,121,212 01, 12,121,221, 221,121,221, 121,212,212
2,21,2,2,2'},{2,2,2/,2,2,2/,2,2,2/,2'} } ...

ind, {30}, {31, {32}, 33,34, {35}, {36 1, {37 L {385, (391D, ()

fem.elemcpl = elem;

% DEFINE THE BOUNDARY CONDITIONS

fem.bnd.q={0};

fem.bnd.g={0};

fem.bnd.type={'neu'};

% SPECIFY THE PDE COEFFICIENTS

fem.equ.c = {{{'f y bot,'05'0,'1/f y bot'}}, {{'I'}}, {{'I'}}, {{'l/es_quartz'}},
{{'1es_Au'}}, ({'Ves_quartz}}, {{1'}}, {01, ({1}, (£ y_up, 050,/ y up'}},

{{'1/es_quartz'}}, {{'1/es_Au'}}};
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fem.equ.a = {{-(k"2)*f y bot'}, {-k"2'}, {-k"2'}, {-k"2'}, {-kA2'}, {-kA2'}, {-k"21),
{-kn 2, k2, {-(k2)* y_up'}, {-k"2'}, {-k"2'}};

fem.equ.f= {{'0}, {'0'}, {'0'}, {'0"}, {'0'}, {'0"}, {'0'}, {'0"}, {'source’}, {'0'}, {'0'},
{0355

fem.equ.ind = [1,2,3,4,5,6,7,8,9,10,11,12];

% SOLVE THE PROBLEM

fem.xmesh=meshextend(fem);

fem.sol=femlin(fem);

ElectricFlux(bari,barj) = 0;

ElectricFlux(bari,barj) = ElectricFlux(bari,barj) +
postint(fem,'E*conj(E)",'dl',[6],'edim', 1,'intorder',4,'geomnum’, 1,'solnum’, 1,'phase',(0) *pi/
180);
end
Transmittance ConvDiv(bari)= ElectricFlux(bari,2)/ElectricFlux(bari,1);
save('Final Au Transmittance ConvDiv_Final 5Snm_gap moredata.dat',' Transmittance
ConvDiv','-tabs',"-ascii')

end
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