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Abstract

The macroscopic behavior of materials in an electromagnetic field is determined
by quantities which arise from their microscopic properties, attributed to their
atomic structure. In analogy to the atoms in the naturally occurring conventional
materials, metamaterials, with their unique properties which arise from subwave-
length structuring, are capable of manipulating electromagnetic waves to achieve
benefits that go beyond what is possible with conventional materials. Metamate-
rials have drawn broad interest and have led to possible utilization in many elec-
tromagnetic applications from the microwave to optical regime, and especially for
guided-wave devices.

In this work, we explore how metamaterials can be used to enhance the perfor-
mance of integrated photonic devices and increase their functionalities. By em-
ploying the concepts of transformation optics, we demonstrate evanescent field
cloaking on a waveguide, where the fields propagating in a waveguide are manip-
ulated and controlled in a way that the scattered fields of an object located on a
waveguide do not interact with the evanescent field, resulting in its invisibility.

We explore the discrete nature of waveguide modes and the effective medium
concept to achieve a simple, yet compact and efficient waveguide mode conversion
devices with more than 90% efficiency. The conversion is realized using dielectric
metasurfaces engraved in the silicon waveguide, and the technique can be gener-
alized to realize arbitrary mode conversions.

We develop a surface plasmon resonance sensor with 50% sensitivity enhance-
ment compared to conventional configuration as result of an optimized multilayer
film structure. Simultaneous wavelength and angular interrogations are conducted
to characterize the sensor performance.

We demonstrate that highly transmissive facets can be formed on silicon waveg-
uides by subwavelength gradient structures and achieve over 98% transmittance.
The optimal structure is obtained by extensive numerical simulations.

For each project, we present the fundamental concepts and the analysis required
for the comprehension of light propagation in subwavelength optical structures.
The theoretical derivations as well as numerical and experimental observations

are summarized and analyzed in this thesis.
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1 Introduction

The development of novel functional materials have always played an important
role in the evolution of human civilization throughout the ages. Since light is
omnipresent in our world, and its widespread application in nearly every area,
controlling electromagnetic waves through engineered materials is of particular

importance.

Traditionally, the materials for optical devices and applications were mainly
made from transparent glasses, reflective metals and various optical thin films [1].
These bulk materials selectively refract and reflect light according to Snell’s law,
Fermat’s principle, Fresnel’s equations and Fresnel-Kirchhoff’s diffraction formula
[2]. The ever-growing interest in upgrading the performance of classical optical
devices and overcoming the fundamental difficulties had to face several major chal-
lenges including surmounting the diffraction limit and other restrictions set by

classical theories, and reducing the complexity and cost of optical systems.

In the last decades, the manufacturing scale of optical materials was expanded
into dimensions smaller than the wavelength, and allowed exploiting the light scat-
tered by subwavelength structures, where the light propagation can be tuned al-
most arbitrarily [3, 4]. In addition, full-vectorial electromagnetic computational
algorithms have facilitated the rigorous designs of complex structures with multi-

scale characteristic dimensions [5].

At the nanoscale, subwavelength light-matter interaction is blended with classic
and quantum effects in various functional materials such as noble metals [6, 7],
semiconductors [8], phase-change materials [9, 10], and 2D materials [11, 12]. These
so-called metamaterials [13] provide unprecedented opportunities to upgrade the
performance of classic optical devices. Metamaterials are artificial materials with
subwavelength features which act as miniature, anisotropic light scatterers. As a
result, the phase, amplitude and polarization of light can be engineered to provide

the desired optical response.
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Here, we incorporate metamaterials into integrated photonic devices and ex-
plore how they can be used to enhance their performance, such as reducing waveg-
uide facet reflection losses with anti-reflective structures, engineering the waveg-
uide effective index to convert the propagating modes, and demonstrate phenomenon
of evanescent field cloaking on a chip. We present the basic concepts of electro-
magnetic wave theory required for the comprehension of light propagation in sub-
wavelength optical structures, investigate phenomena associated with the propa-
gation and manipulation of light in dielectric waveguides and waveguides with
plasmonic overlayer, and review the theory of guided wave optics. Additionally,
we provide an overview of the general properties of surface plasmon polaritons
and examine how their propagation can be manipulated. Finally, we present the
outcomes of our work done in the fields of surface plasmon resonance sensors,
evanescent field waveguide cloaking [14], waveguide facet anti-reflective struc-

tures, and waveguide mode conversion on silicon waveguides [15].

1.1 Motivation

Metamaterials have tremendous potential in many fields of science and technol-
ogy. Nevertheless, the major scientific breakthroughs based on metamaterials, in-
cluding invisibility cloaks [16, 17, 18], super lenses [19, 20], and negative refraction
[21, 22, 23, 24] were demonstrated primarily in free-space optics. The recent devel-
opments in metamaterial science and nanotechnology have enabled the possibility

of incorporating metamaterials into guided-wave optical devices [25, 26, 27, 28].

The main aim of this research activity is to address the issues associated with
combining the technologies of guided-wave optical devices and metamaterials, and
expanding the applications of integrated photonic devices. Our objectives include
the design of a waveguide cloak by utilizing the light confinement in metallic struc-
tures, reducing coupling losses by engineering the facets of silicon waveguides,
converting between waveguide modes using a compact and simple scheme, and
increasing the sensitivity of surface plasmon resonance sensors through optimiza-

tion of a multilayer thin film structure.
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1.2 Theoretical Background

Grasping the fundamental properties of materials and their behavior in an elec-
tromagnetic field is essential for the development of metamaterials. Furthermore,
waveguides and thin film structures are fundamental building blocks in integrated
photonic devices and sensors. In this chapter, we introduce the basis of waveg-

uides and surface plasmon polaritons (SPPs).

1.2.1 Surface Plasmon Polaritons

SPPs [29, 30, 31] are evanescent electromagnetic waves propagating along a metal-
dielectric interface that are strongly coupled to coherent oscillations of free charges
at the metal surface. SPPs are widely used for various applications [32] such as
chemical and biological sensors [33], microscopy [34], and light sources [35].

In this work, we utilize the resonant behavior of SPPs and their ability to confine
light in subwavelength scales [36] to increase the sensitivity of biological sensors
and as means to localize light in plasmonic overlayers deposited on waveguides.
The unique nature of SPPs and their interaction with light arises from the various

optical properties of the materials.

1.2.1.1 Optical Constants and Properties

The optical properties of a material dictate the changes that light undergoes upon
interacting with it and arise from its macroscopic and microscopic properties [37,
38]. The optical properties are associated with important optical constants, namely
the relative permittivity ¢,, refractive index n and the extinction coefficient .
The precision of the various optical constants dictates the accuracy of the the-
oretical and numerical modeling of the investigated optical phenomena. The con-
stants depend on the interaction between atoms and the applied electric fields.

Therefore, choosing the appropriate material model is of very high importance.

Drude-Lorentz Model While the dispersion of light in simple transparent ma-
terials is usually determined by empirical methods [39], the optical constants of

metals and semiconductors are modeled based on the harmonic oscillator model
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of the carriers in a material. The problem is treated as an electron-spring system
connected to an infinite mass of the nucleus in an atom. The frequency dependent
permittivity is obtained by taking in account the driving and the damping forces
an electron experiences, and described by the sum of multiple resonant functions.

Both bound and free electrons contribute to the optical properties. The complex
dielectric permittivity contains both the Drude component for the intraband effect
and the Lorentz term for the interband transition in the form of the Lorentz-Drude
(LD) model [40, 41]

2 K 2
Wp fio;

+Zz

w? + joyg i=1 Wi ~ w? - joy;

e(w)=1- (1.1)
where o is the angular frequency, and w, is the plasma frequency with damping
constant y,;. In the second term, K is the total number of oscillators with resonant
frequency wj, strength f;, and relaxation time 1/y;. The relative permittivity is a
complex function with real part ¢, and imaginary part ¢/ .

The values of silver (Ag) and gold (Au) for the LD model are listed in Table 1.1

[42]. In this work, we use these noble metals for our plasmonic applications.

Table 1.1: Lorentz-Drude model parameter values for common metals used in plasmonic
devices [42].

fo Yd f Y1 w1 fa Y2 [2) f3 Y3 w3 fa Ya [on fs Ys s

Ag  0.845 0.048 0.065 3.886 0.816 0.124 0.452 4.481 0.011 0.065 8.815 0.840 0.916 9.083 5.646 2.419 20.29
Au 0760 0.053 0.024 0.241 0.415 0.010 0.345 0.830 0.071 0.870 2.969 0.601 2.494 4.304 4.384 2.214 13.32

The calculated dielectric permittivities of silver and gold are plotted as a function
of wavelength in Fig. 1.1a. At optical frequencies, the magnitudes of the imaginary
parts of the both dielectric permittivity and the refractive index are much greater
than the real part.

We use the LD model in our calculations to enable us to take advantage of semi-
conductors and metals at optical frequencies and search for a possibility of an

optical plasmon existence in that range.

Refractive Index and Extinction Coefficient The refractive index (RI) n of

a material is the ratio of the velocity of light in vacuum ¢y to its velocity v in
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Figure 1.1 | Dielectric permittivity and the complex refractive index of common
metals used in plasmonic devices. a, Dielectric permittivity of silver and
gold. b, Complex refractive index of silver and gold. The imaginary parts are
much greater than the real part at optical wavelengths.

the medium n = cy/v = \[&fi,. An electromagnetic wave propagating through a
lossy medium also experiences attenuation. In such materials, the RI is a complex
function N, with real part n and imaginary part x called the extinction coefficient.
Since most naturally occurring materials are non-magnetic at optical frequencies,
the relative permeability y, is assumed to be unity. Therefore, N is related to the

complex relative permittivity by
N =n-ik=\l¢e = ¢ — ¢ (1.2)

As seen from Fig. 1.1a, at wavelengths longer than the resonant wavelength,
the imaginary part of the RI is incrementally greater than the corresponding real
part, which is slightly larger than zero. This is an indication about the large losses

associated with plasmons.

The best choice of material for plasmonic applications is one that has the lowest
loss (and therefore the smallest dampening rate), and is stable in the environment
in which it would be used. In addition to a low dampening rate, the chosen ma-
terial has to support plasmons of the desired energy without inducing intraband
transitions. Looking Table 1.1, one can see that silver has a lower dampening rate

(yq) and is able to support plasmons that span the entire VIS-NIR spectrum due to
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the vicinity of the interband transition frequencies. Therefore, we choose silver as

the metal in our surface plasmon resonance (SPR) sensor.

1.2.1.2 Dispersion Relation

The energy absorbed by metals from an incident electromagnetic (EM) field can
cause free charges to oscillate in unison with the applied electric field. This collec-
tive electron oscillation excited at a metal-dielectric interface is known as surface
plasmons (SPs).

Solving Maxwell’s equations for the electromagnetic wave at the interface be-
tween a metal and dielectric half spaces under the appropriate boundary conditions

provides the dispersion relation [41]

Ed€m

Ed T Em

ky = ksp = ko (1.3)
where kgp is the frequency dependent SP wavevector parallel to the interface, kg =
w/cg is the free-space wavevector, ¢; and ¢,, are the permittivities of the dielectric
and the metal, respectively.

The dispersion relation for a single metal-dielectric interface is schematically
plotted in Fig. 1.2a. When taking the Drude component only into consideration
(no damping), the wavevector k, increases with the frequency w. As it reaches
the SP frequency wsp = wp/ \/1+—ed, the mode demonstrates electrostatic character
and transforms to SPs. On the other hand, when considering damping as in the
LD model, which is the actual situation in a real metal because of the intraband
and interband transitions of electrons, it bends backwards filling the region called
plasmon bandgap [43], and connects to the Brewster mode [44].

The field perpendicular to the interface varies on a subwavelength scale and
described in terms of evanescent waves (see Fig. 1.2b), reflecting the bound, non-
radiative nature of SPs, and prevents power from propagating away from the sur-

face. This confinement is described by the normal component of the wave vector

w 2 2
kZ,i = €l' - - kSP (1.4)

Co
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where ¢; is the relative permittivity ¢,, for the metal and ¢; for the dielectric
medium. The SP exponentially decays into the surrounding media as it propa-
gates along the surface. The penetration depths are given by substituting Eq. (1.4)
into Eq. (1.3) and taking the real parts of the complex permittivity

A e, + ¢4

§i=— 1.5
I (1.5)

a b
: Metal, &, Dielectric, &4
0.8 |
§ 0.6
3 w
0.4 t
— Photon
— SP (Drude) 0.2+
SP (LD) .
0
-0.5 1

k./k,
z(um)

Figure 1.2 | Dispersion relation and evanescent decay of SPs at a single metal-
dielectric interface. a, The dispersion curve for a SP. At low wavevectors,
the SP curve approaches the propagating free-space curve. b, The field in
the perpendicular direction is evanescent and exponentially decays into the
surrounding materials.

1.2.1.3 Coupling, Propagation, and Excitation of SPPs

The dispersion curve of the SP in Fig. 1.2b stays to the right of the vacuum curve
= cgkg. The momentum of the SP wavevector fiksp, where i=h/27 is the reduced
Planck constant, is greater than that of a free-space photon of the same frequency
hkg and in order to couple light and SPs together, their momenta must be matched,
resulting in SPPs. Such SPPs cannot be excited by an impinging plane wave on the
interface. Yet, the missing momentum can be obtained with the help of frustrated

TIR, which increases ksp beyond its vacuum value resulting in SPR.
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Propagation of Surface Plasmons In contrary to a single metal-dielectric in-
terface in Fig. 1.2b, a multilayer system consisting of alternating conducting and
dielectric films can sustain bound SPPs on each single interface. When the separa-
tion between the adjacent interfaces is comparable to or smaller than the evanes-
cent decay length of the interface mode, interactions between SPPs give rise to

coupled modes.

The basic geometry supporting bound SPP modes is shown in Fig. 1.3a. In the
so called dielectric-metal-dielectric (DMD) configuration, the system is composed
of a thin metal film with thickness d and permittivity ¢,, sandwiched between
two dielectrics with permittivities ¢;1 and ¢;5, respectively. The solution of wave

equation for this structure must satisfy
k2 = k2 - k2 (1.6)

where k; and ¢; are the wavevectors and dielectric constants in each region, and k,,
is the wavevector in the direction of propagation. Thus, solving Maxwell’s equa-

tion under the appropriate boundary conditions provides the dispersion relation

ki/e1 + kole kqi/e1 + k3/¢
e_4k1d=< 1/¢1 2 2)( 1/¢€1 3 3) (1‘7)
k1/€1 - kz/Ez k1/€1 - k3/€3

Substituting Eq. (1.6) into Eq. (1.7) and solving for k, provides two distinct so-
lutions of the supported odd and even modes. Consider a symmetric DMD config-
uration of a silver film (nag = 0.056440 + 4.2698i [45]) with thickness d = 20 nm
sandwiched between two half spaces of crown glass (ngg7; = 1.5151). The nor-
malized components of the electric field perpendicular to the interface E,(z) of the

bound odd and even modes at the wavelength A = 632.8 nm are plotted in Fig. 1.3a.

The calculated propagation constants of the modes as a function of the silver
layer thickness are plotted in Fig. 1.3b. Odd modes have the interesting property
that upon decreasing metal film thickness, the confinement of the coupled SPP to
the metal film decreases as the mode evolves into a plane wave supported by the
homogeneous dielectric environment. The even modes exhibit the opposite behav-
ior, their confinement to the metal increases with decreasing metal film thickness,

resulting in a reduction in propagation length.
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Figure 1.3 | Geometry and eigenmodes of a symmetric DMD system. a, Geometry
of a symmetric DMD system consisting of a thin silver layer sandwiched
between two infinite dielectric half spaces with the calculated normalized
odd and even eigenmodes. b, Propagation constants of the odd and even
modes as a function of layer thickness.

It will be shown later that these modes can be coupled with guided modes
supported by dielectric waveguides by matching their corresponding propagation
constants. Waveguides incorporating SPPs can support propagation mode tightly
bounded to the metallic surfaces and confine the guiding wave in deep subwave-
length scale. This feature is the principle behind using plasmonics in subwave-

length integrated optical devices.

Surface Plasmon Resonance If a TM polarized plane wave is incident upon
a metal-dielectric interface at an angle that is greater than the angle of TIR, then
the corresponding wavenumber will be greater than its vacuum value and it could
excite a plasmon wave along the interface. In the so-called Kretschmann-Raether
(KR) configuration shown in Fig. 1.4a, a thin metal film of subwavelength scale
with RI n and thickness d is sandwiched between a prism and air with RIs n, and
np, respectively. The TIR angle is 6, = arcsin(nb/ na), and the angle of incidence

from the prism side is assumed to be 8 > 0, so that

ky = kgn, sin 0 = kqny (1.8)
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Because of Snell’s law, the k, component of the wavevector along the interface
is preserved across the media. If there is a SP wave on the metal-air interface, then
it will be characterized by the specific values given by Eq. (1.3) and Eq. (1.4). If
the incidence angle 0 is such that k, is near the real part of ksp given by Eq. (1.3),
then a resonance takes place exciting the surface plasmon wave. This method of
providing the missing momentum is referred to as the attenuated total reflection
(ATR) method.

The reflection response measured at the prism side experiences a sharp drop at

the resonant angle 6sp given by

|1 n% n?
9513 = arcsin n— m (1.9)
a b

The corresponding TM reflection response of the structure is given by

. 2
ry+ rbe—ZLkzd

R=|l——F—
1+ rye~2ikd

(1.10)

where d is the layer thickness, r, and r;, denote the TM reflection coefficients at
each interface given by
2 2 2 2
k,ng - k,,n k,pn® - k;nj,

_zlam e DR TR 111
k,n2 + k,,n? b k,pn? + k,n? (L1D)

ra

Fig. 1.4b shows the reflection response versus angle 6 for a crown glass prism

coated with a silver film with thickness d = 40 nm and air on the other side at

wavelength A = 632.8 nm. At the resonance angle, photons couple with the free

electrons in the metal, and as a result, the reflection response measured at the

prism side experiences sharp drop. Both the critical angle 6. and the SPR angle 6,
are indicated on the graph as dashed lines in Fig. 1.4b.

SPR can also occur in particles having a dimension much smaller than the wave-
length of the light [46]. In the so called localized surface plasmon resonance (LSPR),
as light interacts with a nano-particle, the particle is polarized, with an induced

charge distribution appearing over the particle surface. Since the scale of the par-



1.2 Theoretical Background 1

a b 6. 6,
100 & &
2 Prism 80 | i i
1 ka 9 9 R —~ i i
kea k) n, 8 60t ! !
K > X | |
k; n ~ ! !
Metal -2k d 40 ¢ | 1
Y 20 | i
ny !
Air  Plasmon R ks !
xb 0
v 40 42 44 46
4 0 (deg)

Figure 1.4 | Surface plasmon resonance excitation by total internal reflection. a,
Kretschmann-Raether configuration. A thin metal film of subwavelength
thickness is sandwiched between a prism and air. b, Reflection response
for a glass-silver-air configuration with a sharp drop at the resonant angle.

ticle and the induced charge density variation can be much smaller than the wave-
length, so is the local field distribution. LSPR differs from SPR as the induced plas-
mons oscillate locally to the nanostructure, rather than along the metal-dielectric
interface. LSPR exhibit a tunable resonant frequency that doesn’t require momen-
tum matching but rather depends on the nanoparticle size, shape, composition and

surrounding media.

1.2.2 Fundamentals of Guided Wave Optics

A beam of light with a finite transverse dimensions will diverge as it propagates in
a homogeneous medium [47]. Generally, the beam can be confined by employing a
dielectric medium of higher refractive index on the basis of total internal reflection
(TIR). The confined electromagnetic propagation manifests itself in terms of guided
modes supported by waveguide structures. The optical modes are solutions of the
eigenvalue equation, which is derived from Maxwell’s equations subject to the
boundary conditions imposed by the waveguide geometry and materials.

Optical waveguides are the key components in integrated optical circuits [48].
Generally, the waveguides consist of a rectangular core surrounded by lower re-

fractive media and confined in both transverse dimensions. However, rigorous
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three dimensional numerical analysis is required to obtain the transmission char-
acteristics of such geometries. Therefore, we focus on slab waveguides which con-
fine the mode in a single transverse dimension to acquire a fundamental under-

standing of optical waveguides.

1.2.2.1 The Dielectric Slab Waveguide

Optical waveguides consist of a core, in which light is confined, sandwiched be-
tween a cladding and a substrate, as shown in Fig. 1.5a. The refractive index of
the waveguide core n,, is higher than of the adjacent cladding n, and substrate
ng. Therefore, a light beam that is coupled into the waveguide is confined in the

core by TIR from both interfaces and propagates in the z direction. Fig. 1.5b shows
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Figure 1.5 | Dielectric slab waveguide. a, Schematic of the dielectric slab waveguide.
Light is confined in the core and propagates in the Z direction. b, Typical
electric field pattern of a propagating mode. The mode is primarily confined
inside the core and decays exponentially with distance.

typical electric field profile of a waveguide mode, where the propagating fields are
confined primarily inside the core. However, they also exist as evanescent waves
outside of it, decaying exponentially with distance from the slab with decay con-

stants «; and «,.

1.2.2.2 Guided Modes

The solution of Maxwell’s equations under the appropriate boundary conditions

for the waveguide shown in Fig. 1.5 requires that only certain discrete values of the
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propagation constant f3,,, are allowed [48]. Thus, there are only a limited number
of guided modes in the allowed range of j3

p

Ne < Ng < k_o < n, (1.12)
where the lower limit = kqgng defines the cutoff frequencies. The total amount of
allowed modes M are labeled by their corresponding mode number m = 0, 1, 2, ..., M-
1. The mode number of each mode is associated with light rays at a distinct angle
of propagation. The discrete modes form an orthonormal set and satisfy the wave

equation.

The wave equation for the structure consists of two explicit expressions for
each of the independent electromagnetic propagation modes, denoted as trans-
verse electric (TE) and transverse magnetic (TM) modes, respectively. The char-
acteristic normalized solution for an asymmetric slab with core thickness of 2d for

each set of modes is

1 1 u
-—mm + — arctan(—) + = arctan( ) TE Modes
2 2 v u
U=11 1 nZ u 1 nZ, w
—ms + — arctan —2— + — arctan — TM Modes (1.13)
2 2 ng v 2 ng u :
2 2
né -n
w+v2=v2, w22 = yv2, yz—; g
ny — g

where the normalized frequency V, and the transverse wavenumbers u, v and w

are given by

2md
V = kod nw—ns——\/nw—ns, u=k,d, v=ad, w=ad (1.14)

Solving Eq. (1.13) provides the propagation constant f3, or equivalently, the ef-

fective mode index neg = f/kg using

B k2 u?
ﬁ kO nw k\%v — Neff = k_O = n%v - k_g = n%v - kgdz (1'15)
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The modes in Eq. (1.13) are represented by means of a universal mode dispersion

curve defined in terms of the normalized propagation constant b

2 2.2
Be - kyng

h= — 95
kg (n?, - n2)

(1.16)

Substituting Eq. (1.16) into Eq. (1.13) provides the form

b b+
2VN1-b=mm+ arctan< ﬂ) + arctan( 1—2) (1.17)

Fig. 1.6a depicts the dispersion curves for TE and TM modes relating the nor-
malized frequencies V and propagation constants b for different mode orders m.
The corresponding normalized electric field profiles of the TE modes are shown in
Fig. 1.6b.
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Figure 1.6 | Dispersion curves for propagating modes in a dielectric slab waveg-
uide. a, Normalized propagation constant b as a function of normalized
frequency V. b, Electric field profile of the corresponding TE modes.

1.2.2.3 Hybridization of Waveguide Modes with Plasmonic Overlayer

While the losses of dielectric waveguides can be mitigated by choosing the ap-

propriate materials and the suitable operation wavelength, the losses of plasmonic
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structures are proportional to their optical mode confinement, i.e. more confined
modes suffer more losses. A satisfactory compromise between the loss and con-
finement is achieved by depositing a thin metal film on top a dielectric waveguide
to form a composite plasmonic waveguide (CPW) [49]. As a result of the large
imaginary part of the metal RI, the modes of such a waveguide structure become

hybrid or complex.

A detailed theoretical study of CPW and the expressions for modal expansion
coefficients, optical transmittance, and surface intensity are found in [49]. The

general complex EM field distributions of a CPW structure are given by

E(x,y,2,t) = ay,(2)Ep(x, y)ei(wt‘ﬁmz)
. (1.18)
H(x, y, z, t) = ap(z)Hp,(x, y)e’(wt‘ﬁmz)

where f,, is the propagation constant of the m™ mode, E,,(x, y) and H,,(x, y) are
the transverse wavefunctions, and a,,(z) = N,,,A,,,(z) is the complex field amplitude
(CFA). The power flow in the waveguide is the sum of the power carried by each
mode individually, if the power is normalized to 1W, the normalization factor of

the modes can be written as

-1/2
N, = 2[” R(E,, x Hy)dxdy (1.19)

where m, n are the mode numbers of two individual modes supported by the struc-

ture.

For a given mode of propagation, the time-averaged power flow is given by

p= %ﬂ R[E x H'] - a,da (1.20)

The general properties of the complex waveguide modes and their energy trans-
port relations are crucial for the design of novel waveguide devices. In the follow-

ing chapeters, we will use these derivations for the characterization of our CPW.
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1.3 Thesis Outline

In the preceding section, we introduced the basic theories required for the design
of plasmonic and integrated photonic devices, and derived some general properties
of SPPs and waveguide modes. The remainder of this thesis is organized into three
main chapters.

In Chapter 2, we present the fundamental concepts and methods that were stud-
ied and used to explore subwavelength structuring in multi-layer systems and op-
tical waveguides. We start by reviewing the principles of field concentration and
enhancement in plasmonic structures. The various numerical methods we applied
throughout our work are presented. We elaborate on the theory of wave propaga-
tion in different periodic media and present some of its applications in multi-layer
structures and waveguides. Finally, we discuss the principles of subwavelength
structures materials and how they can be used to control EM fields.

In Chapter 3, we present the major results obtained in this work. We explore
the excitation of hybrid modes in dielectric and plasmonic structures, and demon-
strate how the evanescent field of such a device can be manipulated to create an
invisibility cloak. We present the design and implementation of metasurfaces ca-
pable of converting the eigenmodes supported by a silicon waveguide from one
to another, and a metasurfaces which reduce waveguide coupling losses. In addi-
tion, the practical considerations for a novel SPR sensor are presented along with
experimental results validating our design.

Finally, the main conclusions and the future prospects are described in Chapter
4. We present our research activities where materials of subwavelength dimen-

sions are utilized for the development of novel waveguide devices and sensors.
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As a fundamental property of waves, diffraction plays an important role in many
physical problems. However, the phenomena of diffraction makes waves in free
space unable to be focused into an arbitrarily small space, setting a fundamental

limit to applications such as imaging, lithography, and guided wave optics.

The diffraction limit proposed by Ernest Abbe and Lord Rayleigh in 1870s [50]
states that the resolution of microscopes and telescopes is linearly related to the
wavelength and inversely related to the aperture size. Light with wavelength A,
traveling in a medium with refractive index n and converging to a spot with half-

angle 0 will have a minimum resolvable distance of

A A

d: = 2-1
2nsin® 2NA (21)

where nsin 0 is the numerical aperture (NA). Consequently, observing molecules
with subwavelength dimensions through a microscope is very challenging [51]
while exploring of life in distant planets requires huge telescope apertures [52].
Furthermore, classical absorption and emission theory of light sets a fundamental
restriction on the performances of optical devices, such as bandwidth and effi-

ciency [2].

In this chapter, we review the underlying fundamental concepts and methods
used throughout this work. We primarily focus on the use of subwavelength struc-
turing for overcoming the fundamental limitations and restrictions set by classi-
cal wave theory in several devices and applications. We explain the principles of
field concentration and enhancement in plasmonic structures and discuss waveg-
uide coupling and propagation. The essential electromagnetic analytical formula-
tions and computational algorithms used for the design of complex subwavelength

structures are presented.
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2.1 Localization and Field Enhancement

In the previous chapter, we have seen that a sustained surface wave can be excited
along metal surfaces accompanied by ohmic losses. The bounded solutions indi-
cate that SPP modes are confined to the interfaces of dielectric-metal-dielectric
structures. Furthermore, as seen from the dispersion relations, the propagation
constant of SPP modes is larger than that of a free-space photon at a given fre-
quency. When an EM field with frequency lower than of the SP is incident on
the interface, a smaller effective wavelength for the SPP mode is achieved com-
pared to the optical mode. This results in subwavelength confinement of light into
volumes much smaller than the diffraction limit. These features of SPPs are the
fundamental source for most of its applications.

The field density and lines for SPR excited in a thin film structure is shown in
Fig. 2.1a. The fields are tightly bound to the surface and decay exponentially on
either side of the surface. The dipole field of LSPR in a spherical nano-particle is
shown in Fig. 2.1b. The polarization of the sphere lies along the polarization of the

incident electric field and the field enhancement peaks on the surface.
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Figure 2.1 | Field localization and enhancement in plasmonic structures. a, Electric
field density and lines for SPR excited in a thin film structure. The fields are
bound to the surface and decay exponentially. b, Electric field density and
lines for LSPR excited in a spherical nanoparticle. The field enhancement
peaks on the surface.

This high confinement leads to significant field enhancement that can be used
to manipulate light-matter interactions. The coupling mechanism, dispersion of

optical modes, and the enhanced field associated with SPPs makes them suitable



2.2 Numerical Modeling 19

for a wide variety of applications, including nanophotonic devices [53], waveguides
[49], and biological and chemical sensors. Based on the localized resonances and
complex coupling, many novel optical functionalities, devices and systems can be

realized.

2.2 Numerical Modeling

Due to the complex irregular geometries found in actual devices, several EM prob-
lems like scattering, radiation, and waveguide modeling, do not have an explicit
analytical solution. Computational numerical techniques [54] can overcome the
inability to derive closed form solutions of Maxwell’s equations under various con-
stitutive relations of media, and boundary conditions. This makes numerical tech-
niques inherently vital for the design and modeling of antennas, communication
systems, nanophotonic devices, medical imaging devices, and integrated optical
circuits.

Typically, the numerical solution is computed in terms of the EM fields across
the problem domain. The domain is subdivided into smaller regions and the result-
ing set of partial differential equations (PDEs) which are approximated to provide a
solution across the entire space. Other merits such as power flow direction, waveg-
uide modes, wave dispersion, and scattering can be computed from the obtained
fields.

The eigenvalue problem formulation of the numerical techniques allows us to
calculate steady state normal modes in a structure. While transient response and
impulse field effects are more accurately modeled in time domain by the finite dif-
ference time domain (FDTD) method, curved geometrical objects and thin features
are treated more accurately by the finite element method (FEM). Each method is
application specific and choosing the right technique for solving a problem is im-

portant for shorter computation time and accuracy.

2.2.1 Finite-Difference

FDTD [55] is a numerical analysis technique used to find approximate solutions

for the associated system of time-dependent partial differential equations (PDEs).
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Since it is a time-domain method, FDTD solutions can cover a wide frequency
range with a single simulation run. The FDTD method provides direct time and
space solutions to Maxwell’s equations in complex geometries using grid-based
differential time-domain numerical modeling. The equations are modified to central-
difference equations, discretized, and implemented in software.

In this work, we use the commercial package of Lumerical Finite-Difference
integrated design environment (IDE) [56] to solve problems which include wave
propagation in large structures. These models are large compared to wavelength
and the FDTD method gives a good compromise between accuracy and computa-
tional resources.

The three-dimensional space consists of an orthogonal Cartesian grid with mul-
tiple cells constituting a set of PDEs. An illustration of a standard cell used for
FDTD is shown in Fig. 2.2. The cell is visualized as a cubic voxel where the electric
field components form the edges of the cube, and the magnetic field components
form the normals to the faces of the cube. The EM wave interaction is implemented
into the spatial grid by assigning the appropriate values of permittivity and per-
meability to each field component. The equations are solved in a cyclic manner,
i.e., the electric field is solved at a given instant in time, then the magnetic field
is solved at the next instant in time. This process is repeated until the desired
transient or steady-state electromagnetic field behavior is fully evolved.

Being a direct time and space solution, FDTD offers an insight into all types of
problems in electromagnetics and photonics. The frequency solution is obtained
by exploiting Fourier transforms, thus a full range of useful quantities can be cal-
culated, such as the complex Poynting vector, waveguide mode profiles and the

transmission/reflection of light.

2.2.2 Finite-Element

As with the finite difference scheme, the FEM is a numerical technique that reduces
problems defined in geometrical space by subdividing the domain into smaller re-
gions to find a solution in a finite number of points. In contrast to finite difference
procedures, each subregion or element is unique and doesn’t require orthogonal-

ity. The governing equations in the FEM are integrated over each finite element,
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Figure 2.2 | lllustration of a standard Cartesian cell used for FDTD. a, Electric field
components which form the edges of the cube. b, Magnetic field components
which form the normals to the faces of the cube. ¢, The FDTD cell is visualized
as a cubic voxel.

and the contributions are summed to assemble the solution over the entire problem
domain.

FEM uses triangular and quadrilateral elements in two dimensional problems,
and various polyhedrons in three dimensions. The unknown variables are ap-
proximated using known basis functions over each finite element and expressed
as functions of the geometrical locations of the element nodes. Consequently, a
set of finite linear equations is obtained in terms of the values of the unknown
parameters at the nodes and solved using linear algebra techniques.

A typical FEM mesh showing the geometry and placement of nodes for 3D lin-
ear elements is shown in Fig. 2.3a. The domain contains complex geometry with
curved edges and surfaces. A typical visualization of a FEM solution is shown in
Fig. 2.3b.

One of the most important features of FEM is that it is based on unstructured
grids. This means that FEM is more flexible with respect to the geometry. In
this work, we use the commercial package of COMSOL Multiphysics IDE [57] as
our FEM solver. Although FEM is much more computationally expensive than
FDTD, we use it for simulations which include complex curved geometries and
thin film structures. In addition, we use FEM for validation purposes of our FDTD

simulations.
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Figure 2.3 | lllustration of typical FEM mesh and solution. a, Mesh showing the
geometry and placement of nodes for 3D linear elements. b, Visualization of
a FEM solution.

2.3 Wave Propagation in Periodic and Layered
Media

The propagation of EM radiation in periodic media exhibits many interesting and
useful phenomena employed in many devices such as diffraction gratings, Bragg
mirrors [58], distributed feedback lasers [59], acousto-optics [60], and plays an im-
portant role in guided-wave optics [61]. The periodicity is generally described in
terms of the material optical constants being periodic functions of position. While
simple structures such as layered media have closed-form solution of Maxwell’s
equations and can be treated using matrix formulation, perturbation theory is ap-
plied where only approximate solutions can be obtained.

In this work, we use the principles of layered media for the design of novel SPR
sensor. The closed form solutions of these structures are used for optimization and
characterization of the sensor. We use the perturbation theory for the design of

periodic structures that convert between the propagating modes in a waveguide.

2.3.1 Periodic Layered Media

We first consider the general case of a multilayer structure consisting of homoge-

neous layers of different materials, where we assume that the structure consists
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of N layers and the wave propagates in the z direction. The fields traveling in
the backward and forward directions in the i layer can be expressed in a matrix
form in terms of a unit-cell translation matrix relating the CFAs of the plane waves

between the layers

+ ik;l; —ik;l; +
Ef |1 el i e | Ef (2.2)
E; 1+r;| retkii gikil i1 '

where r; is the elementary reflection coefficient from the right side of each inter-

face, and k;l; = 2zn;l;/A is the phase thickness of each layer.

The reflection response of the ith layer is given by

L2
i + Riyqe?ikil

2ik;1,

(2.3)

i

1+ rl-Rl-+1 e

the total reflection response of an arbitrary structure with N cascaded layers can

be calculated recursively using Eq. (2.3).

Next, we consider a periodic medium consisting of alternating layers of air with
RIs n, and ny, thicknesses [, and [, respectively, and period A = [, + [;. The
structure shown in Fig. 2.4a is known as a dielectric mirror (also Bragg reflector)
and the layer thicknesses are typically chosen to be quarter-wavelength long, that

is, ngl, = nply = Ag/4. The total reflection response for this structure is given by

n\ 2N 2
n 2N
1+ -
na

The normalized reflection response for several values of N layer pairs is plotted

(2.4)

in Fig. 2.4b. The parameters used for the calculations are n, = 1, nj = 1.52, g =
1.55 um, I, = Ag/4n,, and I, = Ag/4ny. The reflectivity increases with the amount
of periods. It follows that for large N, the reflection will tend to 100%.
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Figure 2.4 | Periodic layered medium schematic and reflection response. a, The
periodic layered structure consisting of alternating layers of two materials.
b, Normalized reflection response of the structure. The reflection increases
with the amount of periods.

2.3.2 Coupled Mode Theory and Periodic Waveguides

In spite of the fact that the exact solutions for EM propagation in a periodic layered
medium can be easily obtained, there many periodic media where only approxi-
mate solutions are available. In this case, the periodic variation of the dielectric
tensor is considered as a perturbation that couples the unperturbed normal modes
of the structure and treated using the coupled mode theory (CMT) [61]. We use
the CMT for the analysis of the interaction between the guided modes in optical

waveguide devices.

The electric fields in the perturbed waveguide can be written using the super-

position of all the possible E,,(x, y) eigenmodes in the unperturbed waveguide as
M
E(x, y, z, t) Z Ap(2)E p(x, y)el@t=Fn? (2.5)
m=1

where m is the mode order, A,,(z) is the CFA, B, is the propagation constant of the

m'? guided mode in the propagation direction Z and  is the angular frequency.
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The transverse wavefunctions E,,(x, y) satisfy the unperturbed wave equation

and form an complete orthonormal set such that

[[ B B vy - |ﬁ”| (26)

We now consider the effect of a dielectric perturbation Ae(x, y, z). The spatial

dielectric tensor can be written as

e(x,y,2) = g4(x, y, 2) + Ae(x, y, 2) (2.7)

where ¢, is the unperturbed part of the dielectric tensor and Ae(x, y, z) represents
the periodic dielectric perturbation along z. We further assume that the dielec-
tric perturbation is weak compared to the index of the waveguide core so that
the variation of the mode amplitudes satisfies the slowly varying amplitude (SVA)

approximation [62]
dz

d
- —Ap < ﬁmd (2.8)

Since the perturbation Ae(x, y, z) is chosen to be periodic in z, we can expand it

into Fourier series

Ae(x, y,z) = Z Ae®(x, y)e_’.(ﬂm_ﬁ")Z (2.9)
k+0

where Ae®(x, y) is the k™ Fourier coefficient of the perturbation.

Solution of the wave equation using the expressions provided above consists of
a set of coupled linear differential equations according to the number of all possible

eigenmodes M

oy Z kA (2)e i (Bn=Fn)z (2.10)

z ‘ﬁm‘ k#0 n

where A,,(z) and A,(z) are the normalized CFAs along the propagation direction
z, B, and B, are the propagation constants of the modes with transverse electric

field profiles E,,(x, y) and E,(x, y).
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These coupled mode equations relate the amplitudes of each possible modes in

the waveguide in terms of the coupling coefficients ' defined as

w

W90 = 5 [ [ Bt 98O 3,3, D )y @)

k) reflects the magnitude of the coupling between the m'? and n™ modes due to

the k™ Fourier component of the dielectric perturbation Ae(x, y, z).

In principle, for a waveguide supporting M modes, all the mode amplitudes are
involved, and in the presence of a change in the waveguides cross section, optical
modes can either couple or interfere with each other. However, in practice, only
two modes are strongly coupled and Eq. (2.10) reduces to a set of two equations
for the two mode amplitudes. Two modes are strongly coupled when the phase
matching condition is satisfied

ﬂm B ﬁn Aﬂ

21
Bn-Pn-p—=0—>A=p——=p—, p=123..M (2.12)
A 27T 2

This is the fundamental condition where coupling between two modes can occur.
It is chosen as to compensate for the propagation constant mismatch of the two

modes.

CMT is inherently directional. If two forward moving waves are strongly cou-
pled, then their interactions with the corresponding backward waves may be ig-
nored. Similarly, if a forward and a backward moving wave are strongly coupled,
then their interactions with the corresponding waves in the opposite direction may

be ignored.

The differential equations describing the coupling of two modes are given by

d
dz

ﬁm/‘ﬁm‘ Kmne_iAﬁz
~Knm eiAﬁz =B/ |Bn

(2.13)

Ap(2)
An(2)

Ap(2)
An(2)

The mode powers as a function of distance L for a co-directional coupler are
plotted in Fig. 2.5a. When the two coupled modes are propagating in the same
forward direction, i.e. 3,5, = 0, the power carried by mode m can be exchanged

with the power in mode n. Complete power transfer occurs only when the phase
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matching condition is fully satisfied (i.e. Af = 0) and represented by the solid
curves. When Ap # 0, represented by the dashed lines, only some of the power is
coupled between the modes.

In conra-directional coupling, i.e. 3,8, < 0, the backward wave is generated
by the reflection of a forward-moving wave incident on the interface from the left.
The periodic perturbation behaves very similarly to a periodic multilayer structure,
such as a dielectric mirror at normal incidence, exhibiting high-reflectance bands,

and the mode power decreases exponentially with distance as plotted in Fig. 2.5b.
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Figure 2.5 | Mode powers and phase diagrams for waves traveling in a perturbed
waveguide. a, Co-directional coupled modes. The modes exhibit periodic
power exchange. Complete power exchange occurs when the phases are per-
fectly matched. b, Contra-directional coupled modes. The mode powers de-
crease exponentially with the distance.

2.4 Subwavelength Structured Materials

In principle, most of the subwavelength structured materials can be classified into
two categories, i.e., the periodic and gradient structures. The arrangement of sub-
wavelength structures enables the control of material parameters such as permit-
tivity, permeability, and impedance. These kinds of effective materials are widely

known as metamaterials [13, 63].
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2.4.1 Metamaterials and Metasurfaces

The precise shape, geometry, size, orientation and arrangement of the subwave-
length structures gives metamaterials the capability of manipulating electromag-
netic waves by blocking, absorbing, enhancing, or bending waves, to achieve ben-
efits that go beyond what is possible with conventional materials.

Generally, metamaterials can be treated as effective media, where their extraor-
dinary properties depend on their structure rather than their composition. Each
unit cell in a metamaterial is significantly smaller than the wavelength of interest.
Therefore, each unit can be viewed as a microscopic building block of the metama-
terial, in analogy to the atoms in the naturally occurring conventional materials.

Compared with 3D metamaterials, 2D subwavelength structures, or metasur-
faces, are much easier to design and fabricate. Periodic metasurfaces are widely
used as spectral filters [64], perfect absorbers [65], and polarization converters [66].
While gradient metasurfaces can be used for flat focusing [67], beam splitting, and

holography [68].

2.4.2 Optical Cloaking

One of the most appealing applications of metamaterials is possibility of making
objects invisible to the incoming EM radiation. Practically, the cloaking effect
aims at canceling the EM fields that are scattered by an object. Ideally, cloaking an
object implies total scattering suppression from all angles, independently of the en-
vironment, or the position of the observer, and over a wide frequency range, with
the ultimate goal of all-angle invisibility over the entire visible range. However,
several fundamental challenges arise when realizing such an ideal device [69].

In this work, we use the transformation optics (TO) technique to design an
evanescent field waveguide cloak which conceals an object located on top of a
waveguide. Transformation-based cloaking applies the concept of TO to manipu-
late the flow of electromagnetic energy using a transformation that stretches the
coordinate grid of space, as shown in Fig. 2.6b. By stretching and compressing the
Cartesian space, one can bend the ray at will and control its propagation, similar to
what is originally speculated in Fermat’s principle. The coordinate transformation

in the physical space is practically controlled via the material parameters.
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An alternative TO based cloaking scheme is the quasi-conformal transforma-
tion optics (QCTO) [70], where the anisotropy is minimized in a two dimensional
coordinate transformation by applying an optimization procedure. Such transfor-
mations may be implemented in a broadband way at visible frequencies. As a re-
sult, the very weak anisotropy of the resulting media may be neglected, obtaining

isotropic graded index (GRIN) cloaks.

2.4.3 Transformation Optics

The TO technique is used to mimic the space curvature in general relativity with
gradient materials [71], allowing the design of complex gradient optical devices
with exotic properties such as invisibility [16], and arbitrary beam shaping [72]. It
is built upon the form-invariance of Maxwell’s equations under coordinate trans-
formations. As a result, the interpretation of Maxwell’s equations in different co-
ordinate systems is equivalent to changing the medium parameters in the consti-
tutive relationships.

In the three-dimensional Euclidean space, the coordinate transformation be-
tween the original Cartesian system (x, y, z) and the transformed system (x’, y’,

z’) is related by the Jacobian matrix A

ox’/ox 9x'/dy 0dx'/9z
A=|9y'/ox 9y'/dy 9y'/oz (2.14)
0z'/ox 9z'/dy 07z'/9z

Consequently, both field and medium quantities in the (x’, y’, z’) system are
related to their respective counterparts in the (x, y, z) system. The medium tensor
parameters, i’ and &, are related to i and ¢ in the original space by the following
expressions

Aji T AT
[AA AEA
i = &= .
detA detA

Egs. (2.15) are known as the materials interpretation of the coordinate transfor-

(2.15)

mation which allows electromagnetic phenomena envisioned in the transformed
space to be realized in real space using the transformation media. Hence, designing

a device that performs a given novel function reduces to finding an appropriate co-
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ordinate mapping that realizes it in the transformed space. This process provides

an unprecedented control over wave-material interactions.

Two examples of TO based devices are shown in Fig. 2.6. Fig. 2.6a shows a
flat lens designed using TO. The original Cartesian space is initially mapped into
curved space representing the lens, the material properties in the original domain
are calculated according to the prescribed transformation, and as a result, a geo-
metrically flat lens is able to diverge in incoming Gaussian beam. In the second
example shown in Fig. 2.6b, a cylindrical cloak is demonstrated. The fields pro-
duced by a line source outside the cloaked region are not influenced by the cloak

embedded in the center.

A

Figure 2.6 | Examples of devices employing the transformation optics technique.
a, A flat behaves as a conventional spherical lens based on the transformed
materials and diverges an incident Gaussian beam. b, A cylindrical cloak
is unaffected from waves incoming from a line source outside the cloaked
region.

The construction of transformation media for the TO designs discussed above
normally requires anisotropic and inhomogeneous metamaterials with extreme
parameters, which give rise to narrow bandwidths and high intrinsic losses. These
difficulties limit the applications of TO based devices. The design of a real device
requires relaxation the extreme requirements on material properties in order to
practicably use the power of transformation optics to design exotic optical devices.

One solution for the relaxation of the material properties is the QCTO scheme [70].

Specifically, in cloaking, straightforward compression of space in the physical
domain essentially makes the cloak anisotropic. However, the QCTO approach is

to minimize the induced anisotropy by choosing a suitable coordinate transform. If
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the anisotropy is small enough, we can simply drop it and only keep the refractive

index n which is defined relative to the reference medium n, by

1

Jdetg

In other words, the physical medium becomes just a dielectric profile with unit

n=n, (2.16)

magnetic permeability and the covariant matrix g given by

g=ATA (2.17)

If there is a very fine rectangular grid in the virtual domain with cells of size
6 x 9§, every cell is transformed into a parallelogram in the physical domain. A
smaller anisotropy means a smaller value of Tr(g)/ \/E , while a smaller area of
the transformed cell M(S 2 means a larger refractive index n. The optimal map
of a domain with length L and width w is generated by minimizing the Modified-

Liao functional [73]

@:—J dz'J dr 8) (2.18)
Lw Jy 0 detg

and satisfying the Cauchy-Riemann conditions [74] given by

ox" 97’ ox’ oz’
— =, === (2.19)
Jox 0z 0z 9x
Thus, the term Tr(g)//det g depends on the aspect ratio of each transformed cell
and is called the anistropy factor. The design goal is to achieve constant anisotropy

throughout the entire mesh by orthogonalizing the grid lines.

In contrast to general embedded TO designs, the QCTO components contain ma-
terials that can be implemented with standard fabrication techniques, facilitating
their application and integration into on-chip photonic systems [75]. By exploiting
the flexibility of the QCTO approach, compact GRIN components can provide su-
perior performance compared to their state-of-the-art counterparts. Furthermore,
the TO components can introduce new functionalities to conventional GRIN optics

and significantly improve the system level integration of photonic devices. In this
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work, we use the QCTO technique for the design of an evanescent field waveguide

cloak.

2.4.4 Effective Medium Theory

The effective medium theory (EMT) is used to describe the macroscopic properties
of composite materials [76]. It is developed from averaging the multiple values of
the properties of the subwavelength structures that directly make up the compos-
ite material. At the subwavelength scale, the values of the materials spatially vary
and are inhomogeneous. The effective medium approximations are descriptions of
ametamaterial based on the properties and the relative fractions of its components,
and are derived from calculations. In this work, we use the EMT in order to phys-
ically interpret the calculated material properties provided by the TO technique
and the periodic RI distributions for the design of waveguide mode converters.
The effective permeability and permittivity tensors ji and ¢ of a medium consist-
ing of subwavelength cells of isotropic materials behaves based as if it is homoge-
neous but anisotropic when the structures are sufficiently small. Suppose we have
a medium consisting of alternate layers of thicknesses a and b. We are interested
in the field averaged over the period A = a + b of such a structure. The introduc-
tion of this average field evidently has significance only under the condition that
its change over a distance A is sufficiently small along any arbitrary direction of

propagation. This condition can he formulated as
kAn| « 1 (2.20)

where k = w/c = 27/, and n is the effective RI tensor of the medium, different for
every direction of propagation and for different polarizations. For sufficiently long
waves, the effective properties of the medium are especially simple. That is, the
inhomogeneous isotropic medium under consideration then behaves, with respect
to the average field, like a homogeneous but anisotropic medium, i.e., the effec-
tive permeability and permittivity are singly degenerate tensors. The possibility
of artificially constructing anisotropic materials of the indicated type and vary-
ing their electromagnetic properties is of great interest and is the main principle

behind metamaterials.
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In the preceding chapters, we presented the theories and the fundamental concepts
of optical waveguides and SPs. The various techniques previously described were
applied for the design of novel devices employing materials of subwavelength di-

mensions. The main results for the projects are presented in this chapter.

3.1 Evanescent Field Waveguide Cloaking

SPPs are widely used in various applications due to their resonant behavior and
ability to confine field in a subwavelength scales. It is known, that SPP is a surface
wave propagating along a metal-dielectric interface. The main property of SPPs
is strong localization of electric field with a maximum at the interface. However,
one of the significant disadvantages of SPPs is a relatively high dissipation that
essentially limits their applications.

In this work, we explore the excitation of hybrid modes in the two-dimensional
dielectric waveguide based on a metal film located on its top to combine the prop-
erties of photonic and plasmonic structures in the so called CPW. We demonstrate
the control of the behavior of SPPs propagation exited at this interface using a
metasurface designed with the TO technique. The calculated effective index which
produces an evanescent field cloak on top of a CPW is numerically implemented
and we show how the evanescent fields are directed around a cylindrical object and
thus concealing it. We suggest a method of physical implementation of the device
by physically interpreting the material parameters by varying the thickness of a

dielectric film.

3.1.1 Composite Plasmonic Waveguides

The operation of the CPW can be explained using the concept of mode coupling.
It consists of thin metal film deposited on a conventional strip waveguide. On

the one hand, the dielectric waveguide supports guided modes which are mostly
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confined inside the dielectric guiding layer. On the other hand, the metal surface
supports SPP modes, which are confined near the metal surface. When these two
structures are brought together, the dielectric waveguide mode couples to the SPP
mode supported by the metal surface. As a result of this mode coupling, light
becomes highly confined in the region of the metal-dielectric interface.

To further confine the field in the top of the waveguide, we introduced an ad-
ditional Si overlayer on the CPW. This leads to strong field localization in the
Au-Si interface and more energy present in the SPP part of the hybrid modes. This
hybridization between plasmonic and dielectric modes leads to tight mode con-
finement in the plane perpendicular to the propagation direction. We utilize this
property for the design of the evanescent field waveguide cloak.

Consider the guided wave system shown in Fig. 3.1. A gold (na, = 0.182 +i3.068
[77]) strip with length of L =10 pm and thickness da, = 40 nm, is introduced on
top of a SizNy (nsi3ng=2.02 [78]) waveguide with width wy,, = 800 nm and height
hwg = 400 nm to form a high index CPW structure on a SiO3 (nsjoz = 1.457 [77])
substrate. In order to confine the optical mode in vicinity with the metal-dielectric
interface and for the efficient coupling to the surface plasmon modes, silicon (ng; =
3.882 + i0.019 [77]) nano-spacer with thickness dg;=10 nm is placed on top of the
metasurface. The CPW structure is longitudinally confined in between the abrupt

steps I and II and illuminated the TMy mode at the wavelength A = 632.8 nm.

a L b c T
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Air . Wg , / Si _% dSi \
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Figure 3.1 | Geometry and structure of a composite plasmonic waveguide. a, 3D
schematic of the CPW structure; thin strips of gold and silicon are deposited
on top of SizN4 waveguide to allow the support of both dielectric and plas-
monic modes. b, Transverse cross-sectional view (xy plane) of waveguide. c,
Magnified view of the overlayer deposited on top of the waveguide core.

Our theoretical analysis is based on the semi-analytical model of orthonormal-

ization of complex eigenmodes at an abrupt step, developed for the investigation
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of the transmission and surface intensity in CPW structures in [49]. The numeri-
cally calculated electric field profiles of the Z component of the electric field of the

2
E,(x,y)

modes, , supported by each section of the structure are shown in Fig. 3.2.
The TM,, dielectric mode (DM) supported in the regions z < -L/2 and z > L/2 is

shown in Fig. 3.2a. This mode is used as the input and propagates in the dielectric
section up to the first step of discontinuity with the CPW section. The eigenmodes
after this step are not pure dielectric anymore and SPP modes such as the symmet-
ric SPP mode (SPP-s) shown in Fig. 3.2b can exist in the region -L/2 < z < L/2.
As the DM reaches the discontinuity step, part of the light is coupled out of it and
into the SPP mode resulting in an hybrid dielectric mode (HDM) shown in Fig. 3.2c.

2
The field amplitudes at the middle of the waveguide |E,(x = 0, y)| are shown in

Fig. 3.2d.
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Figure 3.2 | Calculated electric field profiles of the modes supported by the com-
posite plasmonic waveguide. a, Dielectric mode (DM) which is the TM,
mode supported by the waveguide. b, Symmetric SPP (SPP-s) mode sup-
ported by the CPW. ¢, Hybrid dielectric mode (HDM) as a result of the cou-
pling between the dielectric and plasmonic mode. d, Field amplitudes at the
middle of the waveguide.
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The EM fields of the modes depends on the optical properties of a waveguide
structure and materials. They are localized in different areas of the waveguide.
The input is illuminated by the DM mode, which is the fundamental TM polarized
guided mode supported by the waveguide. Between the steps of discontinuity, a
resonance occurs when the DM and SPP-s modes are phase-matched in terms of

propagation constant resulting in the HDM.

3.1.2 Cloak Design

In our design, we use the TO technique to transform the coordinates of the Si
nano-spacer in the CPW and calculate the required material parameters to form a
metasurface which routes the evanescent field around a cloaked region. In plas-
monics, since the most energy is carried in the evanescent field outside the metal, it
is rational to control SPPs by only modifying the dielectric material, while keeping
the metal property fixed.

The transformed region is a two-dimensional rectangle with length L and width
Wy corresponding to the dimensions of the CPW section in the waveguide (see
Fig. 3.1). The area is bounded by -L/2 < z < L/2 and -wy/2 < x < Wy,/2. The
region is initially mapped into an orthogonal Cartesian mesh represented by black
grid in Fig. 3.3a. The grid contains 250 x 20 equivalent area cells with side lengths
of § = 40 nm (see Fig. 3.1). Since the system is symmetric along x, we calculate the
transformation for the positive x > 0 half space and reflect the result in the x < 0
region.

In order to form the cloaked region, the inner boundary of the cloak is initially

mapped according to

W 2(71'2) A L.
—cos?| — | -—szs<-—
x(z) =1 2 I 2 2 (3.1)

0 otherwise

where w, = wwg/z = 0.4 um, and [, = 4 pm, are the width and length of the cloak,
respectively. The transformed area in Fig. 3.3b becomes the cloak later.
Fig. 3.3b shows the transformed grid and the corresponding reference RI n,(x, z)

in the physical system if simple transfinite interpolation is used, i.e, a linear com-
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pression in the x direction. Since this grid is non-orthogonal and the cells have
different aspect ratios, the resulting material parameters are highly anisotropic.
Nevertheless, this mapping serves as an initial guess for the next step of our de-

sign.

Next, we turn to orthogonalization of the grid. As previously stated, our prob-
lem objective is minimizing the expression in Eq. (2.18) while satisfying the con-
straints in Eq. (2.19) and the boundary conditions prescribed by the edges of our
domain. The problem constitutes a set of discrete partial elliptic differential equa-
tions. These equations are numerically solved in MATLAB using an iterative algo-
rithm based on the successive over relaxation (SOR) method [79]. As a result, the
aspect ratio of each cell or the anisotropy factor becomes a constant. The maxi-
mum of n occurs on the inner cloak boundary where the cell area is largest. There-
fore, we sacrifice n to a larger range while the anisotropy is minimized resulting

in the spatial RI profile shown in 3.3c.

Orthogonal cartesian grid

"5 -4 -3 -2 -1 0 1 2 3 4 5
z (um)

Figure 3.3 | Transformed grids and refractive index of the evanescent field waveg-
uide cloak. a, Orthogonal Cartesian grid representing the discretized meta-
surface. b, Grid and RI profile of a transfinite transformation. ¢, Optimized
Quasi-Conformal transformation used for the implementation of our device.
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3.1.3 Evanescent Field Cloaking

As previously stated, if we rigorously follow the TO approach, both the metal and
dielectric materials have to undergo a coordinate transformation to modify the
propagation of SPPs. However, since most of the SPP modes energy resides in the
dielectric media above the metal layer, as shown in Fig. 3.2d, transforming only

the dielectric medium is sufficient to mold the propagation of SPPs [80].

To confirm the cloak operation, we implemented the RI profile as a linear re-
lation with the refractive index of the silicon overlayer and preformed full wave
simulations to obtain the 3D EM fields of the structure. In order to assess the ef-
fectiveness of the evanescent invisibility cloak, we use the surface intensity I on
top of the silicon layer. The integrated surface intensity I over a waveguide width

Wy and along the interaction length L in the propagation direction z is given by

2

I= (3.2)

M
Z En(x, ys, 2)
m=1

where m is the mode index of the M supported modes in the region -L/2 < z < L/2

with the corresponding calculated electric field profile E,, and y; = hyg + dsj + day.

Fig. 3.4 shows the normalized intensity maps of for four different cases. In order
to obtain a reference for the cloaking results, we first calculated the fields in the
system without any modification as shown in Fig. 3.4a. Fig. 3.4b show the intensity
with an object of cylindrical shape with radius r = 400 nm and RI n = 1.3 located
on top of the overlayer. The object scatters the incoming wave as a result of the

interaction with evanescent fields.

The waveguide with transformed metamaterial overlayer is shown on Fig. 3.4c
without the object and together with it in Fig. 3.4d. Due to the effective material
parameters obtained with the TO technique, the object does not scatter the incom-
ing SPPs and an invisibility effect is demonstrated. Furthermore, the light flows
smoothly around the object and the concealing effect is preserved for a wide range
of refractive indices and materials, which agrees with the concepts of transforma-

tion optics.
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Figure 3.4 | Surface intensities of waveguide evanescent field cloak. a, Plain
waveguide used for reference. b, Reference waveguide with cylindrical ob-
ject placed on top. ¢, Waveguide with cloak. d, Waveguide with cloak an
cylindrical object.

The current bottleneck of realization of an invisibility cloak is the implemen-
tation of the required parameters, especially at visible wavelengths. Furthermore,
abrupt discontinuities in the material properties or geometries lead to increased
scattering of SPPs, which significantly reduces the efficiency. Therefore, instead
of directly modifying the RI of the dielectric medium, we propose to slowly change
the thickness of an isotropic dielectric silicon overlayer, and hence the local effec-
tive index of SPPs [81]. In such a way, the propagation of SPPs can be controlled
without directly modifying the metal surface or adding discrete scattering struc-
tures on the metal.

Fig. 3.5a plots the effective index of the HDM mode in our CPW as a function
of the silicon overlayer thickness. The effective index increases with the thickness

since more energy resides in the dielectric as shown in Fig. 3.5b, leading to stronger
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evanescent fields. The topology of the dielectric layer adjacent to a metal surface
is linearly related to the calculated effective index in Fig. 3.3c. Furthermore, since
the optical properties are changed gradually rather than abruptly, losses due to

scattering can be significantly reduced.
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Figure 3.5 | Effective hybrid mode index as a function of dielectric layer thickness.
a, The effective index of the HDM increases with silicon thickness due to
more energy residing in the dielectric. b, Side view of the CPW geometry
taken into consideration for the index calculations.

To summarize, we proposed and demonstrated an evanescent field cloaking
scheme on composite plasmonic waveguide. The cloak design is based on the TO
principles which allow to manipulate and distort the evanescent fields in a pre-
scribed manner to conceal an object. A dielectric nano-spacer made of silicon is
used to confine the light in vicinity with the metasurface boundary and facilitate
the coupling to the hybrid plasmonic modes. The light manipulation is realized
due to the engineered effective material parameters, which in turn suppresses the
scattering effect. Our calculated results demonstrate that the designed metasurface
can deflect the evanescent wave into a predefined, analytically calculated pattern.
Since SPs are localized in the direction perpendicular to the metamaterial overlayer
boundary and accompanied by the combination of the transverse and longitudi-
nal electromagnetic fields, they have maximum intensity on the surface with the
metamaterial overlayer. The gradient material properties of this layer allow the
invisibility effect to take place. Our study of invisibility cloaking scheme with

composite plasmonic waveguides and dielectric nano-spacer provides important
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insights to the complex behavior of hybrid plasmonic modes, on-chip light manip-

ulation, and future design of integrated optical devices.

3.2 Silicon Waveguide Mode Converters

Photonic integrated circuits (PICs) based on silicon-on-insulator (SOI) technology
hold great potential in various applications such as dispersion engineering [14, 82],
on-chip information processing [83], chemical and biological sensors [84, 85], and

photonic multiplexing systems [86, 87].

The speed of modern communication networks is limited by the heat generated
from the on-chip electrical interconnects. Integration of photonic circuits on sil-
icon to address the bandwidth bottleneck in on-chip data communications may
provide a low-cost, scalable and efficient solution for the growing need of high

data rates [88, 89].

Wavelength division multiplexing (WDM) is the most mature and common mul-
tiplexing technology widely used in telecommunications. However, WDM has
limitations in bandwidth density scalability and requires multiple precise wave-
length sources. The mode division multiplexing (MDM) offers an additional degree
of freedom to scale communication bandwidth by utilizing separate guided modes
to carry multiple data channels simultaneously using a single wavelength source.
A key element in a MDM system is a mode converter that ideally can couple any

given spatial mode into any other mode.

In this work, we take advantage of the discrete nature of waveguide modes
[61] and the effective medium concept [90] to allow the design of ultra-compact
and high-efficient mode conversion devices in a SOI platform. Furthermore, the
proposed waveguide mode converter can be scaled to realize arbitrary waveguide
mode conversion. As an example, we demonstrate two silicon waveguide mode
converters employing all-dielectric metasurface structures that can convert the

fundamental mode to higher order modes.
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3.2.1 Silicon on Insulator Strip Waveguide

SOI strip waveguides are composed of high RI core made of Si on top of a lower
RI SiO, buried oxide (BOX) confining light by reflections at the interface of the
two materials on the basis of TIR. The structure in which we incorporate the mode
converter waveguide is illustrated in Fig. 3.6a, with height A = 220 nm and width
w = 1500 nm. This configuration can support up to three TE; modes (j = 0, 1,2)
at the wavelength A=1.55 pm. The numerically calculated electric field profiles of

2
, are shown in Figs. 3.6b-d, respectively. The

the the supported modes, |Ex(x, y)
modes have dominant electric fields in X direction while the j components are

identical in the vertical direction (the waveguide has a single vertical mode).
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Figure 3.6 | Structure and calculated electric field profiles of the modes supported
by the silicon strip waveguide.a, Schematic cross section of the waveguide
structure. b, Fundamental TE, mode. ¢, TE; mode. d, TE, mode.

The height of the waveguide is the standard height of commercially available
SOI wafers. The specific width is chosen in order to obtain a reasonable difference
in the propagation constants f; between the modes. A wider waveguide results in
a nearly indistinguishable wavevectors and it will be nearly impossible to couple
energy from one mode to another.

As seen from Eq. (2.11), the coupling coefficient is proportional to the spatial
integration of the term Ej,(x, y)Ae(k)(x, v, 2)E,(x, y). We refer to this expression
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as the field overlap integral. Thus, in order to maximize the coupling coefficient
and minimize the coupling length, several considerations must be taken in the
choice of Ae(x, y, z). First, the phase matching in Eq. (2.12) should be satisfied by
choosing the appropriate period A of the perturbation along propagation direction
z. Once phase matching had been established, proper choice of the the refractive
index profile along the transverse direction is essential in order to achieve short

coupling length.

3.2.2 Mode Converter Design and Numerical Validation

The proposed device is a co-directional coupler which couples two eigenmodes
propagating along the same direction in a single multimode waveguide. We aim at
converting the fundamental TEy mode to higher order TE; » modes. The dominant
electric field components in the middle of the waveguide, E,(x, y = h/2), are shown
in Fig. 3.7. The longitudinal components of the wavevectors of the modes govern

the phase matching.
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Figure 3.7 | Electric field profiles of the dominant component at the middle of
the waveguide. The phase matching between the modes is governed by
the longitudinal components of the wavevectors.
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Since our multimode waveguide supports three TE ; modes, Eq. (2.10) reduces to
a set three coupled equations. The amplitudes of propagation A;(z) = tpjeiﬁiz can

be rewritten in terms of coupling coefficients and propagation constants

d

% = ~i[ (o + x00) Yo + Ko1Y1 + Koz V2]

d

% = ~i[k1091 + (B1 + *11) Y1 + K12¥2] (33)
d

% = —i[K20¢0 + KoY + (ﬁz + KZZ)‘//Z]

where k,,, is given by Eq. (2.11).

For efficient coupling, the dielectric perturbation must provide an effective wave
vector kg in the opposite direction in order to compensate for the wavevector
mismatch. When an incident waveguide mode propagates against kg, the bending
angle of its wavevector increases, which corresponds to coupling from lower order
into higher order waveguide modes. Coupling will occurs near the phase matching
condition, i.e. S, - B, —27k/d = 0. For this to happen, the period should be chosen
as to compensate for the f mismatch of the two modes. According to Eq. (2.11), for

a constant perturbation, AeR)

will also be a constant and the coupling coefficient
will vanish due to the orthogonality of the modes (see Eq. (2.6)). Therefore, A
must vary along (x, y) in order to maximize the overlap integral in Eq. (2.10) by as

much as needed so as to achieve a desired coupling length.

Similar to the formation of a hologram by the interference of two waves, we
consider the interference of guided modes m and n in our design. Specifically,
since we use the TEj; mode as the input of the waveguide and we are interested
in the interaction between the TE, and TE; modes (i = 1, 2). We let the refractive
index of the mode converter to vary in a sinusoidal fashion and take the real part

such that

Ae(x,7,7) = consiAn(x, 7, 2)
. (3.4)
An(x,y, z) = Re|An(x, y)el(ﬁm—/)’n)z

where ng is the unperturbed part of the R, An(x, y, z) represents the periodic per-

turbation along the propagation direction z. Expanding An(x, y, z) into Fourier
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series provides the coefficients for a sinusoidal perturbation (i.e. k = 1 in Eq. (2.9))

so that An‘Y = An(x, y). The cross-sectional RI profile is calculated using
"[.TE;
An(x,y) = ng [E}Eo(x, y)] [Ex (x, y)] , =12 (3.5)

where ng is the amplitude of the index modulation and EIEj (x, y) are the unper-
turbed normalized electric field amplitude of the dominant x component for TE
and TE; , modes, respectively.

To further simplify the implementation of our proposed device, we do not use
materials other than silicon for the core waveguide. Thus, the maximal value of
n(x, y, z) cannot exceed the refractive index ng;. Furthermore, since the j compo-
nents of the electric fields are identical in the vertical direction, n(x, y, z) is uniform
along the y axis and index variation is only applied along along the horizontal x
axis in order to control the overlap between the field of the two modes. These
features make the fabrication of our proposed device much simpler.

In order to validate our design, we numerically simulated the two cases of mode
converter devices, TEq—TE; and TEG—TE,, to obtain the 3D electromagnetic
fields. In order to quantify the device performance, we have lunched the TEy mode
to the input waveguide and decomposed the computed fields at the output on the
basis of the waveguide eigenmodes [48]. This allowed us to determine the power
transmission of each mode through the device and compute the mode purity and
the total transmission efficiency of the device.

The schematic of the studied system is shown in Fig. 3.8a where the TEy mode
at the input shown in Fig. 3.8b is converted to the TE; mode at the output in
Fig. 3.8c. The calculated sinusoidal index perturbation in both the longitudinal
and transverse directions with length L is shown in Fig. 3.8d causes energy to
gradually couple out of the input mode and into the output mode as demonstrated
by the mode field evolution in Fig. 3.8e. We decomposed the output fields to find
the conversion efficiency between the mode of 95.4% over length L = 8.91 pm with
modulation index cg = 0.2.

Similarly to the results presented above, Fig. 3.9 shows design and calculated re-
sults of a TE( to TE, converter over the same waveguide geometry. The structure

in Fig. 3.9a is excited with the TEy mode in Fig. 3.9b and gradually coupled into



46 3 Results and Discussion

a L Input € Output
TE, — TE,
> II \\
YK = =
y y
) v v,
d

3.48

3.33

x (um)

3.18

e 1
—~~ 1> _________________________________
£ o IR g ©
10 8 6 4 2 0o 2 4 6 & 10
z (um)

Figure 3.8 | Waveguide TE,-to-TE; mode converter with sinusoidal index pertur-
bation. a, Structure of the studied waveguide mode converter configuration.
b, Electric field profile of the input TE, mode. c, Electric field profile of the
output. d, Refractive index profile of the device. The right and left uniform
sections represent the input and output waveguides, and the intermediate
segment between them is the converter section with length L. e, Mode evo-
lution E,(x, y = h/2, z) as light propagates from left to right.

the TE, mode at the output shown in Fig. 3.9c. The calculated sinusoidal index
profile in Fig. 3.9c is responsible for the gradual conversion into the output mode
as shown in Fig. 3.9d. This device achieves conversion efficiency of 96.4% over

length L = 6.32 pm and modulation index of ¢y = 0.31.

As expected, the FDTD simulations shows a behavior of power exchange be-
tween the modes, and the results are in good agreement with the analytic calcula-

tions. Next, we discuss the practical implementation of the proposed device.
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Figure 3.9 | Waveguide TE,-to-TE, mode converter with sinusoidal index pertur-
bation. a, Structure of the studied waveguide mode converter configuration.
b, Electric field profile of the input TE, mode. c, Electric field profile of the
output. d, Refractive index profile of the device. The right and left uniform
sections represent the input and output waveguides, and the intermediate
segment between them is the converter section with length L. e, Mode evo-
lution E,(x, y = h/2, z) as light propagates from left to right.

3.2.3 Implementation of a Real Device

In the previous examples, we demonstrated “ideal” devices based on a continuous
sinusoidal perturbation. However, implementing a sinusoidally changing refrac-
tive index over a large index span is very challenging in practice. After presenting
the basic concepts of the proposed device we can now turn to discuss the practical

considerations and guidelines for determining the parameters of a real device.

Our proposed device is based on all-dielectric metasurface structure with a tilted
subwavelength periodic perturbation. By utilizing the diagonal symmetry of the
calculated RI profiles, we design the physical structure which emulates it using the

effective medium approach [76].
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The schematics of our proposed mode converter are shown in Fig. 3.10. Fig. 3.10a
depicts the 3D structure of our waveguide mode converter where N tilted corru-
gations with duty cycle f are etched into the Si core of the waveguide forming a
dielectric metasurface with length L. The top view of the metasurface is shown
in Fig. 3.10b with the titled periodic corrugations with period § and angle 0. The
transverse cross section of the waveguide is shown in Fig. 3.10c with the corruga-
tion depth t, the waveguide height h = 220 nm and width w = 1500 nm. The cross

sections at point I, I and III are shown in Fig. 3.10d, respectively.

Dielectric Metasurface, L i oo
[ 1 : : 1
TE, ‘ > TE, i
A=1.55 pm _— TE, N\
1 A 1
C d

CERRAA s | gm || g || s

Figure 3.10 | Schematic of the proposed waveguide mode converter. a 3D
Schematic of the proposed mode converter waveguide based on tilted peri-
odic perturbations. b.

As previously mentioned, n(x, y, z) should be smaller than ng; in order not to
exceed RI. Still, there are additional considerations which one needs to take into
account. On the one hand, larger values of index modulation will maximize the
coupling coefficient and thus provide shorter coupling length and makes the de-
vice less sensitive to f mismatch. On the other hand, these parameters affect the
minimal subwavelength feature size and one should choose their combination tak-
ing into account fabrication constraints. Moreover, lower values of n(x, y, z) will
increase Fresnel reflections and losses in the mode converter due to the index mis-

match.

The specific parameters required for each mode converter are calculated as fol-

lows. We initially calculate numerically the EM fields of the TE modes (see Fig. 3.6).
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Next, the length of a single corrugation is set to A based on the phase matching

condition in Eq. (2.12) and the angle 6 using

2w
0= arctan[(jJr—l)A] (3.6)
where j is the mode number we aim to convert from the fundamental mode (i.e
Jj = 1,2). We use the effective index method (EIM) to provide the initial guess for
the amount of corrugations N, their period § and duty cycle f. Their exact values
are optimized and set based on numerical simulations. We found that setting the
corrugation etch depth to t = 100 nm provides the best trade-off between device

dimensions and performance.

The proposed structure provides a sinusoidally changing coupling coefficient
Ko along the propagation direction Z. In the transverse direction %, the gradual
change of ko; makes it Z dependent to ensure constructive contribution to the

conversion.

3.2.4 Waveguide Mode Conversion

A FDTD simulator was used to obtain the 3D electromagnetic fields in the mode
converter with all-dielectric metasurface structure based on tilted subwavelength
periodic perturbations. The specific parameters required for each mode converter
were obtained and optimized using numerical simulations. The optimization is

required to fine tune the phase matching condition for optimal performance.

The corresponding structures and electric field profiles of the mode converters
are shown in Fig. 3.11. Fig. 3.11a shows the top view of the structure of the pro-
posed TEG—TE; mode converter. Tilted subwavelength periodic perturbations
with parallelogram shapes are etched on a silicon waveguide to form dielectric
metasurface structures. The numerically calculated electric field distribution at
the middle of the waveguide, E,(x,y = h/2,z), is shown in Fig. 3.11b. The in-
put TEy mode launched from the left is gradually converted into the output TE,
mode over length L. The scalability of our proposed metasurface structure is fur-

ther demonstrated by the TEq—TE,; mode converter. Fig. 3.11c shows top view of
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the structure and Fig. 3.11d shows the calculated electric field distribution of the

proposed device.
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Figure 3.11 | Waveguide mode converters with tilted subwavelength periodic
perturbations. a, Structure of the TE,—TE; converter. b, Electric field
profile showing the power exchange between the modes along the prop-
agation. ¢, Structure of the TE,—TE, converter. b, Electric field profile
showing the power exchange between the modes along the propagation.

The specific design parameters and performance of the mode converters are
summarized in Table 3.1.

To evaluate the spectral behavior of the waveguide mode converters, we decom-
posed the output fields on the basis of the waveguide eigenmodes and computed

the output power transmission of each mode. Fig. 3.12 shows the mode converters
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Table 3.1: Design parameters of the waveguide mode converters.

Duty Conversion

Mode Length, L  Angle, 6 Period, A Periods Cycle, f  Efficiency

C t m de m

onverter (1m) (deg) (um) ) )
TE,—TE; 196 5.4 3 3 50 9
TE0—>TE2 5.2 14.8 0.75 4 35 92

transmission and modal crosstalk as a function of wavelength in the C-band (con-
ventional band, 1530-1565 nm) range commonly used for optical communication.

In Fig. 3.12a, the modal crosstalk of the output TE; with the input TEg modes
reaches minimal value at the designated operation wavelength of A = 1.55 pm.
At this wavelength, the energy exchange between the input and output modes is
maximal while the higher order TE, mode is suppressed. The modal transmis-
sion of the TEG—TE, mode converter is shown Fig. 3.12b. The spectral behavior
resembles that of the TEg—TE converter. Consequently, the TE, mode power
peaks at A = 1.55 pym while the power of input TE; mode is minimal and the TE4

mode is completely suppressed.

a TE,—TE, Mode Converter b TE,—TE, Mode Converter
0 —TE, | ~ 0 : —TE,
2 —TE, = —TE,
= = TE, = S TE,
8 -10 3 -10
€ € [ E——
e N5 f—— e — g -15
o o
" 20 = 20

1530 1540 1550 1560 1530 1540 1550 1560
Wavelength, A (nm) Wavelength, A (nm)

Figure 3.12 | Transmission and modal crosstalk of the waveguide mode convert-
ers. a, Output power of the supported TE modes in the TE,—TE; mode
converter. b, Output power of the supported TE modes in the TE;—TE,
mode converter.

To summarize, we have proposed and demonstrated a compact silicon waveg-

uide mode converter implemented with tilted dielectric metasurface structure. The
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metasurface provides a sinusoidally changing coupling coefficient that changes
along the propagation and allows mode conversion on the same waveguide. We
presented the semi-analytical design procedure and validated it using numeri-
cal simulations. Two silicon waveguide mode converters employing all-dielectric
metasurface structures were numerically demonstrated. Our proposed waveguide
mode converters can be scaled to realize arbitrary waveguide mode conversions.
The demonstrated coupling and conversion of waveguide modes provide a gen-
eral method to manipulate on-chip optical modes, and may find applications in

integrated mode-division communication and optical signal processing systems.

3.3 Nearly Guided Wave Surface Plasmon

Resonance Sensor

The development of SPR sensors for detecting molecular interactions is of great
importance for chemical and biological sensing due to its distinctive features such
as high sensitivity, label-free measurement, and real-time analysis. To excite the
SPs, Kretschmann configuration based on attenuated total reflection is generally
used. In a conventional SPR biosensor based on this configuration, a thin film of
metal is deposited on the base of a high index prism, and a sensing medium is
kept in contact with the metal film. When the momentum of the incident light on
the structure matches with that of the SPs, a sharp resonant dip in the reflection

response can be observed.
The sensitivity, which is defined as the ratio of the shift in the resonance angle
0, or wavelength A, in the angular interrogation mode or spectral interrogation

mode, respectively, to the change in the RI of the sensing medium ng, is given by

AD, AL,
Sy =
Ang

Sy =

- H 37
™ (3.7)

To achieve a high sensitivity, both the absorption efficiency and the sensitivity to
RI change must be high. However, molecules generally exhibit poor absorption on

a metal surface in a conventional SPR biosensor.
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3.3.1 Nearly Guided Wave SPR

The introduction of an additional dielectric film layer between the metal and the
sensing medium can provide a way for sensitivity improvement in the so called
nearly guided wave surface plasmon resonance (NGWSPR) sensor, which is similar
to the Kretschmann configuration with an addition of a thin dielectric film between

the metal layer and the sample as shown in Fig. 3.13a.

a b
)
Prism | SF11 X n, \ .
Metal | Ag n 7
Dielectric | Si Y %_Zfd .......
Sample | H,0 P
M Y
z V4

Figure 3.13 | Schematic diagram and model of NGWSPR sensor. a, The NGWSPR
sensor has an additional dielectric film layer between the metal and the
sensing medium. b, Multilayer model of the NGWSPR sensor used for cal-
culations.

The performance of the NGWSPR sensor structure is analyzed using typical
thin-film theory based on the schematic in Fig. 3.13b. For this structure, each layer
is represented by its characteristic matrix given by Eq. (2.2) and the total reflection

response is obtained by cascading the matrices for the thin layers using Eq. (2.3).

The structure in Fig. 3.13 is composed of a N-SF11 glass prism coated with silver
film of thickness d,, = 47 nm, silicon film of thickness d; = 10 nm and we use
water (H,0O) as our sensing medium. The thickness of the film was optimized
using numerical simulations while taking in account the 2 nm native oxide layer
(5i05) on top of the silicon. This configuration allows to improve the absorption
efficiency of the sensing medium as well as exploring SPR in the near infrared
(NIR) spectrum.
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3.3.2 Experiment

The structure was manufactured using standard electron beam chemical vapor
deposition (EPCVD) process. The thin films of silver and silicon were deposited
on a planar glass substrate of the same material of the prism and we used index
matching fluid for our experiment between the manufactured structure and the
prism. We preformed profilometer to examine the surface profile of the device
and found the manufactured silver thickness to be d,, = 52 nm and used this value

for our calculations.

The schematic diagram of the experimental setup for NGWSPR is shown in
Fig. 3.14. We use a fiberized broadband light as the source in our setup (Thorlabs
SLS201L), which allows simultaneous angular and wavelength interrogation. The
source is connected to a reflective collimator (Thorlabs RC04) by an optical fiber.
This type of achromatic collimator provides stable focus over a wide range of wave-
lengths. The collimated light passes through a polarizer (Thorlabs WP25M-UB) to
achieve TM polarization and is incident upon the prism. The reflected light is col-
limated onto a fiber facet using an objective (Olympus RMS4X) and the spectral
reflectance is captured using an optical spectrum analyzer (Yokogawa AQ6370B).
For accurate and full representation of the system, we define the angle ¢ as the
incident angle upon the prism from the air side. It is related to the internal angle

Oby ¢ = arcsin[np sin(6 - 7/4)|.

Broadband Rotation Stage Optical
Light Source = Spectrum Analyzer
0 @ 0y @
Collimator Polarizer < Objective

Figure 3.14 | Schematic diagram of the experimental setup for NGWSPR sensor.
Polychromatic light is collimated, polarized and incident upon the struc-
ture. The reflected light is collected with an objective and measured using
a spectrum analyzer.
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The experimentally obtained output normalized reflectance spectra for several
values of ¢ are shown in Fig. 3.15 along with the theoretical curves. The results
show good correspondence with the theoretically computed values with a total
relative error of 3.7 %. With relatively small changes of the incident angle upon
the prism ¢, the resonance experiences an abruptly shift which increases with A,
indicating that the sensitivity increases with the wavelength. The calculated sensi-
tivity of the NGWSPR sensor reaches 170 deg/RIU which is 50% increase compared

to the same sensor without the additional optimized dielectric layer.
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Figure 3.15 | Experimental results of NGWSPR sensor. Calculated and experimen-
tally obtained reflection responses as a function of wavelength for several
incident angles. The experimental results correspond with calculated theo-
retical values.

Fig. 3.16 show the dispersion map of the NGWSPR sensor as a function of angle
¢ and wavelength A. While the increased sensitivity is mainly attributed to the
optimized dielectric thickness, the absorption efficiency is mainly determined by
the metal. On the one hand, with increasing values of A, the metal exhibits higher
losses which leads to more absorbed photons. On the other hand, the momentum
of photons with longer A is lower, which is easier to match, resulting in SPs excited
at a broader spectral and angular ranges. Consequently, these mechanism cause
the minimal values and bandwidth of each resonance to increase and expand, re-

spectively.
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Figure 3.16 | Dispersion map of NGWSPR sensor. Calculated reflection response as
a function of wavelength and incident angles with experimental results in-
dicated on the map.

To summarize, the NGWSPR sensor has been theoretically investigated and ex-
perimentally demonstrated. An additional dielectric silicon film thickness was in-
troduced between the metal and the sample compared to typical SPR configura-
tion in order to increase the absorption efficiency and performance of the device.
The dielectric thickness was optimized for enhanced sensitivity. The device was
manufactured and the experiments show good agreement with the theoretically
calculated results using conventional thin film theory. We discussed various pa-
rameters affecting the sensitivity and absorption efficiency of the device which we

took under consideration in the design process.

The simultaneous angular and wavelength interrogation provides important in-
sights to the various parameters affecting SPR sensors. Good sensing characteris-
tics were obtained with a simple device structure. Further improvements of SPR
sensors characteristics is of great interest for various applications and offers great

opportunities for high-level integration of SPR sensors.
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3.4 Anti-reflective Subwavelength Structures for

Waveguide Facets

For many waveguide devices, facet reflectivity is a design parameter of fundamen-
tal importance. In particular, the Fresnel reflectivity of waveguide facets often
needs to be reduced to ensure functionality and to improve performance of de-
vices.

For high-index-contrast passive devices, such as silicon waveguides, the Fresnel
reflection at the facet is a significant contributor to the fiber-to-chip coupling loss
and the return loss. Currently, the common method to reduce facet reflectivity of
planar waveguides is the deposition of anti-reflection (AR) coatings on the facets
[91, 92]. Here, we present the use of subwavelength structures for facet reflectivity
reduction by the GRIN effect.

3.4.1 Design and Numerical Model

Our design is based on Si rib waveguide with conical structures etched into the
facet. Since diffraction effects are frustrated due to the subwavelength nature, the
light passing from the waveguide to freespace is affected primarily by the effective
average index of the structure. This arrangement acts as an AR GRIN layer which
is less wavelength sensitive than AR coatings.

The schematic of the system we used for our numerical simulations is illustrated
in Fig. 3.17a. In order to achieve good representation of an actual butt-coupled
waveguide, we used a Gaussian beam with parameters representing a standard
SMF28 fiber. The two dimensional view of the facet is shown Fig. 3.17b, the struc-
tures are mapped in an hexagonal arrangement in order to maximize the fill factor.
The waveguide is of a rib type geometry, where the rib width is W = 10 pm, height
h = 0.5 um and slab height of H = 1.9 pm.

In order to determine the optimal gradient structure, we preformed simulations
with different cone geometries shown in in Fig. 3.17c: parabolic, rounded tip and
truncated cones, respectively. Based on preliminary simulations, we chose cone
base diameter of dj, = 550 nm and cone height of h, = 900 nm. These values allow

maximal filling of the facet and are applicable for fabrication.
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Figure 3.17 | Schematic of the proposed waveguide facet anti-reflective structure.
a, A Gaussian beam representing an SMF28 fiber is butt-coupled with a rib
waveguide. b, 2D view of waveguide facet with the hexagonal mapping of
the subwavelength structures. ¢, Geometry of the structures used as a unit
cell.

3.4.2 Simulation Results

As previously stated, the simulations consist of a numerical model which repre-
sents the actual experimental situation, where a Gaussian beam emitted from a
fiber is incident upon the waveguide facet. To measure the transmittance, we inte-
grate the power inside the waveguide, and the reflectance is measured by integrat-
ing the power flow in the backward direction outside the waveguide and removing
the incident field.

The reflectance of the structure is shown in Fig. 3.18a. While the reflectance of a
reference waveguide with a plain facet averages at 13%, the reflectance of a waveg-
uide with the AR structure exhibit values below 2% with minimal avarage value of
1.49% achieved with the parabolic cones. The transmittance is show in in Fig. 3.18b,
similarly to the reflectance, the structured facet allows more energy to couple into

the waveguide with maximal average value of 98.13% using the parabolic cones.
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Figure 3.18 | Calculated reflectance and transmittance of a waveguide with anti-
reflective structure on its facet. a, Reflectance. b, Transmittance. The
parabolic cones exhibit the best performance characteristics.






4 Conclusion

In this thesis, we have studied the phenomena associated with subwavelength
structured materials on optical waveguides and surface plasmon sensors. We pre-
sented the theory and the mandatory fundamental concepts we applied in our
work. Three types of implementations for optical devices operating in the sub-
wavelength regime were demonstrated, and in each section, we presented the de-
sign and results of optical devices utilizing complex materials for enhanced func-
tionality and novel optical phenomena including evanescent field waveguide cloak,
compact silicon waveguide mode converter, enhanced sensitivity SPR sensor, and
anti-reflective structures for waveguide facets.

The major contributions of this research include:

« Evanescent field waveguide cloaking. A composite plasmonic waveguide
based electromagnetic cloaking scheme has been proposed and demonstrated.
We have shown that by manipulating the effective index of a dielectric nano-
spacer, the scattering fields of an object located on the cloak do not interact

with the evanescent field, resulting in an invisibility effect.

« Silicon waveguide mode converters. We explored the discrete nature of
waveguide modes and the effective medium concept to achieve a simple,
yet compact and efficient waveguide mode conversion device. The modes
are converted on the same waveguide and similar concept can be applied to

realize arbitrary waveguide mode conversions.

« Enhanced performance SPR sensor. We have shown that the sensitivity of
transitional SPR sensors can be enhanced by 50% with an additional dielec-
tric film between the metal and the sample. The film thicknesses were opti-
mized for optimal performance and experimental results have shown good

agreement with our calculations.

« Anti-reflective structures for waveguide facets. We demonstrated by nu-

merical simulations that the facet transmittance of a ridge waveguide can
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4 Conclusion

reached 98% with subwavelength structures parabolic cones are etched onto
it.
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