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Abstract

In this study, we have investigated the effects of introducing randomness on the
transmission characteristics of light in dielectric nanowire arrays. Periodic, correlated
weakly disordered, correlated strongly disordered, and uniform random (uncorrelated
disordered) systems are studied using finite difference time domain (FDTD) analysis
technique. Upon analyzing the origin of transmission gaps in such arrays, it is found
that both Bragg and Mie process are involved in the gap formation process. The
shrinkage of gap in disordered arrays confirms the involvement of Bragg process
and the sustenance of gap in completely random arrays is an indication of the
involvement of Mie process. We have also found that transmission gap can be tuned
in random arrays similar to the case in periodic arrays by varying nanowire diameter
and fill-factor of the arrays. Red-shifting of the gap with an increase in diameter
and blue-shifting for an increase in fill-factor is observed in both periodic and
random systems. Again, transmission in the passband region is found to decrease
for arrays with higher degree of disorder because of increased scattering in such
arrays. We have also proposed optimized designs of power splitters and wavelength
demultiplexers that are optimized for passband wavelengths (550 nm and 650 nm).
We have found that inverse design based optimization technique can be applied
on both periodic and random nanowire arrays to get comparable performance by
generating customized designs. Thus, our study will advance the field of disorder
photonics by creating scopes for employing disordered systems to realize photonic

waveguides and integrated circuits.
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Chapter 1

Introduction

1.1 Preface

Controlling the propagation and localization of light has been an integral part
of the research on photonic devices and systems. In this regard, the invention of
photonic crystals (PCs) by Eli Yablonovitch offered ample scopes to the researchers
to manipulate the confinement and transmission of photons in a medium consisting
of periodic variation of dielectric constant [12]. In the direction of periodic variation,
electromagnetic wave of particular frequency band is not allowed to propagate
through the structure called photonic bandgap (PBG). As a result, a gap also
appears in the corresponding transmission spectra of the structure. Tuning this
transmission gap based on structural engineering is, therefore, a specific field of
investigation to the scientific community. In particular, 2D photonic crystals
(PCs) are in the focus of attention due to its mature fabrication process and wide
variety of control over light propagation as transverse electric (TE) and transverse
magnetic (TM) polarized light behavior is completely different in 2D PCs [13, 14].
Consequently, the design and fabrication of 2D PCs are being studied experimentally
and theoretically for a broad range of application in optical field, which includes
LEDs, LASERs, photovoltaics, and high Q cavities [15-22].

Again, recent studies on quasi-periodic and correlated disordered structures have
revealed that photonic band-gap can be found even in the absence of structural
periodicity [23-25]. This discovery has added a new dimension for the researchers

in the area of disordered photonics where random structures are analyzed to get



significant characteristics compared to periodic counterpart. This phenomenal
characteristic has already been used to implement disordered structures for the
realization of cavity resonators, randomly distributed feedback lasers and light
harvesting in solar cells [26,27]. In this regard, investigating the light transmission
characteristics in random arrays of dielectric scatterers is an interesting area of
exploration. Hence, a detailed investigation of strongly disordered arrays will
enhance the understanding of light transmission characteristics and will eventually
lead to the utilization of such structures in advanced optoelectronic and photonic
applications.  Again, with the development of computational facility, inverse
design-based optimization of photonic integrated circuits has opened the door for
getting user specified outputs with customized designs [28,29]. So, by blending
the understanding of light transmission in disordered arrays with inverse design
technique, wavelength demultiplexers and power splitters can be devised based on

random structures.

1.2 Literature review

Photonic crystals, after being introduced for the first time by Yablonovitch,
have been in the focus of attention of the research community due to providing
the opportunity for controlling the transmission and confinement of light through
structural modifications [12,30-33]. As a result, numerous studies have been
conducted to understand the origin and behavior of photonic bandgap in such
periodic structures [34,35]. Though complete photonic bandgap can only be easily
obtained in 3D PCs, analysis on such crystals are limited due to complex fabrication
process. In this regard, mature fabrication process of 2D PCs provide design
flexibility to the researchers and thus offering ample scopes for investigating such
crystals. Precisely controlling the dielectric constants of constituent materials, 2D
PCs can be designed to possess only TE or TM bandgaps [13,14]. Dielectric rods
suspended in air and air holes in a dielectric are two of the most commonly analyzed
types of 2D PCs. Whereas TM bandgap is generally found in the first type, TE
bandgap is more likely to be obtained in the later [3]. This is due to the difference

in the concentration of electric fields in the dielectric and the air regions. So recent



studies are conducted on the modulation of band-gap of 2D PCs. Caro et al. [1]
studied hole type PCs, whereas melo et al. [36] reported the effects of lattice structure
and geometry of dielectric column variation on the existence of band-gap. SEM

image of hole type 2D PCs studied by Caro et al. [1] is shown in Fig. 1.1.

Figure 1.1: SEM image of hole type 2D photonic crystal with hole size of 240 nm
diameter. Inset shows the top view of such photonic crystal having 170 nm hole
diameter [1].

Though PBGs in periodic systems are investigated in detail, the effects of
introducing randomness on the characteristics of PBG is less explored. However,
recent studies on disordered arrays have revealed that PBG is not a unique
characteristics of periodic array only. Rather the signature of PBG can also be found
in quasi-periodic and correlated disordered structures [23-25,37]. Chan et al. [25]
and Wang et al. [24] reported the existence of PBG in 2D photonic quasi-crystals
where the collective effects of multiple scattering occurring from the quasi-periodic
variation of dielectric constant results in the formation of PBG. Multiple scattering
assisted PBG is also reported by Della et al. [23] for penrose-type quasi-crystals.
Bayindir et al. [2] reported such appearance of PBG like transmission gap in a
penrose type quasi-crystal which is shown in Fig. 1.2.

Again, arranging the scatterers in a quasi-crystals in a hyperuniform pattern

and bridging the adjacent scatterers with thin lines, complete PBG is obtained by
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Figure 1.2: PBG like transmission gap in penrose type quasi-crystal [2].

Florescu et al. even in 2D PCs to impede the flow of both TE- and TM-polarized
light [38,39]. Near-zero transmission regions, resembling PBG, is also reported
for weakly disordered systems where randomness is introduced in correlation with
the corresponding periodic systems [37,40]. Based on a theoretical analysis on
such correlated weakly disordered systems, Nojima et al. attributed Bragg and
Mie process to be involved in the gap formation process [41]. Though the
characteristics of PBG in periodic, quasiperiodic, and correlated weakly disordered
structures are studied in detail, the prospect of strongly disordered systems with
uniform (uncorrelated) randmoness in showing the signature of such PBG-like
transmission gaps remained unexplored. Also the prospect of utilizing such uniform
random systems for designing photonic components like waveguides, couplers, power
splitters and beam-splitters has remained unattended- a study that deserves detailed
investigation for realizing disordered system based future photonic integrated

circuits.



1.3 Motivation of the Work

Though ordered NW arrays are investigated thoroughly, the absence of
orderliness in self-organized growth of dielectric NW arrays has inspired us to
investigate the possibility of getting transmission gaps in such uniform random
systems similar to the case of periodic or quasi-periodic systems. Such arrays have
already garnered the attention of the research community as they can be easily
grown using molecular beam epitaxy (MBE) and can be utilized for the realization
of optoelectronic and photonic devices [42,43]. Consequently, detectors and lasers
with a wide operating range from UV to near infrared regime have been realized
experimentally based on such self-organized GaN NWs [44-48]. Moreover, Hazari et
al. [49] utilized I1I-nitride NWs grown on (001) silicon substrate for the realization
of photonic integrated circuits. Again, the capability to tune Anderson localized
resonant modes by varying areal density and diameters of the NWs in such disordered
arrays, reported in a recent study, piqued our interest to investigate the tuning
possibility of transmission gaps in such uniform random systems [9].

Again, inverse design technique has recently emerged as an efficient method
to generate customized structural design for getting optimized and user-specified
output. As structural modification-based conventional optimization methods are
both time and cost ineffective, inverse design technique holds promise for efficient
optimization of advanced photonic devices [50-53]. In this regard, blending
the understanding of light transmission in disordered arrays with inverse design
technique for optimizing GaN NW array-based nano-photonic waveguides is an
interesting area of exploration.

Again, the growth of perfectly periodic nanowire arrays requires sophisticated
and expensive process and tools. Recently, periodic ITI-V semiconductor arrays
have been grown on SiOs by employing electron beam lithography (EBL) technique
[54]. Perfectly periodic 2D photonic crystals and silicon nanopillar array are also
reported to be fabricated based on EBL technique [55,56]. However, the setup,
operation, and maintenance cost of electron beam lithography is very expensive.
But, the growth of nanowire array by using molecular beam epitaxy (MBE) is
relatively cost-effective. Though the growth of perfectly periodic arrays is not

possible using MBE, self-organized growth of nanowire array is possible. Nanowire



arrays grown in this self-organized process are observed to have completely random
pattern. So, if comparable performance as periodic arrays can be obtained with
such random arrays, then low-cost photonic devices with comparable performance
can be fabricated. As a result, this study aims to investigate the transmission
characteristics of random nanowire arrays and the possibility of designing photonic

devices based on such arrays.

1.4 Objectives of the Work

The objectives of this thesis are the following:

e To study the light transmission characteristics of uniform random media
representing self-organized nanowire arrays of different areal densities and

diameters.

e To compare the transmission characteristics of strongly disordered systems

with those of periodic, quasi-periodic and weakly-disordered ones.

e To explore the prospect of tuning the transmission characteristics of strongly

disordered media for possible applications as photonic waveguide.

e To design and analyze de-multiplexers and power-splitters considering

self-organized nanowire array based disordered systems.

1.5 Outline of the Thesis

Chapter 2 represents a short theoretical discussion that is needed to better

understand this thesis work.

Chapter 3 provides a detailed discussion on the research methodology and the
analyzed structures. The simulation techniques and tools employed in this thesis

are also discussed in this section.

Chapter 4 includes all the simulation results with associated graphs, plots, and

tables. Detailed explanation of the results obtained is also discussed in this section.



Chapter 5 concludes the thesis by summarizing the results and discussing the

future scopes of the study.



Chapter 2

Theoretical Background

In this chapter, a brief overview of the theory of light transmission in dielectric
array is discussed. The concept of photonic crystals and photonic bandgap in

periodic dielectric arrays are also introduced in this chapter.

2.1 The Maxwell Equations

Having a thorough understanding of Maxwell’s equations is a must for
investigating light transmission characteristics in a medium. The electric field
intensity, electric flux density, magnetic flux density, and magnetic field intensity

being denoted by E, D, B, and H respectively, Maxwell equations can be represented

as follows:

V-D=p (2.1)

V-B=0 (2.2)

0B
E = - 2.
V x ot (2.3)
OE
VxB= /L()J + EOMOE (24)

Here, p is the electric charge density and p and £y denote magnetic permeability
and electric permittivity of free space. The relative permittivity being denoted by

er, the analysis of photonic structures in terms of electric field is governed by the



Maxwell’s wave equation expressed as:

PE  O’E n O*E OE

e 2E 2
o T oy T S HogE =0 (2:5)

Figure 2.1: Schematics of 1D, 2D and 3D photonic crystals [3].

2.2 Photonic Crystals

Photonic crystals are a special type of structures, consisting of periodic
modulation of dielectric constants of the constituent materials, which can modify
the behavior of light along the direction of periodicity. Based on the periodicity
of the structure, photonic crystals can be classified into three categories. When
the periodicity is maintained along a single axis and the structure remained
homogeneous along the other two axes, it is termed as 1D photonic crystal. Likewise,
maintaining periodicity along two of the axes keeping the homogeneity along the
third results in a 2D photonic crystal and periodic modulation of refractive index
along all three axes results in a 3D photonic crystal. Schematic representation of

1D, 2D, and 3D photonic crystals are shown in Fig. 2.1.

2.3 2D Photonic Crystals

As our studied periodic structure is identical to a 2D photonic crystal with square
lattice of dielectric columns, the E-k band structure and photonic bandgap in such

crystal will be explained in detail in this section. A representative of such 2D PC is
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Figure 2.2: A schematic representation of 2D photonic crystal consisted of
dielectric columns suspended in air. The square shape unit cell is also shown where
lattice constant is denoted by a and radius of the nanowires is denoted by r [3].

shown in Fig. 2.2 (square shape unit cell is also shown), where the periodic variation
of air and dielectric cylinders along the x and y directions are maintained. For this
square shape array, the Brillouin zone in the reciprocal lattice is also a square shape
area, where the irreducible Brillouin zone is a triangle consisting of one-eighth of
the square region. The high symmetric k-points at the corners of the irreducible
Brillouin zone are denoted as I', X, and M respectively for (000), (100), and (110)

directions in the reciprocal lattice.

2.3.1 Photonic band structure

When light propagation in the xy plane is considered, the behavior of light differs
significantly depending on the polarization of light. As we know that transverse
electric (TE) polarized light have in-plane electric field (E(p).z = 0) perpendicular
to the direction of propagation and out-of-plane magnetic field perpendicular to
both the electric field and the propagation direction. On the contrary, transverse
magnetic (TM) polarized light’s electric field is normal to the plane and magnetic
field is in-plane. Both TE and TM band structures of this array for a change in

momentum along the irreducible Brillouin zone (I-X-M-I") is shown in Fig. 2.3.
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Figure 2.3: The photonic bandstructure of a 2D PC consisted of square shape unit
cell of dielectric cylinders suspended in air. The unit cell and the Brillouin zone
are shown in the inset. The irreducible Brillouin zone is marked with the blue
triangle [3].

2.3.2 Photonic bandgap

As can be seen from the TM band structure, there appears a particular band
of frequency where no frequency band is permitted. In other words, light of this
particular frequency band is not permitted to propagate through the structure along
the direction of propagation. This band of frequency is termed as photonic band

gap (PBG) of the photonic crystals.

2.3.3 Origin of photonic bandgap

The origin of this PBG is better understood with the help of field distributions.
The displacement fields at the high symmetric X and M points for bandl and
band2 are depicted in Fig. 2.4. Bandl’s frequency being lower, E-field energy
of a mode with this frequency is mostly concentrated in the dielectric columns
(as these are of high-epsilon compared to air). But, for upper bands need to be
orthogonal to the lower ones, a nodal plane appears in the dielectric regions for a
mode with a frequency from band2. As a result, E-field of energy of a high frequency

mode of band2 becomes concentrated in the low-epsilon air region. Because of this

12



Figure 2.4: Displacement field distributions at high symmetric X and M points of
the irreducible Brillouin zone for TM polarization [3].

significance difference in E-field energy concentration in the dielectric, a photonic
bandgap appears. As E-field is along the dielectric axis for TM polarized light,
large concentration of E-field energy in the high-epsilon region is possible. But,
for the E-field being in-plane in case of TE polarized mode, the possibility of large
concentration factor is reduced by the forcing of E-field energy out of the dielectric
columns. As a result, PBG appears for TM mode only and no gap is found for TE

modes.

2.4 Light Scattering

Light scattering can be defined as the redirection of light that occurs when an

electromagnetic wave (EM) comes into contact with a scattering object. When
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the EM wave interacts with the scattering particle, the electron orbits inside the
particle’s constituent molecules are disrupted at the same frequency as the incoming
wave’s electric field. The periodic separation of charge within the molecule caused by
the disturbance of the electron cloud is known as an induced dipole moment. The
fluctuating induced dipole moment acts as a source of electromagnetic radiation,
resulting in dispersed light. As the scattered light are generally at the same
frequency as the incident light, this phenomenon is termed as elastic scattering.
A schematic of this elastic scattering is represented in Fig. 2.5. In our case, each
dielectric column can be considered as an individual scatterer of light. Hence, a
brief overview of the involved scattering processes will enhance the understanding

of the propagation of light through dielectric arrays.

Figure 2.5: Elastic scattering of light by a particle [4].

2.4.1 Rayleigh Scattering

When light or other electromagnetic radiation is scattered primarily by the
particles that are considerably smaller than the wavelength of the radiation, this
phenomenon is known as Rayleigh scattering. Specifically, the electric polarizability
of the scattering particles causes Rayleigh scattering. The charges inside a particle
are affected by the oscillating electric field of a light wave, which makes them travel
with the same frequency. As a result, the particle transforms into a tiny radiating
dipole, and we observe its radiation as scattered light. As Rayleigh scattering

depends on the relative size of the scatterer, the criteria for Rayleigh scattering
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can be formulated from the following dimensionless parameter [4]:

o= (2.6)

Here, r is the radius of the scattering particle and A\ denotes relative scattering
wavelength. When the condition o << 1 is satisfied, Rayleigh scattering is said to
be the dominant process involved. As « varies from 0.31 to 1.41 for our considered
diameters (60 nm to 90 nm) and wavelengths (250 nm to 600 nm), Rayleigh
scattering is not considered in the analysis. But, for Mie scattering (to be discussed
later) the criteria on particle size is relaxed. Fig. 2.6 represents a comparison of

Rayleigh and Mie scattering depending on particle size.
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Figure 2.6: Rayleigh scattering and Mie scattering [5].

2.4.2 Bragg scattering

Bragg scattering is generally attributed to the collective scattering of light from
a periodic structure. Long range periodicity is a must for this scattering effect to be
dominant. In other words, Bragg scattering can be elucidated as the process where
multiple reflection of light from the interface of the constituent dielectrics either
interfere constructively or destructively depending on the structural parameters.
This phenomenon of constructive and destructive interference is depicted in Fig.
2.7. In this process, the crystal structure is modelled as a collection of discrete
parallel planes divided by a constant parameter d. When the reflected waves
off the multiple planes interfere constructively, Bragg peaks are produced in the
reflectance spectra. This constructive interference results in when a phase shift of
27 is maintained between the reflected waves. Alternatively, this phenomenon of

constructive interference of reflected waves can be considered as the creation of a
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gap in the transmittance spectra, which may also be termed as photonic bandgap.

Figure 2.7: Constructive and destructive interference due to Bragg process in a
crystal [6].

2.4.3 Mie scattering

Mie scattering is the elastic scattering of EM wave by particles with a diameter
that is comparable to the wavelength of the incident wave. Schematic of Mie
scattering depending on particle size is represented in Fig. 2.6. As o ~ 1 according
to the formulation of Eq. 2.6 in our study, Mie process is expected to be dominant in
our analysis. The interaction of the EM radiation of light with that of the scattering
particle (generated at the particle’s surface due to the presence of electron) may
result in a diffraction pattern similar to the case of Bragg diffraction. However,
contrary to Bragg process, long range periodicity is not necessary for the Mie process.
The scattering of light by an individual scatterer irrespective of the arrangement of
its adjacent atoms is generally termed as Mie scattering. The coupling of the modes
of a particular scatterer with its adjacent one results in Mie resonance. Due to this

coupling, photonic bandgap may appear even in aperiodic structures [41].
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Chapter 3

Analyzed Structures and

Computational Methods

The structural designs considered in our study and the computational methods
involved in the analysis will be discussed in this chapter. To have an understanding
of the effects of randomness on light transmission, periodic, correlated random, and
uniform random systems are considered. Finite difference time domain (FDTD)
analysis technique is used as the computational method. The details of the

simulation setup and methodology will be discussed here.

3.1 Self-organized Growth of Nanowire Array

As the diameters and random patterns in our study are considered according to
experimentally reported dimensions of self-organized nanowire array, self-organized
growth process of such nanowire arrays is discussed in brief in this section. On
the (001) Si substrate, under nitrogen-rich conditions, and without the use of
any foreign- or Ga self-catalyst, self-organized GaN-nanowire arrays can be grown
using plasma assisted molecular beam epitaxy (MBE). As Si-N bonding is more
energetically favourable than Ga-N bonding at the early stages of the growth process,
a layer of Si;N, is formed in between the Si substrate and GaN nanowire [57-60].
This Si;N, layer initiate the nanowire formation process by making it easier for
the Ga atoms to be incorporated onto the growth plane. It is noteworthy that

these nanowires form spontaneously on the growing substrate and a random pattern
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Figure 3.1: Growth process of GaN nanowire on Si substrate [7].

is generated. The growth mechanism is illustrated in Fig. 3.1. As can be seen
from the figure, adatoms impinging on the Si substrate diffuses towards the sidewall
of the nanowire by overcoming the energy barrier between Si and GaN. However,
these adatoms may not contribute to the growth process by being desorbed from
the sidewall. Again, adatoms impinging on the upper sidewall are attracted by the
low potential of the top surface. As a result, adatoms impinging around the top
surface majorly contribute to the nanowire growth. SEM images of nanowire arrays
grown employing this MBE technique are shown in Fig. 3.2, where the effects of
Ga fluxes on the growth of nanowire array is evident. In this way, controlling the
growth parameters, the diameters of the nanowires can be varied from 25 nm to 200
nm [61].

Again, SEM image of the top view of such MBE grown self-organized nanowire
array is shown in Fig. 3.3(a), which was grown with a Ga flux of 1.65 x 1077
Torr at 800°C temperature [9]. Applying image processing on this image, the
pattern of Fig. 3.3(b) is generated. Circular approximation is used to simplify the

pattern generation. Mimicking this pattern of self-organized nanowire array, random
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Figure 3.2: SEM images of GaN nanowires grown with Ga fluxes of (a) 3 x 1078,
(b) 7.8 x 1078, and (c) 9 x 10~® Torr [8].

Figure 3.3: (a) SEM image of the top view of MBE grown self-organized GaN
nanowires on Si; (b) transferred pattern generated through image processing; (c¢) A
3D schematic diagram of GaN nanowire array and (d) corresponding 2D
cross-section in the x-y plane [9)].

arrays in our study are generated with identical dimensions and areal densities. 3D
schematic diagram and 2D cross-section of a random nanowire array similar to that

considered in our analysis are shown in Figs. 3.3(c) and 3.3(d) respectively.
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Figure 3.4: Cross-sectional view of a 3 x 3 ym? periodic array with 50 % ff having
identical nanowires of 60 nm diameter.

3.2 Device Structure

Four types of structures — periodic, correlated weakly disordered, correlated

strongly disordered, and uncorrelated disordered - are considered in this study.

3.2.1 Periodic nanowire array

GaN nanowires (NWs) suspended in air in a square shape lattice arrangement
constitute the periodic array in our study. NWs are vertically aligned along the
z axis and periodicity is maintained along the x and y directions. A schematic of
the periodic array with 60 nm diameter and 50% fill-factor in the xy cross-sectional
plane is shown in Fig. 3.4. Keeping the total system area fixed at 3 x 3 pum?,
diameters and fill-factors are varied from 60 — 90 nm and 30 — 50% respectively.
Here, fill-factor (ff) is calculated as
}LwdQ

a?

ff =

: (3.1)

where d denotes the diameter of the nanowires and a is the lattice constant.
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Figure 3.5: Maximum achievable disorder strength ({) for different allowed
variation. Square shape unit cell of the periodic array is shown in the inset.

3.2.2 Correlated random array

Correlated disordered structures are generated from the periodic array with
identical diameters and fill-factors. P (P € [0, 100]) being the percentage randomness
parameter, new coordinates (z + dz, y + dy) for the correlated array was generated
from the NW co-ordinates (z, y) of the periodic array based on the following

equations:

dx = (P/100) x r, X R
(3.2)
dy = (P/100) x r, x R

Here, {r,, r,} are random numbers generated uniformly within the range [-1, 1]
and R denotes the allowed variation. For avoiding the overlapping of nanowires, a
newly generated coordinate is taken only if the center to center distances from the
nanowire to its adjacent are greater than the diameter. Otherwise this coordinate
is discarded and a new one is generated and compared.

To quantitatively measure the degree of randomness in such structures, disorder
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Figure 3.6: Cross-sectional views of (a) correlated weakly disordered ({ = 0.1425)
and (b) correlated strongly disordered (¢ = 0.9963) arrays with 50 % ff having
identical nanowires of 60 nm diameter.

strength (¢) is calculated using the following relation:

bRt () e

OB

Here, A and B are 1D vectors containing the refractive index profile of the periodic
and random arrays respectively. N denotes total number of elements in the vector
and g and o are the mean and standard deviation of the corresponding vectors.
The relation of this disorder strength with allowed variation is shown in Fig. 3.5 for
different fill-factors of the array. As can be seen, restricting allowed variation limits
the randomness in the weakly disordered regime even with the highest value (100 %)
of percentage randomness parameter. So, in our analysis, allowed variation is set to
a/2 for getting a disorder strength of almost unity. Two configurations of disordered
structures of 60 nm diameter and 50 % fill factor with 25 % (¢ = 0.1425) and 100 %
(¢ =0.9963) randomness are represented in Figs. 3.6(a) and 3.6(b) respectively.

3.2.3 Uniform random array

For getting uniformly random structures, we have generated random numbers

using uniform random distribution to select the z and y coordinates of the centers
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Figure 3.7: Cross-sectional view of a 3 x 3 um? uniform random array with 50 % ff
having identical nanowires of 60 nm diameter.

of the GaN nanowires. Desired fill factor for the random structure is ensured by
calculating the total area needed to be covered by the nanowires and then the
number of nanowires hence the number of random coordinates are determined. The
coordinates are placed in the range {Sz, Sy} € [-1.5, 1.5] in such a way that center to
center distance of adjacent nanowires are greater than the diameter in order to avoid
overlapping. Here, Sz and Sy indicate the overall dimension of the structure along
x and y directions respectively. The cross-sectional view of a uniformly generated

random array with 60 nm diameter and 50 % fill-factor is shown in Fig. 3.7.

3.3 Photonic Band-structure of Periodic Array

The band structures of the periodic array is determined by using the MPB
package [62]. MPB (MIT Photonic Bands), an open source eigen frequency solver,
computes the band structures of periodic arrays by calculating the eigenstates of
Maxwell’s equations. Only a unit cell, defining the high symmetric I', X, and M
points of the irreducible Brillouin zone (marked with a blue triangle in the inset of
Fig. 3.8), is needed to be simulated to get the whole band structure. The lower
eight frequency bands, starting from the fundamental, are considered to look out

for the photonic band gap (PBG) in our desired frequency range. The TE (red) and
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Figure 3.8: TE and TM Band structures of the periodic NW array. The irreducible
Brillouin zone for the square shape unit cell is marked with a blue triangle in the
inset.

TM (blue) band structures of our analyzed periodic GaN NW array is presented in
Fig. 3.8, which confirms the existence of TM bandgap.

3.4 Finite Difference Time Domain Analysis

Finite Difference Time Domain (FDTD) analysis involves the numerical solving

of Maxwell’s equations by dividing the total computational space in a discrete grid.

3.4.1 Simulation details

Open source software package MEEP (MIT Electromagnetic Equation
Propagation) is used as the FDTD analysis tool to study the transmission
characteristics of both periodic and disordered structures in our study [63]. MEEP
divides the 3D computational space into cubic grids and computes the E and H
field components at different locations of the cubes. Such discrete cubes are termed

as Yee lattice, a representation of which is shown in Fig. 3.9. The Ey, E,, and E,

e
components of the E filed are stored at the cube edges, while the Hy, Hy, and H,

components of the H filed are stored at the faces of the cube.
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Figure 3.9: Yee lattice in a 3D computational space [10].

FDTD technique is particularly convenient for calculating the flux spectrum over
a broad wavelength range in a single simulation. By obtaining the Fourier-transform
of the response of the computational region to a short pulse, transmittance and
reflectance spectra for broadband wavelength can be easily calculated. A power
monitor is needed to be placed at the desired location where the flow of power is
to be recorded. The transmitted power through this monitor is then calculated by

integrating the poynting vector as follows,
P(w) = Refh - / B, (x)" x H,(x)d?x) (3.4)

Here, 1 is the direction normal to the monitor. Fourier-transformed fields, E, (x)
and H,(x) are stored at each location of the monitor for each time steps. Then,
P(w) is obtained by accumulating the results of the discrete time steps.

For calculating the reflectance spectra, two simulation is needed - one without
the scatterer and one with the scatterer. The monitor is placed at the same location
for both the simulations. This is due to the fact that incident flux is needed to be
subtracted to get only the reflected flux from the scatterer. If Fourier-transformed

fields without the scatterer are B (x) and HY (x) and those with the scatterer are
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E,(x) and H,(x), then the reflected power can be expressed as
Po(w) = Re{ - / [E.(x) — EO(x)]" x [Ho(x) - HO(x)] dx}  (3.5)

Both reflected and transmitted power are normalized with the incident power to get

the reflectance (R) and transmitted (T) spectra.
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Figure 3.10: Transmittance (T) and reflectance (R) spectra of periodic GaN
nanowire array with 70 nm diameter and 50 % ff for both TE and TM modes.

3.4.2 Benchmarking with band-structure

To calculate the flux spectra in our study, a gaussian pulse source with
wavelength ranging from 200 nm to 600 nm is placed at the left of the array. A
reflectance monitor is placed in the air region between the source and starting plane
of the array and a transmittance monitor is placed at the right of the array to
measure the reflectance (R) and transmittance (T) spectra respectively. Perfectly
matched layer (PML) layer boundary condition is used with the PML thickness
chosen to be greater than the highest wavelength of the source to absorb the light

out of the computational region. For a periodic array of GaN with 70 nm diameter
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and 50 % ff, the recorded reflectance and transmittance spectra for both TE and
TM modes are plotted as a function of wavelength in Fig. 3.10. It can be depicted
here that, transmittance is almost zero in the wavelength range of 310 nm to 372
nm, which indicates the existence of PBG like transmission gap for TM mode. For
a periodic array with similar diameter and fill-factor, a TM PBG at around 315
nm is also evident from the dispersion relation of Fig. 3.8 (marked with green
region), which confirms the direct correlation of the PBG to the transmission gap
of the periodic systems. As such transmission gap is absent for TE modes in our
considered wavelength region for the considered dimensions of the GaN nanowire,

the transmission characteristics of TM polarized light will be focused in this study.

3.5 Inverse Design-based Optimization

Electromagnetic simulation usually generates electric field distribution for a given

permittivity distribution according to the Maxwell’s equation as follows:

E = ((V X %VX) — w%)_l (—iwd) (3.6)

Here, current density J represents input mode source of frequency w. E denotes
electric field and g and e are magnetic permeability and electric permittivity
respectively. In this process, the efficiency of the device depends on the intuition of
the designer and the design flexibility is also limited. In this regard, inverse design
technique has been proved to be an efficient method to get user-specified output

with customized designs.

3.5.1 Algorithm

Let us consider an output mode j is specified by the user for an input mode ¢ in
an inverse design problem which is to be bounded between a specified limit. Output
electric field €;; is to be recorded in the output port over a surface S;;. Then inverse

design technique will generate an optimized structure that satisfy both

V X /Lalv X Ez — WEGEZ‘ = —ZCUZJZ (37)
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and

Qi; <

< Bij (3.8)

// & E; dS
Sij

Here, the modal overlap of the input electric field with the specified output mode

electric field is to be bounded between the limit a;; to B8;;. The full inverse design

process can be divided into the following steps:

3.5.2 Initial structure

An initial structure is needed to be defined based on which the optimized
structure is generated by changing the permittivity of the design area within the
specified limit. In our case, periodic and random nanowire arrays are considered as
the initial structures as shown in Figs. 3.11 and 3.12 respectively. Design region is
marked with red dotted region. Source is injected along left port marked as “3” and
output is recorded along right ports where the top port is marked as “1” and the

bottom one is marked as “2” in the figure.

Figure 3.11: Periodic nanowire array initial structure. Design region is marked
with red dotted region. Source is injected along left port marked as “3” and
output is recorded along right ports marked as “1” and “2”.

3.5.3 Optimization

SPINS-B have been employed for running the optimization in our work. SPINS-B
is the open source version of SPINS (Stanford Photonics Inverse Design Software)

[64]. Gradient based optimization is used here. The basic steps of optimization in
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Figure 3.12: Random nanowire array initial structure.

SPINS is depicted in the flowchart of Fig. 3.13. In this method, after setting up the
simulation domain, a figure of merit or objective function is needed to be defined.
Spins computes the gradient of the objective function and tries to minimize it by
moving in the opposite direction of the gradient. So the objective function should
be formulated according to the specification of the user. In case of our study on
power splitter, the objective is to maximize the power transfer to the output ports.
As spins minimizes the objective function, the objective function can be expressed
as

fobia=1—1Ci3El*; i=1,2 (3.9)

Here, |C;3E| denotes the modal overlap of electric field E with the target mode
C. The summation of these two objective functions consists the final objective as

follows:

fovi = fovjn + fovj2 (3.10)

For wavelength demultiplexers, the target is to maximize the power transfer at a
particular wavelength to a specific port, while minimizing the power transfer of the
same wavelength at the other output port. To transfer 650 nm wavelength along
portl and 550 nm wavelength along port2, the objective function can be expressed
as
fass =1~ ORI + OB -
faviz =1~ | OB B[ + |CFP B[ |
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Figure 3.13: Flow chart of the steps to be followed to design a photonic device
using inverse design technique [11].

Here, |Cf3°E| denotes the modal overlap of the electric field at 650 nm wavelength
with the target mode C; of the output port i. The final objective is the summation

of these two sub-objectives in this case also.

3.5.4 Discretization

During optimization the permittivity of the design region is allowed to vary
continuously within the specified limit. But, to ensure the realizability of the device,
the optimized structure is discretized by using binary discretization technique. In

our study, a threshold permittivity (e4,) is chosen as

e = Average (€4ir, EGan)- (3.12)

30



Here, 4;, and eg,n denotes the permittivity of air and GaN NW respectively. Then

the discretized structure is generated based on the following condition:

If € > &4y,; then € = egun
(3.13)

else € = e,y

3.5.5 FDTD simulation

FDTD simulation is employed on the discretized structure to generate the
transmission spectra over a broad wavelength region. Field distributions at specific
wavelengths are also observed to ensure that the performance objective is fulfilled
properly. For running the FDTD simulations, we have used Lumerical FDTD as
the analysis tool. Higher order mesh is employed in the GaN regions to define the
structures properly at the coarse boundary. By injecting a mode source from the

left port of the device, output is recorded at the right ports.
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Chapter 4

Results and Discussion

Results of our study are demonstrated with associated figures in this section and
the corresponding analysis and explanation of the results are also carried out. First
of all, the light transmission characteristics in both periodic and random arrays
is discussed in detail. The origin of transmission gap in random arrays and the
tuning of the gap are also demonstrated. The later part of this chapter shows the
potential application of such systems in designing power splitters and wavelength

demultiplexers based on inverse design technique.

4.1 Light Transmission Characteristics

4.1.1 Origin of transmission gap

To understand the behavior of light transmission through disordered dielectric
arrays, correlated randomness is introduced gradually in the periodic structure
and the corresponding change in the transmittance spectra is observed. For our
representative periodic array with 50 % ff and 60 nm diameter, the appearance of
transmission gap (from 268 nm to 320 nm) is evident in the transmittance spectra as
shown in Fig. 4.1. In the passband region, some spikes are also evident. These spikes
arises due to Fabry-Perot (FP) resonance between the boundaries of the nanowire

array and the spike-to-spike distance follows the equation:

An, = 2L 2k (A1)

m m—+1
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Figure 4.1: Transmittance spectra for periodic, correlated disordered, and uniform
random systems with 50 % ff and 60 nm diameter.

Here, L denotes system length (distance between the boundaries) and m is the mode
number of FP resonance.

Now, introducing randomness in correlation with the periodic structure results
in a transmission gap in almost at the same wavelength region as the periodic one.
Though a shrinkage in the gap occurs for the disordered arrays, the sustainability
of the gap even at the highest value of disorder strength is quite interesting. It is
also noteworthy that similar to the case of correlated disordered array, transmission
gap also appears for uniform random systems despite the absence of any spatial
correlation with the periodic array. To ensure the generality of the findings, we
have taken the configurational average of four different random configuration and
the corresponding relflectance and transmittance spectra are shown in the error bar
plot of Fig. 4.2. Again, for correlated weakly disordered array ({ = 0.1423), the
signature of periodic array is evident in the transmittance spectra. As a result, FP
resonance modes can be seen in the spectra. This similarity in FP resonance peaks
is marked with black and red circles for periodic and weakly correlated random

arrays respectively. But, for correlated strongly disordered array, no such peaks
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are visible. Again, as the disorder strength is increased, light transmission at
the passband wavelengths decreases gradually. This reduction in transmittance is
actually associated with the increase of scattering which will be detailed in the later

section.

Figure 4.2: Reflectance and transmittance spectra for uniform random systems.
Here, configurational average of four different random configurations with identical
diameter and ff of 70 nm and 50 % are shown.

From the sustainability and shrinkage of transmission gaps in the disordered
systems, it can be interpreted that both Bragg and Mie process are involved in the
gap formation process. As Bragg process is governed by the collective scattering
of light from an array, long range periodicity is required for this process. As a
result, the lack of periodicity in random systems results in a shrinkage of the gap.
However, long range periodicity is not mandatory for Mie process as it is associated
with the coupling of adjacent scatterers [41]. Hence, Mie gap can sustain disorder
which results in the existence of gap even in completely random arrays. To get an

understanding of the contribution of these Bragg and Mie process in gap formation
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Figure 4.3: Relative bandgap () as a function of disorder strength ({) for
correlated disordered arrays. Percentage of Bragg contribution in bandgap
formation process is also shown.

process, we have used the following equation [41]:

1— Xdielectric
FBrag;g = 1 — Yomotal (42)

Here, I'page indicates the percentage of Bragg contribution. Xaielectric and Xmetal
denote the relative transmission gap for dielectric and metallic nanowire arrays with

identical dimensions and spatial distributions. Relative transmission gap (x) is

defined as:
=20 s

According to the above equations, the calculated I'pragg , Xdielectric ; a0d Xmetal are
plotted in Fig. 4.3. As can be seen from the figure, around 30 % Bragg contribution is
found for weakly disordered systems, which is in consistence with previous findings
[41,65]. But, for strongly disordered arrays (¢ > 0.4) the dominance of Bragg
contribution increases to around 57 %. As a result, more gap shrinking is observed

for strongly disordered arrays. Thus, both Bragg and Mie process are involved in
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the gap formation process of our considered dielectric arrays.

4.1.2 Transmission gap tuning

The tunability of transmission gap for both periodic and random arrays are

investigated in this section by controlling the diameters and fill-factors.

Figure 4.4: Contour plot of transmittance in periodic arrays for different diameters
of the nanowires. Fill-factor is kept constant at 50 % in each case.

4.1.2.1 Effects of variation in diameters

Keeping the fill-factor fixed at 50 %, diameter is varied from 60 nm to 90 nm
for the periodic systems and the corresponding transmittance spectra are observed.
As can be seen from the contour plot of Fig. 4.4, transmission gap shifts towards
longer wavelength along with an increase in diameter and the bandwidth of the gap
also increases from about 52 nm to 82 nm for a change in diameter from 60 nm to
90 nm.

Now, the effects of diameter variation in disordered arrays is observed similar

to that of periodic array. Similar trend of center wavelength of the TM gap being
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Figure 4.5: Contour plot of transmittance in random arrays for different diameters
of the nanowires. Fill-factor is kept constant at 50 % in each case.

Figure 4.6: Variation of center wavelength of the transmission gap and gap-midgap
ratio as a function of diameters for both periodic and random arrays.
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shifted towards longer wavelength along with the increment of diameter is found in
this case also as can be seen in the contour plot of Fig. 4.5. Here a shifting from
277 nm to 410 nm for center wavelength and an increase from 25 nm to 49 nm for

gap size is observed by changing the diameter from 60 nm to 90 nm.

Figure 4.7: Scattering in periodic arrays for different diameters of the nanowires.
Fill-factor is kept constant at 50 % in each case.

The variation of gap center and gap-midgap ratio along with diameter in both
periodic and random structures is illustrated in Fig. 4.6. Four different sets of
random structures with 50 %ff are studied for each diameter from 60 nm to 90 nm and
the center wavelength of the gap is determined by taking the configuration average.
It is observed from the figure that center wavelengths for both periodic and random
structures increases linearly with diameter provided the ff is kept constant. But,
gap centers for periodic structures are found to be at longer wavelengths for all the
diameters in comparison to the random structures. Consequently, the gap-midgap
ratios are also higher for periodic arrays at all the diameters. While gap-midgap
ratio for the periodic systems remained around 18 % for all the cases, it increases
slightly from ~ 9% to ~ 11% with an increase in diameter from 60 nm to 90 nm

for the random arrays.
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Figure 4.8: Scattering in random arrays for different diameters of the nanowires.
Fill-factor is kept constant at 50 % in each case.

Now, to understand this shifting of transmission gap, the scattering fluxes
through sideways (perpendicular to the direction of propagation) are recorded. The
corresponding scattering spectra are plotted at different diameters of the arrays
for both periodic and random structures in Figs. 4.7 and 4.8 respectively. From
the figures, a shifting of zero scattering region along with diameter similar to
the transmission gap can be seen for both periodic and random arrays. As gap
wavelengths are not allowed to enter the system area, no scattering of light through
sideways is possible. So, this phenomenon of gap shifting with diameter can be
explained with the relation, a = \/W As the diameter is increased,
keeping the fill-factor constant, the effective lattice constant of the array increases.
As a result, according to the dispersion relation, a shifting of the gap towards longer

wavelengths is observed.

4.1.2.2 Effects of variation in fill-factors

Keeping diameter the same at 70 nm, fill-factor is changed from 30 % to 50 %

to observe the effects of ff variation in periodic array. As evident from the plot
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Figure 4.9: Transmittance spectra of periodic arrays at different fill-factors with
the diameter being fixed at 70 nm in each case.

of Fig. 4.9, upon increasing the ff from 30 % to 50 %, a shifting toward shorter
wavelength is found for the upper boundary of the gap while the lower boundary
barely changed. As a result, gap size is reduced and center wavelength also shifted
towards shorter wavelength from 367 nm to 341 nm along with a significant change
in the gap-midgap ratio from 27 % to 18 %.

A similar study is conducted for random arrays by changing ff from 30 % to 50 %
for 70 nm diameter in all cases. From the transmission spectra of Fig. 4.10, it can
be clearly depicted that the highest value of transmittance is around 20 % for 50 %
ff and it decreases below 10% for 30 % ff. Similar to periodic array, a shifting of
the center of the gap towards shorter wavelength from 352 nm at 30 % fill-factor to
321 nm at 50 % fill-factor and a change in gap-midgap ratio from 18 % to 11 % for
similar change in fill-factor is found for random structures also. Along with that,
a shrinkage of the gap size (from 66nm to 30nm) from upper wavelength of gap
boundary is also observed for a change in ff from 30 % to 50 %.

The comparison of the characteristics of the transmission gap of periodic and

random arrays in terms of center wavelength and gap-midgap ratios are also
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Figure 4.10: Transmittance spectra of random arrays at different fill-factors with
the diameter being fixed at 70 nm in each case.

Figure 4.11: Variation of center wavelength of the transmission gap and
gap-midgap ratio as a function of fill-factors for both periodic and random arrays.

41



Figure 4.12: Transmittance spectra at different system lengths (L) for both
periodic and random systems.

represented in Fig. 4.11. Though both center wavelengths and gap-midgap ratios are
decreased with the increase of fill-factor in both periodic and random structures, the
gap centers are always at longer wavelengths and gap-midgap ratios are also greater

for the periodic arrays.

4.1.3 Effects of system length
4.1.3.1 Comparison of transmittance

Transmittance spectra for both periodic and random arrays are observed for
different system lengths (L) . Keeping the width of the systems at 3 pm, length is
varied from 3 pm to 7 pm. The recorded spectra for both periodic and random arrays
with 60 nm diameter and 50 %ff are shown in Fig. 4.12. Five points moving average
is used to reduce the excessive fluctuation so that the observation of the trend
becomes easier. It is obvious from the plot here that transmittance in periodic
structure is not variant to change in system length, while a gradual decrease of
transmittance with larger L is found for random systems. In addition to that, the

value of transmittance beyond the transmission gap region is found to be around
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50 % for periodic arrays, but for random arrays it remained around 20 %.

Figure 4.13: Scattering spectra at different system lengths (L) for periodic
systems. The location of scattering monitors to record the scattered flux is also
shown in the inset.

4.1.3.2 Light scattering

To understand the lower value of transmittance in random arrays, we studied
the scattering of light for different system lengths in both periodic and random
structures. Two power monitors of the same length of the system are placed
along the two sides of the array to record the scattered light from the system.
Normalizing with the input power, the recorded values of both the monitors are
added together to get the total scattering out of the system. Scattering for the
periodic and random systems of different lengths with 60 nm diameter and 50 % ff
are illustrated graphically in Figs. 4.13 and 4.14 respectively. A schematic of the
setup is also shown in the inset of Fig. 4.13. As can be seen from the figure, the value
of scattering for periodic structures are around 2 % beyond the transmission gap and
it remains the same irrespective of the system lengths. But for the random arrays,
scattering increases from ~ 20 % at 3 pm to ~ 40 % at 7 um for wavelengths outside

of the gap region. This dominance of scattering in the random systems explains
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Figure 4.14: Scattering spectra at different system lengths (L) for random systems.

Figure 4.15: Optimized power splitter for 550 nm wavelength with periodic
nanowire array initial structure.

the lower value of transmittance compared to the periodic ones at the passband
wavelengths. Again, scattering at transmission gap wavelengths are almost zero for
both periodic and random systems as light of these wavelengths are not allowed to

enter the system area.
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Figure 4.16: Discretized power splitter for 550 nm wavelength with periodic
nanowire array initial structure.

Figure 4.17: Electric field distribution at 550 nm wavelength of the designed power
splitter with periodic nanowire array initial structure.

4.2 Disorder System Based Demultiplexers and
Power Splitters

Based on the understanding of light transmission in random arrays, we have
investigated the potential of such arrays in being used as power splitters and
wavelength demultiplexers. Employing inverse design based optimization technique,
we have proposed customized designs generated from periodic and random nanowire

arrays in this section.
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Figure 4.18: Transmittance spectra for the designed power splitter with periodic
nanowire array initial structure.

Figure 4.19: Optimized power splitter for 550 nm wavelength with random
nanowire array initial structure.

4.2.1 Power splitters at 550 nm wavelength

For designing power splitter, the target is to maximize the power transfer at
550 nm wavelength to the output ports marked as port “1” and port “2” in Fig.
4.15. Taking periodic nanowire array as the initial structure, the objective function
is defined. Then adjoint optimization is run on the initial structure to generate an

optimized permittivity distribution. In this step, the permittivity distribution is

46



allowed to vary continuously i.e. arbitrary index is allowed in between the indices
of GaN and air medium. The optimized structure generated after the final iteration

is shown in Fig. 4.15.

Figure 4.20: Discretized power splitter for 550 nm wavelength with random
nanowire array initial structure.

Figure 4.21: Electric field distribution at 550 nm wavelength for the designed
power splitter with random nanowire array initial structure.

Now, as materials with arbitrary refractive index is not realizable, the generated
structure is needed to be discretized. We have employed binary discretization
technique as described earlier for generating the discretized structure, which is shown
in Fig. 4.16. The discretized permittivity distribution is then imported in Lumerical
to run fintie difference time domain simulation on the final design. Injecting a
gaussian shape broadband mode source from the left port, transmittance is recorded
at both the output ports. As can be seen from the electric field distribution
of Fig. 4.17, power is splitted at both the output port for 550 nm wavelength.

Corresponding transmittance spectra is shown in Fig. 4.18. As evident from the
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Figure 4.22: Transmittance spectra for the designed power splitter with random
nanowire array initial structure.

Figure 4.23: Optimized power splitter for 650 nm wavelength with periodic
nanowire array initial structure.

figure that transmittance at portl and port2 are 52 % and 44 %, respectively, which
are very close to the ideal value of 50 %.

Similarly for the random nanowire array initial structure, the objective function
is defined to maximize the power transfer for 550 nm wavelength at both the
output port. The optimized structure in this case is shown in Fig. 4.19. Now,
to generate a physically realizable structure, binary discretization technique is used.

The discretized permittivity distribution is presented in Fiig. 4.20. Importing this
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Figure 4.24: Discretized power splitter for 650 nm wavelength with periodic
nanowire array initial structure.

Figure 4.25: Electric field distribution at 650 nm wavelength of the designed power
splitter with periodic nanowire array initial structure.

discretized structure in Lumerical, FDTD simulation is carried out to get the field
distribution and transmittance spectra which are shown in Figs. 4.21 and 4.22
respectively. As evident from the figure, transmittance at portl and port2 are 26 %
and 40 % respectively. As the overall transmittance at 550 nm wavelength is lower
for random nanowire array initial structure due to increased scattering through
sideways, a lower value of transmittance is found with random array compare to the

transmittance with periodic array.

4.2.2 Power splitters at 650 nm wavelength

To design a power splitter for 650 nm wavelength, the objective function

should be changed to maximize the power transfer at the output ports for 650 nm
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Figure 4.26: Transmittance spectra for the designed power splitter with periodic
nanowire array initial structure.

Figure 4.27: Optimized power splitter for 650 nm wavelength with random
nanowire array initial structure.

wavelength. Setting the objective properly, optimization is run for periodic nanowire
array initial structure and the generated permittivity distribution is shown in Fig.
4.23. The result of this continuous optimization is discretized to get the design of
Fig. 4.24. Again, discretized permittivity is imported in Lumerical to get the E field
distribution and transmittance spectra of Figs. 4.25 and 4.26. From these figures,

it can be seen that power is splitted almost equally to both the output ports and
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Figure 4.28: Discretized power splitter for 650 nm wavelength with random
nanowire array initial structure.

Figure 4.29: Electric field distribution at 650 nm wavelength for the designed
power splitter with random nanowire array initial structure.

the recorded transmittance of ~ 46 % at both the ports are very close to the ideal
value of 50 %.

Similarly, for the random nanowire array initial structure, optimization objective
is set to maximize the power transfer at 650 nm wavelength and the optimized
result of the final iteration is shown in Fig. 4.27. Result of this continuous
optimization is discretized to get the permittivity distribution of Fig. 4.28.
Importing this discretized distribution in Lumerical, FDTD simulation is run to get
the E field distribution and broadband transmittance spectra of Figs. 4.29 and 4.30
respectively. In this case, the transmittance at portl and port2 are 40 % and 53 %
respectively, which are comparable to the values obtained with periodic nanowire

array initial structure.
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Figure 4.30: Transmittance spectra for the designed power splitter with random
nanowire array initial structure.

Now, different random data sets with identaical dimensions are considered for
the optimization based on the defined onjective function and the corresponding
transmittance spectra are recorded by running FDTD simulation on the discretized
structures. The results of these power splitters at both 550 nm and 650 nm
wavelengths are summerized in Table 4.1. It can be noted that the performance
of all the random structures are comparable with periodic structure in terms of
splitting 650 nm wavelength. But, random structureb outperforms other random

structures in terms of splitting 550 nm wavelength.

4.2.3 WDM at 550 amd 650 nm wavelengths

Wavelength demultiplexer is designed to pass light of 650 nm wavelength to
portl and 550 nm wavelength to port2. The objective function is set to maximize
the power transfer of 550 nm wavelength to port2 while minimizing it through port1.
Similarly, power transfer of 650 nm wavelength is intended to be maximized to portl
and minimized to port2. Taking periodic nanowire initial structure, optimization is

run by setting the objective function as described earlier. The generated structure
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Table 4.1: Comparison of transmittance for the designed power splitters.

Transmittance
Structure At 550 nm At 650 nm
Port1 Port2 Port1 Port2
Periodic 52 % 44 % 46 % 46 %

Random structurel 26 % 40 % 40 % 53 %
Random structure2 31 % 46 % 51% 42%
Random structure3 54 % 31% 47 % 42 %
Random structure4 39 % 45 % 44 % 40 %
Random structureb 42 % 46 % 45 % 41 %

Figure 4.31: Optimized demultiplexer structure for periodic nanowire array initial
structure.

after running the iterations of continuous optimization is shown in Fig. 4.31. The
discretized structure generated after binary optimization is presented in Fig. 4.32.
Importing this discretized permittivity distribution, FDTD simulation is carried out
to get electric field distribution and transmittance spectra as shown in Figs. 4.33
and 4.34 respectively. It is evident from the figure that the transmittance for 550 nm
wavelength is 74 % through port2, while it is only 1.8 % through portl. Similarly,
transmittance for 650 nm wavelength is maximized to 83% to portl, while it is
minimized to 2.5 % to port2.

Now, random nanowire array is taken as the initial structure and the objective

function is defined similarly for same set of wavelength as the periodic array. After
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Figure 4.32: Discretized demultiplexer structure for periodic nanowire array initial
structure.

Figure 4.33: Electric field distributions at 550 nm (top) and 650 nm (bottom)
wavelengths for the designed demultiplexer with periodic nanowire array initial
structure.

running the optimization the structure of Fig. 4.35 is generated. The result of
this continuous optimization is discretized similar to the previous ones to get the

discretized structure of Fig. 4.36. FDTD simulation is carried out in this case
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Figure 4.34: Transmittance spectra for the designed demultiplexer with periodic
nanowire array initial structure.

Figure 4.35: Optimized demultiplexer structure for random nanowire array initial
structure.

also on the final design to observe the E field distribution and the transmittance
spectra, which are presented in Figs. 4.37 and 4.38 respectively. In this case,
the transmittance for 550 nm wavelength is found to be 78 % to port2 while it is
minimized to 1.7 % to portl. Similarly, the transmittance for 650 nm wavelength is

maximized to 82 % to portl while it is found to be only 0.7 % to port2.
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Figure 4.36: Discretized demultiplexer structure for random nanowire array initial
structure.

Figure 4.37: Electric field distributions at 550 nm (top) and 650 nm (bottom)
wavelengths for the designed demultiplexer with random nanowire array initial
structure.

Similarly, different random data sets with identical diameters and fill-factors
are taken as the initial structures and optimization is run based on the defined

objective function. Running the FDTD simulation, transmittance at both the port
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Figure 4.38: Transmittance spectra for the designed demultiplexer with random
nanowire array initial structure.

Table 4.2: Comparison of transmittance for the designed wavelength

demultiplexers.
Transmittance
Structure At 550 nm At 650 nm
Portl Port2 Portl Port2
Periodic 1.8% 74 % 83 % 2.5%

Random structurel 1.7% 78 % 82 % 0.7%
Random structure2 1.4%  66% 7% 4.5%
Random structure3 2.6%  68% 83 % 1.4 %
Random structured 1.7%  57% 85 % 1.2%
Random structure5 2.7%  66% 78 % 1.7%

is recorded in each case. The summary of the performance of the designed WDMs
are represented in Table 4.2. It is noteworthy from the comparison that random
structurel provides better performance in terms of transmitting 550 nm wavelength

and random structure4 is better for transmitting 650 nm wavelength. But, overall
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random structurel is comparable to the periodic structure in terms of transmittance

at both the ports.
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Chapter 5

Conclusion

5.1 Summary

To summarize, we have investigated the light transmission characteristics in periodic,
correlated weakly disordered, correlated strongly disordered, and uniform random
arrays of dielectric nanowires. It is found that transmission gap arises in almost
at the same wavelength region in such arrays that matches with the photonic
bandgap of photonic crystals with identical diameters and fill-factors. The origin of
transmission gap is also investigated and both Bragg and Mie process are found to be
involved in the gap formation process in our systems. As Bragg process depends on
the long range periodicity of the array, gap size shrinks with the increase of disorder
strength. However, due to the involvement of Mie process, significant transmission
gap is sustained in disordered array with the highest value of disorder strength. We
have also found that similar to the case of correlated disordered array, transmission
gap can be obtained in uniform random arrays where any form of spatial correlation
with the periodic arrays are absent. The tuning of the transmission gap in both
periodic and random systems is also obtained by varying the diameter and fill-factor
of the arrays. It is noteworthy that transmission gap follows similar trend in both
the systems. Whereas transmission gap shifts towards longer wavelength with an
increase in diameter, blue-shifting of the gap is observed for an increment in fill-factor
of the arrays.

We have also found that transmission of light at the passband wavelengths

decreases with an increase in disorder strengths of the arrays due to an increase
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in scattering of light through sideways. Again, transmission in periodic system
is found to be invariant to system lengths, whereas it (transmission) decreases
for random arrays as more light are scattered through sideways for longer arrays.
Based on our understanding of light transmission, we have also designed power
splitters and wavelength demultiplexers at passband wavelengths. Optimized power
splitters for 550 nm and 650 nm wavelengths are designed by employing inverse
design based optimization technique in both periodic and random nanowire arrays.
Though power splitter designed based on periodic array outperforms that of random
array at 550 nm wavelength, performance of both periodic and random systems are
comparable for 650 nm wavelength. Similarly, inverse design technique is employed
to design optimized wavelength demultiplexers that maximize the transfer of 550
nm wavelength through one output port and 650 nm wavelength through another.
While transmittance for the WDM designed with periodic nanowire array are 74 %
and 83% for 550 nm and 650 nm wavelengths respectively, it (transmittance) is
found to be 78 % and 82 % for the random nanowire array. To conclude, our study
will enhance the understanding of disordered arrays and will simulate further study

to implement photonic devices based on such random arrays.

5.2 Future Scopes

Our study may be extended further to a variety of applications that are briefly

presnted below:

e Due to resource limitation, our study was limited in investigation
with numerical simulations only. Provided the availability of resources,
experimental investigations can be carried out. In experimental growth of
self-organized nanowire array, merging of adjacent nanowires can be found. As
the effects of such merging is not investigated in this study, further exploration

of this can be interesting.

e We have explored the transmission gap that is identical to the TM bandgap of
photonic crystals with similar diameter and areal fraction. The study can be
extended to investigate the possibility of getting TE bandgap like transmission

gaps also.
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e Considering GaN to be the representative of dielectric materials, we have
kept the refractive index of the material same throughout the study. Other

dielectric materials can also be investigated.

e There is scope of further research to better understand the diameter
dependence of scattering of light in the strongly disordered medium. In
our analysis we have observed that both Bragg and Mie scattering play a
role in strongly disordered media consisting of GaN nanowires. It will be
interesting to investigate scattering phenomena in closer detail, particularly
in disordered media comprising dielectric particles of different diameters and

refractive indices.

e When the structural dimension is much smaller than the wavelength of EM
wave, the structure can be thought of as a homogeneous medium with an
effective refractive index and metamaterial effects arises in such structures
[66]. As our considered diameters are comparable with the considered
wavelengths, approximating these structures as a homogeneous material is not
fully accurate. However, as the diameters are still slighlty smaller than the
visible portion of our wavelength range, further investigation can be carried

out to compare our structures with metamaterials.

e For the inverse design, we have employed adjoint optimization and binary
discretization techniques to generate the final designs. Other optimization
and discretization techniques can be employed to find out the one providing

the best performance.

e Disordered arrays are used for the realization of power splitters and wavelength
demultiplexers only. Defining the objective function properly, optimized power
combiner, multiplexers, waveguides, and photonic integrated circuits can be

devised with such disordered nanowire arrays.
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