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ABSTRACT

Design, analysis, and optimization of photonic crystal Sensors

Mohammad Javad Safdari

It has been more than 30 years that Photonic Crystal (PhC) have been used in wide variety of
applications. The photonic bandgap phenomenon and the flexibility of such structures to
manipulate the light have made them popular. PhC sensors are popular because of their promising
characteristics like high measurement sensitivity, ultra-compact size, suitability for monolithic
integration, and flexibility in structural design. In this thesis, a novel framework for designing
optimized PhC sensors has been proposed. The complexity of such structures resulted in the lack
of an analytical method to design the structures. Therefore, this framework aims to provide a
comprehensive and automatic method to find the best values for the structural parameters without
human involvement. The framework is explained with an example of designing a PhC liquid
sensor. In the framework, an optimizer called Multi-Objective Gray Wolf Optimizer is utilized.
However, a diverse range of multi-objective optimizer algorithms could be utilized. The results
show that the proposed framework can design any kind of PhC sensor. Simplicity, being
straightforward, and no human involvement are the advantages of the proposed framework. In
addition, a significantly wide range of optimal designs will be found which are suitable for general

and specific applications.
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Chapter 1 Photonic Crystal

1-1 Introduction

Since photonic crystals (PhC, dielectric structures with an alternative change in refractive index)
show an interesting behavior when they interact with light, similar to the electrons in
semiconductors, they have been recently attracted more attention. In fact, this similarity is due to
the similarity of Schrodinger equation in solid state physics and Helmholtz in electromagnetism in
which behavior of the refractive index of the later is similar to that of the electrical potential in the
one. Therefore, the performance of PhC (alternative refractive index structures) against photons is
similar to that of the semiconductor crystals (structures with alternative electrical potentials)

against electrons.

To propagate the electromagnetic wave, there must be a correspondence between the emission
wavelength and the dimensions of the PhC. It is possible to use photonic crystals with a millimeter
and micrometer dimensions to control microwave and infrared waves, respectively. The
propagation of the waves in an environment is described with the dispersion relation between
frequency and wave vector. However, the dispersion relation with respect to a non-homogeneous
material can be quite complex. The propagation of waves in a crystal will generally depend on
direction of the wave entry to the crystal. The most important effect of creating a band structure
for PhCs is periodicity. The wavelengths of light that are allowed to propagate are called mode
and allowed propagated modes form the energy bands. However, there are continuous and bounded
ranges of frequency within the band structure which don’t allow the propagation of the wave in

PhCs as called photonic gaps.

The width and depth of the gap are characterized by the size and periodicity of the crystal lattice
geometry. Due to the symmetry, crystals in certain directions have gap. The band gap can be

determined theoretically and experimentally for two- and three-dimensional PhCs.

In the context of PhCs, various factors such as density, polarization, defects, etc., should be
considered to control the band. When the transitional symmetry of the periodic lattice is destroyed

due to a defect in the crystal lattice, the regular periodic structure of the PhCs is changed and a



defect in the crystal is formed. The defect in PhCs can be caused by a change in the dielectric
constant, the thickness of a layer, and so on. Defects in PhCs are similar to impurities in
semiconductors. Introducing the impurities in the semiconductor, energy levels are created in the
energy band. The type and size of the defect determines the shape and properties of the
concentrated states such as frequency, polarization, symmetry and field distribution. The
investigation of the defect modes in the transmission, reflection and absorption spectra is important

to determine optical properties of PhCs.

PhCs are used to make waveguides which widely used to control wave propagation. Regarding the
applications of these regular structures, suitable simulation softwares are used to obtain sufficient
information about PhCs. Each one uses a special method to compute the optical properties of PhCs,
for example, the plane wave method (PWM) is widely used in band structure calculations. The
interaction between the radiation field and matter is one of the most fundamental topics of recent
research, in which topics about photon absorption and emission, the elastic and non- elastic
scattering of the light and the duration of light emitted states are discussed. The principles of the
radiation field and its interactions with matter are described using classical electromagnetism and

quantum electrodynamics.

In this thesis, the application of PhCs as sensors is analyzed. A novel framework for designing
optimized PhC sensors has been also proposed. The complexity of such structures have resulted in
the lack of an analytical method to design the structures. Therefore, this framework aims to provide
a comprehensive and automatic method to find the best values for the structural parameters without
human involvement. The framework is explained with an example of designing a PhC liquid
sensor. In the framework, an optimizer called Multi-Objective Gray Wolf Optimizer is utilized.
However, a diverse range of multi-objective optimizer algorithms could be utilized. The results
show that the proposed framework can design any kind of PhC sensor. Simplicity, being
straightforward, and no human involvement are the advantages of the proposed framework. In
addition, a significantly wide range of optimal designs will be found which are suitable for general

and specific applications.



1-2 Thesis Outline

In the first chapter, PhCs will be briefly introduced, and the band structure and the band gap for
the one-dimensional PhCs will be examined. Further, PhCs, their applications and the structure of
the two-dimensional PhCs will be specially studied. In chapter 2, a brief review of PhCs will be
presented. In chapter 3, a novel multi-objective optimization framework for designing PhC Sensors
will be proposed. Chapter 4 is going to utilize the framework for designing new liquid sensor

structures. In the last chapter, conclusion and potential future work will be presented.

1-3  History

Ho and his colleagues were the first to introduce a method for constructing a dielectric structure
with a band gap [1]. This periodic structure, especially in micron and smaller dimensions, with
application in infrared and optical devices cannot be easily constructed. Subsequently,
Yablonovich proposed a three-dimensional diamond-shaped cylindrical structure as the first
experimental structure, which was able to support an optical crystal band according to theoretical
calculations. The first PhC was also constructed by Yablonovich in 1991[2]-[5]. Research
continued to find simpler structures in low dimensions, until Lin et al [6] designed a new three-
dimensional layer structure with a three-dimensional band gap in a wide range of structural
parameters. For the first time, layer structures in the microwave spectrum were made with
aluminum cylinders. However, the difficulty to construct three-dimensional PhCs for optical
visible waves caused two other research groups to study the band structure of quasi-2D slabs. The
results showed that these structures have a band gap within the surface and, due to the general
reflection phenomenon, limit the light in other directions. The main success of the structure was
its simple construction method. Subsequently, scientists and researchers proposed different

construction methods, which will be referred to below.

The "crystal light" term was used by Eli Yablonovich and Saghi Jan in 1987 [2]. However, before
that, one-dimensional PhCs were studied in detail as a one-dimensional multilayer periodic matter

similar to Bragg's mirrors. Lord Rayleigh began his studies in 1887 by showing these structures



with a one-dimensional forbidden band[7]. Today, these bands are used in many cases as high
reflectivity layers to increase the efficiency of diodes and mirrors with high reflectivity in laser

cavities.

A detailed theoretical study of PhCs by Vladimir Baikov was conducted to investigate the effect
of the prohibition band on the spontaneous emission of atoms and molecules[8]. Bikov also
thought to use periodic two- and three-dimensional structures[9]. However, the concept of 3D PhC
was studied by Oehtaka in 1979[10]. The main motive for Yablonovich was to engineer the density
of optical states to control spontaneous emission into PhCs, however, John's [11] was to affect the
motion and trap the photons. Increasing the studies on PhCs leads to minimize dimension to
micrometers and even nanometers suitable for use in computer and optical communications

circuits.

1-4  Photonic crystal (PhC)

In a crystal, atoms and molecules are alternately arranged in three dimensions, and a crystalline
lattice is formed by repeating a small base structure of atoms or molecules in space. The repetition
of atoms creates a periodic potential for electrons crossing through the lattice. PhCs are formed by
repetition of macroscopic dielectric intermediates with a change in refractive index[11]-[14]. A

large difference in refractive index with scattering from intermediate boundary creates the same
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Figure 1- 1: Band structure in a two-dimension
photonic crystal lattice [3].



phenomenon for photons, which has an atomic potential for electrons. In other words, periodic
refractive index leads to form a band gap in the PhC lattice. The wavelengths of light allowed to

propagate are called modes.

The propagated modes concentrate to form a band. Unallowable bands of photonic crystals are
called forbidden bands (Figure 1- 1). It is also possible to create energy levels in a forbidden band
(defect in photonic crystal), which is equivalent to disrupting the ideal periodicity in a
semiconductor crystal lattice with an impurity. Maxwell's equations and the theory of harmonic
modes can be used to study electromagnetic wave propagation in a PhC. Development of the PhCs
lead to a great deal of development in construction of optical nano- components applied to perfect
mirrors, low loss waveguides, resonant microcavities, various filters and optical separators, and so

on.

The photonic band gap (PBG) is the fundamental feature of PhC. It does not allow a range of
frequencies to pass through[7]. By creating a defect on periodic dielectric structure, leakage mode
occurs within PBG which has some features such as small mode volume, strong electromagnetic
field confinement, and low extinction loss[8]. However, modifying the structural parameters or
filling the air holes of PhC by proper materials are two ways of modifying and engineering the
propagation of light on demand. Hence, light flow control is the base of plenty of PhC devices,
like filters[9], [10], switches[13], [15], and delay devices[16]. Among all PhC-based devices,
sensors are more popular because of their promising characteristics like high measurement
sensitivity, ultra-compact size, suitability for monolithic integration, and flexibility in structural
design[17]. Furthermore, the PhC-based sensors have various desirable characteristics of optical
sensors, like immunity to electromagnetic interference, safety in flammable explosive
environment, rapid response speed, and long-distance monitoring. For these reasons, many
superior optical sensors based on PhC have been utilized in various sensing applications, such as
temperature sensors[18], [19], gas sensors[20], [21], biochemical sensors[22], humidity
sensors[23]—-[25] and liquid sensors. One structural type of PhC is the PhC cavity (PhCC) which
is formed by point defects in the orderly arranged lattices. It exhibits temporal light confinement,
strong spatial, and long photon lifetime (particularly, high quality factor Q)[26]. Therefore, there
would be more interaction between optical field and material of the defect region. In the case of

sensing applications, having more interaction effect causes a boost to an optical mode of PhCC



with a resonant wavelength which is unbelievably sensitive to the local variations in its

surrounding medium, leading the PhCC to work as a high-sensitive optical sensors[27].

PhCs are generally classified to three categories as one-, two- and three-dimensional crystals. The
periodic refractive index in one, two or three dimension forms a one-, two- or three-dimensional
PhC, respectively (Figure 1- 2). These crystals are resulted from similarity of the Schrodinger
equation in solid state physics and the Helmholtz equation in the field theory in which refractive
index plays same role as electric potential. Thus, the performance of PhCs (structures with
different refractive index) against photons is similar to that of semiconductor crystals (structures

with alternating electric potential) against electrons[12].

Figure 1- 2: One-, two- and three-dimensional photonic crystals [9].

Since the dominant phenomenon is diffraction, there must be a relationship between the
wavelength and the dimensions of PhC, these dimensions are usually one half of the propagation
wavelength. This has made the use and construction of PhCs quite complex[28]; this range is
between 400 and 700 nm for a crystal in the visible range.

As known, the relationship between speed (c), frequency (v), and wavelength (Ao) is given by the

following relationship:

ro =S (1-1)
A%
Given the relation (1-1), the wave vector (k) can be defined as follows:

k=== (1-2)

Then the relation between ® and wave vector k will be as follows:



o=ck (1-3)

The relation (1-3) is called the emission field dispersion relation of vacuum. If the emission field
is assumed to be in a homogeneous environment with a refractive index (), the dispersion relation
in the homogeneous environment will be obtained by Replacement of (1-4) and (1-5) relations in

(1-1) and (1-3), respectively.

v="< (1-4)
n
N (1-5)
n
The density of states of emission field in V volume and in vacuum is given by:
(,02
D(0) =—— (1-6)

mTce

The density of states of emission field in a homogeneous environment can be obtained by replacing
(1-4) relation in (1-6). The optical properties of atoms and molecules are dependent to D (w), for
example, by taking into account the spontaneous emission of a photon from the electron states of
an atom or molecule, the spontaneous emission can be said to be proportional with ® D (®). If D
(o) 1s corrected, the optical properties of atoms and molecules will change. PhCs are one of the
materials to correct D (). The following is shown how optical characteristics of PhCs can be

changed to modify the optical properties.

1-5 Point and line defects

Three frequency regions are considers for one-, two- and three-dimensional PhCs. The upper and
lower frequency boundaries in which the wave with a frequency associated with this region is
allowed to pass through the crystal structure, and the intermediate forbidden band region whose
wave is not allowed to propagate in PhC with a frequency within this region. The upper and lower
bands can be detected wherever their power is located, that is, in up or down ¢ areas. Since the

region with low ¢ is often air, the upper and bottom regions of the band gap are known as dielectric



and air bands, respectively (Figure 1- 3). This is analogous to the electronic semiconductor band

structure in which conductance and capacitance bands surrounded the gap.

If a defect includes a single layer with different width of one-dimensional PhC, then the periodicity
will be destroyed. We now focus on propagation along the axis and consider a circuit with
frequency o in the optical gap. As said, the modes with frequency ® will not propagate in the

lattice, however, the presence of a defect will now change this fact.

Actually, when there is periodicity k (the crystal momentum, technically) is a good number; when
periodicity is broken k stops been a true conserved quantity. However, defects may result in
alternate modes within the gap. If the frequency of a mode is within the gap, it diminishes
exponentially as it enters the crystal. Multi-layer films operate on both sides of the defect, similar
to those of a specific frequency mirror. If two of these films are parallel to each other, the diffused
light is trapped and axially between the mirrors jump back and forth. Since the distance between
the mirrors is in the order of the light wavelength, modes are quantized. In two-dimensional PhCs,

modes with frequency within the gap are not allowed. That means that the density of states, the

2y
Air band %
(6))
gap

Dielectxic|band

-rt/a n/a
k

Figure 1- 3: Band structure of a one- dimensional PhC [4]



number of possible modes per unit frequency in the band gap, is zero. Therefore, a disturbance in

a single point of the lattice produces a single or close-packed alternate mode in gap.

Elimination of a column may create a two dimensional defect that generates a peak in the density
of states of crystal. If the peak is within the gap, then the induced defect state should be transient
and the defect mode cannot penetrate in the crystal. Among the one, two, and three-dimensional
PhCs, only three-dimensional ones have a complete band gap. A substitution in one-and two-
dimension means the light confinement in a planar and a linear defect, respectively. However, it
can disrupt the lattice and, as a result, trap the light at a point of the crystal, and as a point defect

(Figure 1-4), caused to add a mode to the gap and create a substituted mode in a three- dimensional

PhC.
Point S35 T
defect ssifiss fafisii Line
S :"e-';"‘f":"a/defect

Figure 1- 4: Line and point defect in a planar PhC [27]

There are two simple ways to disrupt a lattice location: addition of an extra dielectric to a place
where it does not belong, or removing the dielectric from a point that should have it. The first is a
dielectric defect, and the latter is called air defect. Another category of defects is linear defects that

are expanded in one direction (Figure 1- 5) and can be considered as linear arrays of point defects.
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Figure 1- 5: Line defect in a planar PhC [27]

Choosing the appropriate radius and orientation of a linear defect, a defect bar can be created with
a frequency within the gap (Figure 1- 6). The states inside of this bar are propagating along the
defect but exponentially diminish in the rest of the crystal. By aligning the linear defect with one
of the crystal translation vectors, a translational symmetry is maintained along this direction. For
this reason, the defect modes can be classified with a defect waveform vector k that determines

the phase change along the defect. Such states transfer electromagnetic energy along the defects.
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Figure 1- 6: Radius dependence of light frequency [27].
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Therefore, it can be said that linear defects are comparable to metal waveguides, in which light is
trapped in a pipe with completely reflective walls and dimensions comparable to its

wavelength[29].

1-6 Two dimensional PhCs

1-6-1 Two dimensional Bloch states

Two-dimensional PhC is periodic along two coordinate axes and uniform along the third axis. For

example of two-dimensional PhCs, a square grid of dielectric rods is shown in (Figure 1- 7).

Figure 1- 7: A two-dimensional PhC of square grid of dielectric rods with r radius and &
dielectric constant [8].

The height of the dielectric rods is assumed to be infinite, and since the structure on the x-y plane
is periodic, it will has a band structure in this plane. This PhC will prevent propagation of waves
inside the x-y plane in certain directions. The symmetry of PhC can be used to determine the
electromagnetic modes, because the structure along the z axis is uniform and the electromagnetic
modes of the system oscillate on k, without any limitations in z direction. In addition, since the
system in x-y plane has a discrete transient symmetry, it can be focused on the Brillouin zone using
the Bloch theorem. The n label has been used to specify the number of the bands. Marking the

electromagnetic modes of PhC with k, k, and n will present a new form of Bloch states[10].

(1-7)

Hepe 1o () = etkrp gtkzz Un ke, k 1) (P)
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In the above relation, the p is 1mage of r vector on the x-y
plane and u (n, ks, k,) is a periodic function u (n, kz, Ky) (p + R) = u (n, ks, k) (p) for all the
lattice vectors of R. Due to the symmetries in the lattice, electromagnetic modes can be classified
into two groups of electric field modes TE (magnetic field perpendicular to x-y plane) and
magnetic field modes TM (electric field perpendicular to x-y plane). The band structure for TE
and TM modes is completely different, there may be a gap for one polarization, but not for the
other within the band structure. In the following, the structure of the two polarization of PhCs, TE

and TM, is studied, and the necessary points for reviewing the PhC line structure are discussed.

1-6-2 Square grids of dielectric bars

A two-dimensional band structure of a square grid of dielectric bars (Figure 1- 8) has only a gap

for the TE mode.
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Figure 1- 8: Band structure of square grid of dielectric bars [8]

Patterns of two TE and TM modes will be studied to understand the source of the gap appearance
in the band structure between the first and second bands. In (Figure 1- 9), field patterns are shown
at the X point in TM mode. It can be seen that for both bands, the field patterns are concentrated
in a material with higher dielectric constant. The fields of the dielectric band (first band) are
distributed within the horizontal and vertical bars, but only in horizontal regions of dielectric bars
are concentrated in the air band (the second band). Therefore, there is no significant jump in band

structure in the frequencies, so there is no band gap in TM mode.
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D, field at X (TM)

negative

Figure 1- 9: Electric field displacement pattern at x point for TM mode [8]

The density factor for this structure is shown in the (Table 1-1).

Table 1-1: Density factor for structure presented in Fig. 1-9

band 1

positive

TM mode TE mode
Dielectric band (first 89% 83%
band)
Air band (Second 779 14%
band)

On the other hand, for TE mode, the band structure has a gap between the first and second bands.
In this case, continuous lines of transverse electric field enter to next area of the dielectric without

leaving the material. According to (Figure 1- 10), D (r) field at the lowest band is strongly

concentrated on vertical bars of the dielectric material.
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Figure 1- 10: Magnetic field pattern at y point for TE mode [8]

The D (r) field for the second band to cross from vertical region with high dielectric constant must
be perpendicular to the first band. For this reason, some of its energy transmits to the air. In (Figure
1- 10), the maximum displacement of energy is shown in white. Therefore, a large jump of
frequencies between the two energy bands occurs. The continuity of the dielectric environment

caused to form a gap in TE mode.

1-6-3 Perfect gap for both electromagnetic polarizations

In previous two sections, we used field patterns to study the formation of a gap in the band structure
of two-dimensional PhCs for two TE and TM modes. The results make it possible to design a two-
dimensional PhC with a gap in both TE and TM modes. Adjusting the size of the PhC combines
gap in both TE and TM modes which caused to form a complete gap for all polarizations.
According to the above, the band gap in TM and TE modes is created for separate dielectric media
and continues dielectrics environments, respectively. At first glance, the design of the PhC with
both features seems to be impossible, however, a design with a complete gap for all polarities is
possible. A PhC can be designed to connect discrete points using thin dielectric bars (Figure 1-

11).
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Figure 1- 11: Triangular PhC of air holes in a dielectric environment [8]

(Figure 1- 12) shows a triangular lattice of air holes in a dielectric material. The large enough
radius of the holes caused to a similarity of the points between the three holes to the concentrated
area with a high dielectric constant. The areas between the holes are also connected using thin

dielectric bars.
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Figure 1- 12: Connection between points and dielectric bars in a triangular lattice [8]

The band structure of this lattice is depicted in (Figure 1- 13), as shown a gap exist for both TE
and TM modes. For r/a = 0.48 and a dielectric constant of € = 13, the gaps of both modes collapse
and a complete gap of 18.6% will be obtained.
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Figure 1- 13: The band structure of triangular lattice of holes in a dielectric environment [§]

1-6-4 Out of the propagation plane

So far, we have specifically focused on the propagated modes in k, = 0 plane. However, for some
applications, the propagation method out of the plane is important. (Figure 1- 14) shows the
relationship between o and k,. For propagation of the waves out of k, = 0 plane the following

points should be considered.
1. The uniform structure in the z direction leads to a continuous band without a gap in this direction.
2- When there is no reflection symmetry in the z direction, the modes cannot be purely TE or TM.

3- The bands will be flat with increasing k., however in k, = 0, the lowest mode will expand along
the wide range of frequencies. With increasing k,, the lowest mode will be flat and band width will

tend to zero.
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Chapter 2 Literature Review
2-1  Application of PhCs

2-1-1 Photonic crystal waveguide (PhCW)

As seen, point defects in PhCs can be used to trap the light. Also, using linear defects, light can be
guided from one location to another. The light with frequency in the band gap range is limited to
propagate along the waveguide. The ability to prevent light propagation for certain frequencies
within the crystalline structures provides new methods to control light and design integrated optical
devices. Creating a periodic one-dimensional disorder in a row of PhCs will create a one-
dimensional waveguide. When photons with frequencies ranged in optical band gap are released
to the defect bands, they cannot propagate into the PhC structure, therefore, they reflect between

two regions surrounded the defect and propagate.

A linear disorder (one dimensional) in the PhC structure is created by increasing or decreasing the
size or displacement of one or more rows of PhC cavities and resulted in a refractive index
difference between the defect region and PhC structure to form a PhC waveguide. Visible light
can be driven by optical fiber cables based on the internal reflection, but a sharp curvature of the
fiber caused to escape from corners of the fiber for large angle of incident lights. PhCs can be used

to limit light even in sharp corners because they do not operate on the basis of internal reflection.
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Figure 2- 1: Band structure of TE mode for a waveguide of
square lattice and presence of defect mode in PhC structure [27]
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For this reason, a PhC waveguide can be used to transmit a monochrome light. In fact, the
waveguide is an empty space between the fully reflective walls. (Figure 2- 1) shows TE mode of
imaged band structure for a waveguide of square lattice of dielectric bars in air. The green region
contains states that can propagate in all crystals, and the red line corresponds to a guided mode

that can freely move in the waveguide channel[29].

The main source of light escape can be returning light from the waveguide input. This suggests
that PhC can be used to propagate light even from the sharp edges, even 90 ° bending. When the
radius of bending curvature is less than the wavelength of light, almost all of the introduced light

can exit (Figure 2- 2) [30].
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Figure 2- 2: a) a bend in a two dimensional PhC lattice and b) component of field
related to a 90° bend in a two dimensional PhC [29]

These structures are generally created by combining Bloch modes of PhC sheets with different
propagation constants in a direction that symmetry is broken. These Bloch modes of PhCs are
essentially located at high or low frequencies of the gap which are called capacitance and
conductance bands, respectively. These modes are transmitted to frequencies within the gap in
presence of defects. A small increase in the effective refractive index of PhC structure (creating a
defect with a refractive index larger than PhC) will transmit the Bloch modes below the gap to
forbidden band called as donor mode in similarly with a decrease in the effective refractive index
of the PhCW receiver modes. Since the effective waveguide index in the conduction region (the

waveguide core) is lower than the surrounding area (cover), the waveguide modes are restricted
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by forbidden band of PhC and the effect of PACW receiver modes on conductivity is negligible.
Therefore, only a core with a higher effective refractive index respect to the cover is allowed, and
PhCW will restrict in perpendicular plane to PhCW. The waveguide modes of donor PhCWs
always occur in materials with high dielectric constant. These modes leads to more optical
constraints and lower emission losses, which makes them suitable for the integrated circuits. The
receiver modes of PhCW result in higher density of light energy in lower index materials which is
attractive for sensitive optical integrated circuits application. A typical example of PhCWs is a
case in which a waveguide is created by removing a row of optical cavities and are known as W1-

type PhCWs as the simplest and most common types of PhCWs. (Figure 2- 3) shows this type of

waveguides.
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Figure 2- 3: Band structure of TE mode for w1-type PhCW, a) unit cell of PhCW,
b) band structure of TE mode for PhCW in energy band of PhC and c) field pattern
of conductance mode of PhCW [29]

(Figure 2- 3)(b) Shows a single cell of a wl type PhCW for TE polarization mode. In a wl-type
PhCW, even modes provide larger bandwidth in a single-mode transmission. The bandwidth is
limited on one side by the light line and on the other side by the forbidden band mode. A light
wave which has the wavelength within the bandwidth of even modes propagates with lower group

velocity.

2-1-2 PhC cavities (PhCC)
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For the first time in 1989, PhC cavities including two Bragg reflection distributions were
presented. However, the concept of a forbidden optical band has been introduced in 1987 even
before appearance of a vertical cavity. In fact, a laser cavity acts as a protective box that can hold
a photon inside a limited space for a long time. PhCCs can limit photons in a very small space.
The quality factor of PhCs can be very large, making them attractive for laser applications, PhCCs
can be formed in the range of band gap. The defect mode in the bandgap region results from the
presence of a defect in PhC structure. Allowed modes within the forbidden electromagnetic band
in PhC sheet are introduced by one or more defects resulting from a disturbance in the periodic
structure of crystal. This phenomenon is similar to formation of deep levels in electronic forbidden

band of a solid, due to impurities.
2-2  Optical properties and sensing principles of PhCCs
There are several categories of PhCCs which include ring cavity[31], [32], Ln (n > 3) cavity[33]—

[35], mode-gap cavity[36], Hn (m = 0, 1, 2) cavity[37], [38], and shoulder-coupled cavity[39],
[40], as shown in (Figure 2- 4).
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Figure 2- 4: Schematic structures of (a) L4 PhCC, (b) HO PhCC, (c) mode-gap PhCC, (d) ring

PhCC, and (e) shoulder-coupled PhCC [40].
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Considering the shoulder-coupled cavity which published in Ref.[40] as an example, sensing
principle and the resonant properties of this PhCC will be introduced. First of all, some of PhC
waveguide (PhCW) property is introduced which can be generated by removing some air holes
from the perfect PhC, as shown in (Figure 2- 5)(a), where r is radius of the air hole, a is the lattice
constant, h is the slab thickness, and d is the waveguide width. If the light which exist in PBG is
confined in two directions, horizontally and vertically, then it could be guided in the line
waveguide. Horizontally confinement of propagated light is due to PBG of PhC and vertically

confinement is due to total internal reflection which comes from the RI differences between layers.

(Figure 2- 5) (b) demonstrates the calculated electric field distribution of PhCW when the working
frequency of transmission light is located in the PBG, which is simulated by using Rsoft[41].
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Figure 2- 5: Schematic structure of PhCW (a) and its corresponding electric field distribution (b)
[40].
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Figure 2- 6: a) Electric field distribution of a shoulder — coupled PhC and b) transmission spectra
of wl type PhCW and shoulder — coupled PhCC [40].

2-2-1 Holey crystalline fibers

Regular optical fibers confine light based on total internal reflection, and thus were inherently
weak and only could be used to relatively short wavelengths. Holey crystalline fibers provide
single mode performance by conducting the light in a hollow core surrounded with a

microstructure coating that is created by a regular period of air holes in silica (Figure 2- 7).

Periodic lattice of air holes
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Figure 2- 7: Schematic demonstration of a refractive
index [42].
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The holey crystalline fibers rely on two-dimensional PhC composed of regular array of air holes.
The internal reflection pattern is not allowed in holey crystalline fibers, because in this case the
coating index, combination of pure silicon and air, is higher than the air index and the light
conduction only depends on the Bragg scattering (Figure 2- 8). When a central defect is created in
PhC, the light at certain wavelengths does not allow to pass from the optical forbidden band and

therefore it is confined in the defect.

Figure 2- 8: PhC holey fiber [42]

Since propagation of the light in core with lower refractive index is only based on the optical
forbidden band characteristic, fibers called as optical forbidden fiber. Optical forbidden fibers,
PhC covers act as a mirror and caused to place more than 99% of the light power in the air.
Therefore, the light in the wavelength range of forbidden band’s confined to the core and
propagates along the fiber with low loss (Figure 2- 9). PhC holey fibers have the ability to reduce
extreme loss because the light is propagated in the holey core. Losses as small as 1/2 dB / km have
been achieved with a core in the order of 7 to 19 unit cells in PhC holey fiber and reducing the
coincidence between the basic modes and the glass-air surface modes. The losses as small as 1 dB

/ km can be achieved in accordance with theoretical predictions [42].
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Figure 2- 9: Schematic demonstration of light propagation in PhC holey fiber [42]

2-2-2 Optical sensors based on PhCs

There has been recently a growing interest to design optical sensors for a wide range of sensing
applications because of their inherent advantages[43], [44] such as immunity to electromagnetic
interference (EMI), small size, lightweight, wide bandwidth, , environmental ruggedness, and low
attenuation. Among those, PhC based sensors have been proved to be mainly promising because
of their intricate light confinement capability and their compact structure[45]-[49]. PhCs have
attracted attention for biological sensing and chemical because of ability to control the material-
electromagnetic interaction[50], [S1]. They can be used to confine light in the low refractive index
(RI) region that provides suitable conditions to strong light-matter interaction to achieve high
sensitivity. PhC based micro-cavity sensors generally have a very sharp resonant peak to reduce
the detection limits [52], [53] which leads to strong dispersive effects and long photon storage
time [52]. This special property makes this structures compact and an attractive platform for RI

based sensing applications.

2-2-2-1 PhCW sensors

The main mechanism of performance for PhCW sensors is confinement of electromagnetic field
of radiation to the selected rows of holes to achieve maximum interaction of the beam with the
small quantity of sample contained in those holes. A liquid or gas flows through the holes of a two

dimensional PhCW while propagation of a beam through PhCW is monitored for sample induced
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changes. As a simple way to manufacture a PhCW, we can remove the air holes within a single
row. Low group velocity and very high transmission are important factors to have a propagating
mode in PhACW. To insure the effect of material-electromagnetic field interaction, the changes in

transmission spectrum of the sample infiltrated the air holes in line defect must be monitored.

2-2-2-2 Gas sensors based on PhCs

Immunity to EMI, rapid response time, room temperature operation and offline monitoring
features makes optical sensors a promising device for gas sensing. The integration of microfluidics
with PhC technologies leads to having proper gas sensor[55], [56]. The integration of microfluidics
with PhC technology promotes optical sensors with very high sensitivity, good limit of detection
and detection multiplexing capability. The most widely used technique for optical gas sensing is
absorption spectroscopy which is highly sensitive and requires a long absorption length. The light
confinement feature of PhCs to enhance the light-matter interaction leads to development of their

sensitivity characteristic.

Awad et. al[57] have proposed a PhACW based gas sensor in 2011 for detection of Argon and
Helium gases. They reported a 0.6 nm and 0.05 nm shift in cutoff wavelength for Argon and
Helium gases, respectively. Specially, interaction between the gas infiltrated in structure and the
slow-light mode propagation in it, is resulting in changes of slow-light regime wavelength, and
transduced by waveguide effective RI changes. In 2012, Zhao et. al[58] have reported a technique
by combining harmonic detection signal processing method for gas sensing and the PhC slow-
light waveguide technology. Kumar et. al[59] have proposed a PhC based bi-periodic waveguide
structure that an array of super-cavity is used to pass the resonance wavelength through the
waveguide. Goyal et. al [60] have proposed a PhCW structure based on ring shaped PhC for gas
sensing applications. The enhancement in sensitivity is obtained because of enhancement of guided
mode near the core-cladding interface. Benelarbi et. al[61] have reported an improved sensitivity

by selective infiltration of adjacent two row of PhCW.

In all the discussed PhCW structures, light is confined in high RI material. However, it can be also
obtained in low RI materials[62]-[64]. This is obtained by introducing an air-slot within PhCW

structure which has high potential for sensing applications.
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Because of inherent trait of PhCC based sensors in detection of low concentration gaseous species,
nowadays a tremendous research has also been carried out in their gas sensing ability[65], [66].
Characteristic parameters in gas sensing applications are quality factor, sensitivity, mode volume
and signal strength. Mode volume and quality factor are proportional to size of cavity and energy
stored inside the cavity structure, respectively. Also sensitivity is proportional to quality factor.

The optical mode in the wave guiding medium has to be large enough to get high quality factor.

2-2-2-3 Refractive index sensor based on PhCs

A PhCC has a long photon lifetime as well as shows strong field confinement. That causes an
optical mode extend with a resonant wavelength which is highly sensitive to RI perturbations of
the medium. For that reason, we could implement many kinds of RI sensors based on PhCC[22],
[67]-[71]. Chow et al. were first group to measure the RI change of glycerol-water mixture in
2004. Their method was based on decreasing the radius of one central hole and achieving a quality
factor as high as 400. This was happened by monitoring the resonant wavelength shifts in different
ratios[22]. It was concluded that for improving detection limit, boosting the quality factor of PhCC
and the measurement sensitivity and diminishing the noise level of the measurement should be

applied. The structural schematics of PhCCs was summarized in (Table 2- 1).

Another type of waveguides as slot photonic crystal waveguide (SPhCW) was theoretically
introduced and experimentally shown[62]. It is formed by opening a slot through the line
waveguide of PhCW. It poses unique characteristics of confining and guiding the light in low RI
narrow slot with huge field enhancement[72]. Low RI slot and the high RI difference at the
interface of Si and electric field discontinuity caused to significant rise in the cavity mode within
the slot[73]. In 2008, new PhCC and SPhCW structures were introduced by Yamamoto et. al [74]

that local modification of a few of adjacent air holes to the waveguide has formed the cavity.
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Table 2- 1: Comparison of different PhCCs that used for RI sensors and their sensing properties

[75]
Schematic Sensitivity Detection Experiment / Published
Ref Quality factor
structure (nm/RIU) limit c(RIU™) Simulation year
[22] 200 0.002 Experiment 2004
400
[67] 330 0.001 Simulation 2008
3820
[68] 155 0.018 Experiment 2008
400
[68] 63 0.006 Experiment 2008
3000
[69] 500 0.0001 Simulation 2013
17.890
[70] AR, 131.7 3.797 x 10% |  Simulation 2014
.'I.I'I‘Ill'l'l.l'l.l' 2 9 6 6
[71] 107 330 1.24 x 107 Simulation 2014
[76] i 107 160 8.75 x10°3 Experiment 2015
[77] 1500 7.8 x 106 Experiment 2009
[78] 370 2.3 %103 Experiment 2013
7500
LI
[79] % 25000 235 1.25 %107 Experiment 2014

Getting a high Q factor like 2x10° was proved by the simulation results. Di Falco et al.[77], in
20009, illustrated strong RI sensitivity of 1500 nm/RIU and the Q factor as high as 50,000 could
acquire in the slot PhCC. Afterwards, some other slot PhCCs[78], [79] were demonstrated their
corresponding sensing properties, and their better applications in refractive index sensors are
summarized in (Table 2- 1). From the results above, show that PhCCs with high Q and strong

optical confinement can be utilized for RI measurement, through the wavelength shift of resonant
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peak. Guidance for some other sensors such as mechanical sensors, biosensors, gas sensors, and
chemical sensors can also be provided by the measurement results as the change of these

measurement parameters are able to convert into RI variations.

Table 2- 2: Comparing optical systems which utilized for RI measurement [75].

Optical Detection limit | Sensitivity Advantages Disadvantages Ref
system (RIU) (nm/RIU)
PCC 7.8 x 107 1500 Flexible in structural Difficulty in fabrication, [77]
design, Compactness, Temperature cross-
Easy to demodulate, sensitivity, Large coupling
Integration loss
SPR 5% 10 2000 Good flexibility and Temperature cross- [80]
extensibility, High sensitivity, Difficulty in
sensitivity fabrication
Modal 1.74 x 10 ¢ 580 Easy to fabricate, Low Interferences of multiple [81]
interference cost modes (non-linear output)
Evanescent 10 700 [82]
wave Good flexibility and Influence to light intensity
extensibility, Simple fluctuations, Lack of
structure robustness
F-P cavity 1.64 x 10°° 670000 Simple structure, Low Difficult to demodulate, [83]
cost Lacks of flexibility and
extensibility, Uneasy to
control cavity length

As for RI sensor, there exist more optical systems, such as modal interference[81], Fabry—Perot
(F—P) cavity[83], evanescent wave[82], and surface plasmon resonance (SPR)[80]. (Table 2- 2),
compares the pros and cons of these optical systems and summarizes the best values of detection
limit for their applications in RI measurement. Romano et. al. in 2017[84] have presented a new
RI sensor based on the bound state in the continuingly resonance shift excited in a PhC membrane.
Using a microfluidic cell could control the injection of the fluids with different RI over the PhC

surface. Observing the shift of high Q factor resonances excited within the PhC open cavity as a
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function of the RI of the test liquid. The minimal loss-free optical equipment and an excellent
stability prepare a new way to fulfill high performance in sensing applications. (Figure 2- 10)

shows resonance wavelength shift corresponding to two different indices of 1.4000 and 1.4480.
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Figure 2- 10: Resonance wavelength shift corresponding to two different indices; n = 1.4000 and
n = 1.4480. the resonance is highly sensitive to the refractive index of the fluids over the PhC
and this involves a rapid change of the peak position [40].

2-2-2-4 Biochemical sensors based on PhCs

Since the concentration of the biochemical sample is directly related to the RI of the alloy,
biochemical sensors are currently measured in terms of RI by analytical interaction with an optical
field as a main mechanism. Constraints on a biochemical sensor mainly depends on the targeted
area from environmental monitoring to biomedical applications as sensitivity, efficiency,
miniaturizability, low latency, manufacturability and cost effectiveness as commonly desired
features. Various configurations of the biochemical sensors are recently proposed such as,
photonic crystal fiber (as holey fibers) sensors[85], [86] in which the electric field is confined in
the core region surrounded by air holes as a location of the measured sample. The interaction
between the electric field and material occurs within the air holes. Sensitivity of this type of sensors

is generally very low due to rapid decaying of the penetrated electromagnetic field to the sensing
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region. To increase the sensitivity, longer PhC fibers can be used, however different issues should
be considered as increased sample quantities, greater latency and uniform diffusion of the sample
within the air holes[87]. By developing of PhCC based on RI sensors, several PhCC based
biochemical sensors were introduced[75]. In 2005 Chakravarty et al. used a L4 PhCC coated ion-
selective polymer to measure cation and anion concentrations[83]. It was also showed by Lai et al.
and Zou et al. as separate works that increasing length of the cavity would almost enhance Q factor
of the cavity ten times and improve the shift of resonant wavelength while keeping its compact
size characteristics[88], [89]. Then in 2007 Lee et al. reported ability of a PhCC resonator with
only one point defect to separately detect very small protein molecules, a gold nanoparticle or anti-
biotin in a low active sensing volume[90]-[93]. Finally, in 2010, Hsiao et al.[94] demonstrated for
the first time that the ring PhCC is highly sensitive to control the reaction kinetics and low

concentration of protein.

2-2-2-5 Surface wave sensor based on PhCs

Nearly all PhC based sensors exploit the photonic stop band or the properties of the Bragg
reflection. Nevertheless, some PhC based sensors take benefit of the surface wave on the periodic
structure for sensing. Such a sensor was utilized by Villa et. al[95] to characterize thin films. There
is a direct relationship between higher sensitivity and advantage of the sensor over surface-
plasmon polarization waves on a metallic surface. TE polarization is more useful for sensing
applications when TM polarization has the Brewster angle at a certain angle of incidence. The
photonic band structure of 1D PhC is shown in (Figure 2- 11). Dispersion curve for the surface
waves calculated utilizing supercell method appears only in the 1%t and 3" band gap as shown with

dashed lines in the figure.
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Figure 2- 11: Band Structure of TE polarization. The light lines for glass and vacuum at angle of
incidence of 85° are given by lower and upper dashed lines, respectively. The area limited by
these lines presents the region where it is possible to excite surface waves by TIR [93]

2-2-2-6 Temperature sensor based on PhCs

Temperature sensors can be based on PhCs. Observation of a shift in the Bragg peak or photonic
stop band due to changing the temperature of the material constituting the PhC is the basic concept
of the temperature sensor. PhCs were generally fabricated using SiO> spheres derived from the
sol-gel chemistry. The optical properties of the PhC change when the RI is varied. It can act as a

temperature sensor, if the RI changes with the temperature.

2-2-2-7 Oil sensor based on PhCs

Oil sensing uses oil invers opals made of carbon. The color change of the inverse opal is visible
even to the naked eye when the oils are infiltrated. The response time for PhC based oil sensors is
usually 30s longer than other oil sensors. Regenerating efficiency of the inverse opal for the diesel
and the cyclic absorption performance is shown in (Figure 2- 12) that for each cycle, the device
was stable for nine cycles similar to other oils and the recovered amount was the same as the

absorbed amount.
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Figure 2- 12: Recycling performance of the PR inverse opal (a) Mass recycling efficiency. (b)
Stop band position cycling. 0 and 1 represented the status of the PR inverse opal before and after
oil sorption, respectively [93].

2-2-2-8 Humidity sensor based on PhCs

For sensing species in humidity variations in the environment by directly exposing to the ambient
atmosphere, PhCs fabricated with a soft hydrogel can be applied. The response time for humidity
sensors based on PhC hydrogel is of the order of seconds because they are thin film and can be
utilized only in very restrictive environments. Their small size and flexibility are also attractive

due to the fact that they use in applications where other sensors are not compatible.
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2-3 Construction methods of PhC

Since the smallest discrepancy (even as small as a few nanometers) in the sizes of the fabricated
PhC devices can result in a significant effect on the optical properties, it is highly important to
reduce this discrepancy between the fabricated PhC device and the original design as much as
possible, or in the other words, to maintain the fabrication induced disorder at an acceptable level.
Duneau et al.[96] presented a new method to obtain three-dimensional PhCs by chemical vapor
deposition (CVD). They also optimized the geometry of the interferometer of the proposed method
by Campbell et. al in 2000[45] with respect to polarizations and relative intensities of the beams.
They show that a laser source with short pulses could induce a suitable thermal contrast on a

convenient substrate in order to grow a three dimensional PhC by CVD.

Up to here, all of the proposed methods have benefits and drawbacks. Self-assembling methods
are very cheap and do not need many complicated laboratory equipment. The inability to monitor
the number of defects in the crystals as well as the difficulty in getting crystal symmetries other

than the face centered cube (fcc) are two cons of the self-assembling routes method.

2-3-1 Holography

Optical holography is an ideal and suitable method for making high-power PhCs in a large area in
comparison with the EBL method. Using a natural negative photoresist, a highly concentrated
ultraviolet beam 1s used to create linear defects in light crystals produced by optical

holography[97]. In single holographic use, there are following problems:

 Sample is exposed to ultraviolet radiation after the holography and before rising. Therefore it is

difficult to separate areas exposed to radiation from unexposed ones.

* Another problem is that exposure to UV radiation does not only create defects, but also changes

the size of the cavities near the defect area, which is not the goal.

2-3-2 Anodization method
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Aluminum anodization in an acidic environment causes to create cavities between 5 to 200 nm in
size, the gap between the cavities can range from 12 to 500 nm. If the annealing condition is
appropriate, the created cavities will have a six-fold arrangement. The length of the cavities
depends on the duration of the anodization and can reach more than 200 microns. Due to its low
absorption, good thermal stability and easy transportation, cavity alumina structures are good
materials for the production of two-dimensional PhCs in the visible and infrared regions. The
alumina bandgap is about 5-9.5 eV. The array created from the cavities provides the proper
conditions for the construction of two-dimensional PhCs. The construction of the regular arrays of
cavity alumina includes one step and two step methods. (Figure 2-14) depicts SEM image of a

PhC with a Cr defect and InP defect after removing the remained Cr layer.
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Figure 2- 13: SEM images of a PhC with (a) a Cr defect and (b) InP defect after
removing the remained Cr layer [98].

2-3-2-1 One-step anodization method

In this method, using a lithographic method on the silicon nitride substrate, pattern of the holes

with a six-order arrangement is initially developed. These holes are used to press the shallow holes
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on the aluminum surface (Figure 2-15). Then the holes are deepened using the anodizing method,
so that the sample as anode is placed in a 1% phosphoric acid solution, and a voltage of 195 v

between the cathode and the anode is applied for 16 h. A platinum sheet is used as cathode.

Consequently, aluminum oxide is formed on the surface of sample and pre-designed holes are

deepened due to presence of the field and acidity of the solvent (Figure 2-15).

Figure 2- 14: a) The production steps of single alumina PhCs, (b) top view of
the aluminum surface after formation of a shallow holes [98].

2-3-2-2 Two-step anodization method

In this method, the anodized alumina is produced by anodizing the aluminum (99.999% purity) in
0.3 M phosphoric acid at voltage of 195 volts for long time. With increasing time of anodization,
the order of the holes created on alumina increases and the regular fields are formed. The required

time for this anodization is usually between 10 and 30 hours.

After this step, the created alumina is completely removed by combination of phosphoric acid and
chromic acid at temperature of 60 ° C. The second step of anodization is repeated with the same

anodizing condition of the first step[98].
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Since a pattern of the holes created in previous step has been remained on the aluminum surface,
new holes are formed in regular areas and a polycrystal is created. The thickness of this polycrystal
depends on time of the second step anodization. Radius of the created holes can be increased by
chemical phosphoric acid at a temperature of 30 © C. Therefore, holes with 200-400 nm in diameter
can be obtained. If an electrochemical deposition is used, the created holes can be filled with metals
or other dielectric materials to obtain wide variety of PhCs. (Figure 2-16) shows cross sectional

and top view SEM images of PhC fabricated from two step anodization method.

Figure 2- 15: a) cross sectional and b) top view SEM images of PhC
fabricated from two step anodization method [99].

2-3-3 Using the HSQ Resist

Typically, the use of polymer resists in PhC production processes has high cost and complexity,
and finally, when images are transferred to the bottom of the substrate, poor quality images are
created. For this reason, another method is used as resist in this method[98]. Chemical formule of

a HSQ is shown in (Figure 2-17).
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Figure 2- 16: Chemical structure of (HS1032)n [99]

Hydrogen Silisquioxane (HSQ) is an inorganic polymer with the chemical formula (HSiO3/2)n.
When the pattern is imprinted on it by an electron beam, it can be used to produce a 50 nm object
with some features such as a very low roughness and very high power. It is reported that heat or
exposure to an electron beam or oxygen plasma caused to break the H-Si bonds and the cage like
structure is transferred to the constitutive structure where stronger Si-O-Si bonds are formed, and
a more rigid and similar structure would form. (Figure 2-18) shows top view SEM image of the

PhC structure on Si created using the HSQ.

Figure 2- 17: SEM image of final structure produced on Si [99]
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2-3-4 [Etching

Etching is a nanofabrication process in which a material is removed from any layer of material on
the substrate. There are generally two types of etching methods including dry and wet etching. The
basic difference between two etching methods is utilizing a liquid chemicals or etchants to remove
the materials. There are two major etching mechanisms as physical and chemical etching. In
physical etching, the momentum transfer is used to remove the layer. However, in chemical
etching, species generated in plasma react with the target to form the vaporizable products. This

etching mechanism is similar to wet etching.

As said, wet etching is an etching process which utilized liquid chemicals or etchants to remove

the layer from substrate to transfer patterns of photoresist mask into the substrate.
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Chapter 3 A Novel Multi-Objective Optimization Framework for
Designing Photonic Crystal Sensors?!

3-1 Introduction

To date, Photonic Crystal (PhC) devices have become popular because they cover a wide range of
applications. PhC structures show bandgaps in their spectral transmission performance. By
creating defects in the PhC lattice, some leaky modes will be generated in the bandgap region. In

other words, these leaky modes provide the opportunity to manipulate the transmitted light [99].

The use of a leaky mode to implement optical filters is one of the most standard applications of
PhC structures. This leaky mode provides a very narrow bandpass filter that could be used in a
wide range of applications. In this paper, a PhC sensor, based on the optical filtering operation of
a PhC structure, is designed with proposed optimization. In such structures, a PhC slab with some
air holes is usually considered as the sensing device. Hence, sensing operation is performed by
filling the air holes with the designated material and measuring the wavelength shift in the output

spectrum of the filter [75].

The main problem inherent with the use of such devices is how to model the internal propagation
of light. In other words, finding an analytical equation describing the relationship between the
structural parameters and the device output performance is usually very challenging, and in many
cases it is impossible. The complexity of the relationship between the structural parameters and
the device output performance prevents researchers from proposing analytic methods to design

such devices.

The typical method utilized in this field to design such devices is trial and error; that is, the
structural parameters are manipulated, then the behavior of the device is observed, and these
observations are used to estimate the approximate relation between the structural parameters and
the device output. This method requires a huge amount of human involvement with tedious non-

systematic efforts. Moreover, the finally designed device is usually far from the optimal one. The

trial and error process have been followed in many works in the field of PhC devices [100]-[105].

! This chapter has been published in "M. J. Safdari, S. M. Mirjalili, P. Bianucci, and X. Zhang, “Multi-objective optimization framework for
designing photonic crystal sensors,” Appl. Opt., vol. 57, no. 8, pp. 1950-1957, 2018."
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Many PhC filter structures, such as PhC cavity [ 106], PhC ring resonator [107]-[109], and defect-

mode based PhC filter [110], have been designed by this approach. More specifically, PhC liquid

sensors have been designed manually, leading to far from optimal designs [111], [112].

To solve the problem of the lack of an automatic and comprehensive method for designing PhC
devices, the use of artificial intelligence techniques has been proposed. Up to date, the Quality
factor (Q) of PhC cavity has been maximized by genetic algorithms [113]-[115]. In ref.[116], a
PhC notch-filter has been designed by the particle swarm optimization algorithm. The bend loss
of PhC waveguides have been minimized by use of a genetic algorithm[117]. The Extraction ratio
and Purcell factor of PhC LEDs have been maximized using a multi-objective grey wolf optimizer
[118]. Furthermore, the slow light properties of PhC waveguides have been optimized using

similar optimization algorithms [119]-[125].

Recently, comprehensive frameworks for designing PhC filters have been proposed [126], [127].
In these frameworks, the optimal designs have sharp, well-tuned, and low crosstalk output
completely, suitable for all filter applications. However, for the application of PhC sensors based
on PhC filters, the sensitivity of the sensors must be evaluated and considered in addition to other
merit factors. Therefore, in this chapter we upgrade the multi-objective optimization framework
for the application of PhC sensor design, in which the sensitivity will be maximized as well as
other merit factors. In the rest of the thesis, the process of this framework is explained with the

example of designing a PhC liquid sensor.

3-2 PhC Sensor Structure and Related Issues

The proposed structure of the liquid sensor is shown in (Figure 3-1). The structure consists of a
silicon slab with some holes in it to form a waveguide and a cavity section. The cavity is made by
eight holes. The light will enter the device from the left side. The device has optical filtering
characteristics and the spectral transmission characteristic can be examined at the right side output.
Filling the holes with Oil (n=1.45) or water (n=1.33) will result in a shift in the output spectral
transmission performance. This is the principle for utilizing this structure as a liquid sensor [111],

[112].
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Before designing the cavity section, it is necessary to design the photonic crystal lattice to have
the largest photonic bandgap as a large photonic bandgap provides a wider working wavelength
window to design filters. In order to calculate the photonic bandgap of the PhC lattice, the 2D
Plane Wave Expansion (PWE) with a slab equivalent index method is utilized [128]. We consider
a Silicon-On-Insulator (SOI) slab with 400 nm of silicon, which corresponds to a slab equivalent
index of 3.18 for a TE polarized mode [129]. In addition, we consider that the holes are normally
filled with Oil (n=1.45) [111]. By sweeping the filling factor (f=r/a, where a is the lattice constant
and r is the hole radius) from 0 to 0.5, we conclude that at f = 0.41, the largest photonic bandgap
will be achieved. However, we consider = 0.375 which provides a large enough bandgap and a
more mechanically rigid PhC slab. In addition, the central normalized frequency of the photonic

bandgap is set to 0.280. Therefore, the lattice constant is a = 0.280 - 1550 = 433 nm.

The idea of realizing a filter by modifying a PhC lattice comes from the fact that introducing
defects in PhC lattice causes leaky modes in the photonic bandgap. These leaky modes provide an
opportunity to utilize the structure as a narrow bandpass filter. In other words, the leaky mode
guides a narrow band of spectrum. Therefore, such structures can be utilized as narrow bandpass
filters. To tune the leaky mode, it is necessary to modify the defect structure. In our case, we use

holes as a defect region to create the leaky modes.

The more holes involved in defect region, the more flexible the PhC sensor structure is, and the
more complex and difficult designing such structures becomes. Here, we consider eight holes as
the defect region to manipulate the guided light, which is large enough to provide sufficient

flexibility in the design and to show our approach.

In order to evaluate the performance of the device, the output spectral transmission performance
is calculated by a 2D FDTD simulation for TE-polarization. As a sample case study, the output of

the device is shown in (Figure 3-2). To design a PhC sensor, four merit factors must be considered:
e Ampc: Maximum amplitude of the output in the main band.
e Amps: Maximum amplitude of the output in the sidebands.
e Deviation: The deviation of the central wavelength of the output peak (4.) to the defined

central wavelength of the channel (1) (Deviation = |A,; — Agl).
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e Sensitivity: the ratio of change in the central wavelength of the output peak (4.) divided

ACZ _Acl

by change in the refractive index of the filed holes (Sensitivity =

).

nz—ny

The first three factors are three of which are directly related to the performance of the filtering
operation [126], [127], while the sensitivity is a criterion specific to a sensor. The above five
parameters of Ampc, Amps, Ag, A1, and A, are illustrated in (Figure 3-2).

Cavity
Si  Filled hole Super defect

Figure 3- 1: Proposed PhC liquid sensor. Eight
holes are used to form the super defect region.
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Figure 3- 2: Output spectral transmission performance of an
example of a PhC liquid sensor.

3-3  Multi-objective optimization frameworks for designing PhC Sensors

As mentioned before, it is very difficult to find analytical methods; we can sweep the search space
or utilize an optimizer algorithm to find the best possible designs. If a design shows high Ampc
and Sensitivity with low Amps and Deviation, it means that it is a well-designed PhC sensor.
Therefore, the multi-objective optimizer looks for the designs in which Ampc and Sensitivity are
maximized while Amps and Deviation are minimized. The framework can be divided in three main

modules: Parameters Module, Constraints Module and Optimizer Module, illustrated by (Figure

3-3).
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Figure 3- 3: Proposed multi-objective optimization framework
for designing PhC sensors.

3-3-1 A. Parameters Module (P)

In this module, the structural parameters must be defined and handled. Therefore, the best values
for the structural parameters will be found. The P module for the proposed PhC sensor (Figure 3-

1) is given by:

Pi=|——— — = —,—,—

3-3-2 B. Constraints Module (C)

All of the issues that must be considered during the PhC sensor design are considered in this
module. For this case study, two groups of constraints are considered to address the issues. The
first group (C1) is related to the parameters ranges. In addition, any manufacturing limitations
could be added to this group. The second group (C2) is for checking the validity of the filtering
operation of the device. The C module for the proposed PhC sensor (Figure 3-1) is given by:

< 0.5, ()



Ampg, > Amps,

The index of 1 and 2 of the C2 section indicates the number of the device simulation.

3-3-3 C. Optimizer Module (O)

Objective functions and an optimizer should be identified for this module: in order to solve the
problem with single objective optimization approach, a new merit factor, a combination of the

previous merit factors, is defined as:

1
Amps + Deviation

Objective = Amp., + Sensitivity +

The single objective optimizer will try to maximize this parameter. As the Objective is maximized,
a higher performance PhC sensor design is achieved. Solving the problem as a single objective
problem results in losing many decent designs since the actual answer to multi-objective problem

is a set of optimal solutions.

The objectives for the multi-objective optimization approach are Ampc, Amps, Deviation, and
Sensitivity. The optimizer should find the PhC sensor structures in which Ampc and Sensitivity
are maximized while Amps and Deviation are minimized. Several single- and multi-objective
optimization algorithms can be used for the optimizer [130]-[132]. We choose the Single- and
Multi-Objective Grey Wolf Optimizer (SOGWO and MOGWO) algorithm for the optimizer
[133]-[135]. This algorithm mimics the social behavior and leadership of grey wolves in nature.
This algorithm proved its performance in several fields of engineering. The main motivation to
choose Grey Wolf Optimizer is the high local optima avoidance, since the problem that is
investigated in this work has a large number of variables, resulting in a very difficult task to explore

the search space with many local solutions [136].

It is worth mentioning here that there is no single solution for multi-objective problems due to the
nature of such problems. A set of optimal solutions (Pareto-optimal set) is the answer to multi-

objective problems. They represent the best trade-offs between the objectives [137].
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A flow chart of how to calculate the merit factors is shown in (Figure 3-4). The reason why -
Ampsl and -deviation] are considered is that the multi-objective optimizer tries to maximize the
outputs of the objective function. By considering the negative value of an output, the direction of
the behavior is changed. For Amps1 and deviationl, minimization is required; alternatively, for
the negative -Amps1 and -deviationl, maximization is required. Overall, all of the outputs behave

in the same direction.

A candidate design, which does not satisfy the conditions that mean a valid filter device cannot be
made, is what we call infeasible design. Hence, for such a design the outputs of the objective
function must be a set of values, which are much worse than that of the normal valid designs. In
this case, we consider Output=-100 for the single objective optimization approach and Output=[-
100 -100 -100 -100] for the multi-objective optimization approach. In order to calculate the merit
factors, two simulations are required (one with oil as the external medium and one with another
liquid). For infeasible designs, we bypass the second simulation, since it does not provide any

valuable information.

To simulate PhC structures, the FullWAVE simulation tool of Rsoft which employs the finite-
difference-time-domain (FDTD) method to perform a full-vector simulation of photonic
structures is used. For the optimizer section, we have developed some Matlab programs to

connect Matlab to Rsoft and perform the optimization.
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Figure 3- 4: Flowchart for the calculation of merit factors (the objective function of multi-
objective optimization approach).

3-4 Results and discussion
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After setting up each module, the framework is ready to optimize the proposed PhC sensor.
Basically, the optimizer checks different possible combination of the structural parameter values

to achieve high-performance design(s).

3-4-1 Single-objective optimization approach:

In order to perform the single-optimization, we have utilized SOGWO with 60 artificial grey

wolves and maximum iteration of 400 to approximate the global optimum. The optimizer just

and

1
Ampsgs+Deviation

considers the Objective function as Objective = Amp., + Sensitivity +
manipulates the structural parameters until the best value of the Objective is found. The results of
single-objective optimization approach are shown as a convergence curves in (Figure 3-5).
SOGWO, Particle Swarm Optimization (PSO) [138], [139], and Genetic Algorithm (GA) [140]
were utilized to optimize this problem. The comparative study shows that SOGWO gives better
results than the others. Therefore, the results of SOGWO with iterations are shown in (Table 3-1),
and correspondingly the output spectral transmission performance of the obtained designed filter
is given in (Figure 3-6). It is seen that the transmission spectrum performance is better and better
with the increase of iterations. It is also shown that single-objective optimization is not the best

way to solve this problem. This motivates us to solve the problem with multi-objective

optimization approach.
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Figure 3- 5: Convergence curve of single-objective optimization approach.

Table 3- 1: Properties of obtained structures with single-objective optimization by SOGWO

Iter Ri R, R3 Rs  Rs R¢ Ry Rg Amp. -Amps -D(nm) Sen Obj
1| 63 105 154 178 199 32 150 99 0.0003 | -0.0001 -0.53 | 0.285 1.6
31217 156 175 186 118 3 134 77 0 0 -0.38  0.613 2.1
7 120 164 103 53 0 110 0 27 0.0134 -0.0113 -0.3  0.172 3

20 170 137 26 217 94 131 25 5 0.0788 -0.0052 -0.15  0.277 6.1
22 217 154 0 188 201 68 31 0 0.0721 -0.0018 -0.15  0.24 6.3

24 202 128 27 217 106 217 58 6  0.001 0 -0.15 | 0.255 6.4

33 162 8 84 217 90 77 40 41 0.0537 -0.0249 -0.08  0.27 9.7

50 217 10 & 180 50 143 46 33 0.0325 -0.0267 0 0247 37.1
147 217 127 13 150 25 187 51 30 0.0288 -0.0124 0 021 80.7
283 214 128 10 134 34 196 62 22 0.0389 -0.0108 0 0217 926
287 217 136 9 139 38 183 71 23 0.035 -0.0099 0 0217 100.8
308 | 217 129 8 126 34 203 73 30 0.0495 -0.0093 0 0217 107.2
337 1 213 129 8§ 120 36 208 73 27 0.055 -0.0089 0 0217 1118
341 | 217 140 9 130 35 193 74 22 0.0435 -0.0086 0 021 1164
354 | 217 139 9 128 35 197 74 22 0.0461 -0.0084 0 0217 1185
370 | 210 148 9 120 36 200 74 22 0.0486 -0.0079 0 0202 1258
374 | 211 148 9 120 37 198 75 22 0.0487 -0.0079 0 021 1259
379 1 213 141 10 118 35 205 75 22 0.0528 -0.0077 0 0.202 130.1
387 | 212 144 9 118 35 204 75 22 0.0522  -0.0076 0 0202 130.5
388 | 207 143 9 117 36 205 75 21 0.0534 -0.0076 0 0202 131.1
390 209 143 9 117 36 204 75 22 0.0535 -0.0076 0 021 1312
393 | 210 144 9 116 36 204 76 22 0.0542 -0.0074 0 0202 1349
394 | 215 146 9 116 36 203 77 22 0.0538 -0.0073 0 0202 1373
397 | 214 145 9 118 36 202 78 22 0.0545 -0.0072 0 0202 1385
398 | 212 145 9 117 36 203 78 22 0.0553 -0.0072 0 0202 1393

The unit of Rx is nm.
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Figure 3- 6: Output spectral transmission performance of the PhC sensor designs of Table 3-1.
The purple/thick curve indicates the spectrum at the end of optimization, the best design with
singe-objective optimization approach.

3-4-2 Multi-objective optimization approach:

The Ampc, Amps. Deviation, and Sensitivity show a conflicting behavior. Therefore, it means that
this problem is intrinsically multi-objective. Since there is no single solution for such problem,
solving the problem with just single objective optimization approach, in which the combined result
of merit factors is considered, causes to find only a member of the set of optimum solutions.
Since the output of the many designs in the search space does not satisfy the condition of
Ampc1>Ampsi, second simulation has been bypassed, significantly decreasing the total run time
of the optimization.

Finally, the optimization ends up with 100 optimal designs. Since calculating the four merit factors
requires two simulations, the second simulation is done to calculate the Sensitivity. Therefore, in
order to simplify the plot, the output spectral transmission performance for the first simulation of
the optimal designs are depicted in (Figure 3-7). The best and the worst designs with respect to
each of the merit factors are shown in (Figure 3-8). As it can be seen, the range of optimal designs
is so wide. As it is already mentioned, all of the solution of the Pareto-optimal set are optimal and

no one is better than the others. Hence, we need to choose a design in which the best trade-off has
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been established between the merit factors. To select a design from the set of optimal designs,
firstly, we omit the designs in which the Ampc1 of them are very low as they transmit a low portion
of optical power. Secondly, we omit the designs in which the ratio=Ampcl/ Ampsl1 is very low.
Designs with a ratio lower than 40 have been omitted. Therefore, 33 optimal designs remain, which
are shown in (Table 3-2). The output spectral transmission performance of the first simulation of
the remaining 33 designs is depicted in (Figure 3-9) and zoom-in in (Figure 3-10).

Among the optimal designs, the design that provides the highest sensitivity (0.314) is the best
choice for liquid sensor application, i.e. structure #1 in (Table 3-2). The output spectral
transmission performances of the selected design (i.e. structure #1) and the physical geometry of
the device are shown in (Figure 3-11) and (Figure 3-12) respectively. It is also seen that a slight
change of filling material refractive index results in a clear shift of output transmission spectrum.
In addition, the simulation results for a design of filling the holes with Oil (n=1.45) and water
(n=1.33) are shown in (Figure 3-13), and it is observed that a big shift in the output spectral
transmission performance is led. The comparison between the designed sensor in this work and
the similar works reported, the performance of this work based on the newly defined merit factors

is much better than that of the similar works reported [111], [112].
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Figure 3- 7: Output spectral transmission performance of the 100 optimal PhC liquid sensor by
first simulation.
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Figure 3- 8: Best and worst designs with respect to each
of the merit factors.
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Table 3- 2: Properties of optimum structures designed by multi-objective optimization approach.

No.| Ri | Ro | R3 | Re« | Rs | R¢ | Ry | Rg | Amp. | -Amps | -D(nm) | Sen
1162|144 | 98 104 | 142 | 13869 | 88 0.0756 | -0.0017 -2.02 | 0.314
211731149 100 | 98 | 141 | 150 | 84| 98 | 0.048 | -0.0008 -0.75 | 0.307
31158137105 97143 148 | 75| 92| 0.0756 | -0.0016 -0.22 | 0.307
41171 | 156 | 96| 103 | 137 | 151 | 72| 84 0.0511 | -0.0008 -2.25 | 0.306
51174145 | 112 | 94 | 132 1168 | 89 | 89 | 0.0331 | -0.0006 -3.07 | 0.306
61176 154 102 | 94| 136|163 | 75| 99| 0.0305 | -0.0004 -4.22 | 0.301
71179157 102 | 96 | 131 | 167 | 75| 99 | 0.0246 | -0.0004 -3.69 | 0.301
81167 | 144 1101 | 94 [ 150 | 15579 | 98| 0.0456 | -0.0006 -3.39 | 0.301
91161 [ 138 | 103 | 94| 156|159 | 72 | 111 | 0.0526 | -0.0006 -1.28 0.3

10 | 171 | 135 ] 95| 108 | 141 | 157 | 57 | 72 ] 0.0436 | -0.0011 0 0.3
11 [ 151 [ 168 | 79 | 112 | 147 | 137 |76 | 97 | 0.0678 | -0.0008 -0.53 0.3
12 164 | 156 | 93102 | 149 | 142 | 85| 75 0.0537 | -0.0008 -1.72 1 0.299
13151 151 ] 99| 99| 151|137 85| 82 0.0747 | -0.0014 -1.95 | 0.299
14 178 | 154 | 103 | 95| 146 | 171 | 72 | 87 | 0.0346 | -0.0004 -3.67 | 0.298
151167 | 156 | 93| 98 | 146 | 152 | 73 | 97| 0.0451 | -0.0005 -5.43 | 0.294
16 | 173 | 143 | 107 | 84 | 158 | 162 | 65| 82 | 0.0341 | -0.0003 -3.54 | 0.294
17 | 177 | 174 | 98| 91 | 146 | 151 | 81 | 101 | 0.0228 | -0.0003 -2.86 | 0.293
181162 144 | 97| 95| 159|167 |63 | 99| 0.0289 | -0.0003 -2.41 | 0.293
19 | 166 | 152 | 104 | 85| 164 | 162 | 72 | 107 | 0.0363 | -0.0002 -2.18 | 0.293
20173 1160 | 101 | 94 | 144 | 152 | 74 | 95 0.0342 | -0.0004 -1.05 | 0.293
21 [ 161 | 164 | 80 | 112 | 145|140 | 59 | 74| 0.0567 | -0.0008 -0.38 | 0.292
22 1160 | 157 | 83 | 110 | 148 | 138 | 68 | 84 | 0.0574 | -0.0008 -0.08 | 0.292
23 1159 1170 | 76 | 116 | 144 | 132 | 73 | 78 ] 0.0676 | -0.001 -0.08 | 0.292
24 1170 | 153 | 89| 107 | 147 | 146 | 59 | 88 | 0.0511 | -0.0005 -0.67 | 0.292
251174 1164 | 94| 96 | 156 | 155 | 65| 89 | 0.0361 | -0.0003 -1.43 | 0.292
26 | 178 | 163 | 108 | 85 | 151 | 162 | 77 | 98 | 0.0212 | -0.0002 -1.43 | 0.292
27 [ 173 1164 | 77 | 119 | 139 | 137 | 65| 84| 0.0616 | -0.0008 -1.43 | 0.292
28 | 181 | 165 | 115 | 80 | 150 | 160 | 61 | 68 | 0.0124 | -0.0001 -1.58 | 0.292
29 [ 172 1166 | 97| 89 | 155]169 | 75| 116 | 0.0193 | -0.0002 -3.23 | 0.286
30172 1163 | 98| 87| 164|161 | 75| 83 ] 0.0208 | -0.0002 -3.08 | 0.286
311 195] 155108 | 81 | 162|173 | 55| 82 ]0.0184 | -0.0001 -0.23 | 0.285
32 183 165 ] 94| 96| 153|163 |63 | 96 | 0.0305 | -0.0002 -1.13 | 0.284
331192 | 184 | 77| 95179 | 165|142 ]103 | 0.018 | -0.0001 -4.52 | 0.264

The unit of Rx is nm.
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Figure 3- 9: Output spectral transmission performance of the optimal PhC liquid sensors of Table
3-2 by first simulation.
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Figure 3- 10: Zoom-in output spectral transmission performance of the optimal PhC liquid
sensors of Table 3-2 by first simulation. The thick curve indicates the design has higher
sensitivity than the others.
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Figure 3- 11: Output spectral transmission performance of the selected optimal PhC liquid sensor
by two simulations with different filler materials.

Cavity
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Figure 3- 12: Physical geometry of the obtained PhC liquid
Sensor.
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Figure 3- 13: Output spectral transmission performance of the selected optimal PhC liquid sensor
in real application.

The method proposed in this study, which is able to automatically find a high-performance design,
has two main advantages. First, using a large defect with several free parameters provides much
flexibility in manipulating the guided light through the defect. Second, using a systematic multi-
objective optimization method allows finding a wide range of optimal designs without human
involvement.

To summarize, the multi-objective optimization technique is a straightforward and comprehensive
method for designing complex super-defect PhC liquid sensors with a large number of structural
parameters. Moreover, this method opens up a way towards designing new and very high-
performance PhC Sensors, which work based on the wavelength shift in the output of the PhC
filters.

The designed PhC liquid sensor requires 1 nm manufacturing resolution. Considering the
fabrication process of PhC structures reported in [141], [142], this structure should be feasible to
build.
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Chapter 4 Newly proposed Photonic Crystal Sensors

In the previous chapter, a comprehensive method for designing PhC sensor has been proposed

[143]. In this chapter we use this method to design new structures of PhC sensor.

4-1 PhC sensor: structure No. 1

In order to increase the flexibility of the PhC sensor, we need to increase the size of the defect
section. It provides more control on the transmitted light. The first proposed PhC structure is shown
in (Figure 4-1). For this structure 23 holes considered as the defect region. The flexibility of this

structure is so high because it has many structural parameters.

Cavity
Si  Filled hole Super defect

0,0/0/0)0/0/0)0/0 0/0/0/0/0/0/0/0/0
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0/00/0/0/0/0/0/0 0/0/0/0/0/0/0/0/0
0)0/0/0/0/0/0/0/00))0/0/0/0/0/0/0/0/0
0)0/0/0/0/0/0/0/0 0/0/0/0/0/0/0/0/0
0/0/0/0/0/0/0/0/00/0/0/0/0/0/0/0/0/0
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010/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0
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Figure 4- 1: Proposed PhC liquid sensor. 23 holes are used to form
the super defect region.

We utilized the method that proposed in the previous chapter. Therefore, for this structure, the
optimization ends up with 100 optimal designs. Since calculating the four merit factors requires
two simulations, the second simulation is done to calculate the Sensitivity. Therefore, in order to

simplify the plot, the output spectral transmission performance for the first simulation of the
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optimal designs are depicted in (Figure 4-2). As it can be seen, the range of optimal designs is so
wide. As it is already mentioned, all of the solution of the Pareto-optimal set are optimal and no
one is better than the others. Hence, we need to choose a design in which the best trade-off has
been established between the merit factors. To select a design from the set of optimal designs,
firstly, we omit the designs in which the Ampc1 of them are very low as they transmit a low portion
of optical power. Secondly, we omit the designs in which the ratio=Ampcl/ Ampsl is very low.
Designs with a ratio lower than 31 have been omitted. Therefore, 33 optimal designs remain, which
are shown in (Table 4-1). The output spectral transmission performance of the first simulation of
the remaining 16 designs is depicted in (Figure 4-3) and zoom-in in (Figure 4-4).

Among the optimal designs, the design that provides the highest sensitivity is the best choice for
liquid sensor application, i.e. structure #1 in (Table 4-1). The output spectral transmission
performances of the selected design (i.e. structure #1) and the physical geometry of the device are
shown in (Figure 4-5) and (Figure 4-6) respectively. It is also seen that a slight change of filling
material refractive index results in a clear shift of output transmission spectrum. In addition, the
simulation results for a design of filling the holes with Oil (n=1.45) and water (n=1.33) are shown
in (Figure 4-7), and it is observed that a big shift in the output spectral transmission performance

is led.
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Figure 4- 2: Output spectral transmission performance of the 100 optimal PhC liquid sensor by
first simulation.
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Table 4- 1: Properties of optimum structures designed by multi-objective optimization approach.

No. R; R; R; Ry Rs R¢ Ry Rg Ro Rjp Rii Riz Riz Ris Ris Rig Ri7 Ris Rig Rag Ry Ry Ry Ampc 'Amps -D(nm) Sen
1114 107 158126 116 109 155 159 150 92 115 40 102 166 162131 94 137 142 150 106 101 123 0.108 -0.001 -4.118 0.2684
2 91 97174 104 125 101 157 161 151 83121 27 113 167 151 153 104 147 146 148 100 110 123 0.0371 -0.0006 -2.997 0.2763
3 96 102155131 123 112153 144 157 120 105 41 115 158 153 137103 142 128 125 107 110 140 0.1105 -0.0018 -4.442 0.2864
4101 113146 122 118 116,139 153 1731 98 118 62 93 154 132 141 91 152116 146 121 106 133 0.1325 -0.0023 -2.482 0.2707
5 96 117 156108 134 84133 137 174 108 131 50 125 143 142 132112 130 141 130 94129 142 0.13 -0.0024  -3.82 0.2908
6109 11211521123 113 84153 153 143 88 102 51 100 157 143 140 93 134 144 136 108 107 134 0.1216 -0.0025 -2.105 0.2705
7 115 112 151 112 122 88155 164 153 84 112 51 116 161 128 132 100 134 128 163 94 118 139 0.132-0.0028 -0.676  0.27
8 111 121 139 129 104 96 135 144 162 103 102 68 101 144 147 129 105 139 119 136 118 112 129 0.1358 -0.003 -1.503 0.2778
9 109 109 153 /111 128 73143 149 150 104 139 48 112 154 132 134 115 147 129 125 120 110 137 0.1239 -0.0027 -0.751 0.2925

10 104 122 135121 125 97 131 139 156 98 115 49 117 144 144 129 113 130 129 133 113 116 133 0.1371 -0.0031  -0.15 0.2848
11 99 120 160 111 131 78 137 146 164 112 124 51 123 136 137 139 115 140 134 130 98 126 141 0.1346 -0.003| -3.072 0.2986
12 99 112 156 110 139 75 118 152 164 98 129 52 124 144 114 131 125 155 140 131 108 109 140 0.1019 -0.0024 -2.632 0.3007
13 96 124 140 152 109 82 144 128 147 107 118 46 113 145 139 138 95 123 125 140 107 116 140 0.0846 -0.002 -0.225 0.2848
14 89 108 137 127 126 115 129 138 158 109 155 78 91 153 114 116 101 145 139 128 128 92 153 0.0411 -0.0012| -0.825 0.3069
15101 116 160 110 129 78 134 157 167 115 124 52 121 136 141 142 115 133 143123 95 125 139 0.1304 -0.0039 -0.3 0.2998
16 121 106 149 122 121 88 150 149 146 107 115 55 115 146 133 131 99 140 133 129 100 119 147 0.1357 -0.0043 -2.324 0.2914

The unit of Rxis nm.
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Figure 4- 3: Output spectral transmission performance of the optimal PhC liquid sensors of Table
4-2 by first simulation.
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Figure 4- 4: Zoom-in output spectral transmission performance of the optimal PhC liquid
sensors of Table 4-1 by first simulation. The thick curve indicates the design has higher
sensitivity than the others.
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Figure 4- 5: Output spectral transmission performance of the selected optimal PhC liquid sensor
by two simulations with different filler materials.
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Figure 4- 6: Physical geometry of the obtained PhC liquid sensor.
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Figure 4- 7: Output spectral transmission performance of the selected optimal PhC liquid sensor
in real application.
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4-2 PhC sensor: structure No. 2

In order to increase the flexibility of the PhC sensor, we need to increase the size of the defect
section. It provides more control over the transmitted light. The second proposed PhC structure is
shown in (Figure 4-8). For this structure 21 holes considered as the defect region. The flexibility
of this structure is so high because it has many structural parameters. In addition, to reduce the
simulation domain and increase the speed of the optimization process, we considered a horizontal
symmetry. This symmetry provides an opportunity to simulate just half of the device. As a result,
the simulation time decreases.

) Cavity
Si Filled hole Super defect
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0/0/0/0/0/0/0/0/0 0/0/0/0/0/0/0/0/0
00/0/0/0/0/0/010/0/0/0/0/0/0/0'0
00/0/0/0/0/0/0/0 0/0/0/0/0/0/0/0/0
O OOOOOCOOMOOOOOCOC)C)
00000 00000000006000
i QOO0 D

Figure 4- 8: Proposed PhC liquid sensor. 21 holes are used to form the super
defect region.

We utilized the method that proposed in the previous chapter. Therefore, for this structure, the
optimization ends up with 100 optimal designs. Since calculating the four merit factors requires
two simulations, the second simulation is done to calculate the Sensitivity. Therefore, in order to
simplify the plot, the output spectral transmission performance for the first simulation of the
optimal designs are depicted in (Figure 4-9). As it can be seen, the range of optimal designs is so
wide. As it is already mentioned, all of the solution of the Pareto-optimal set are optimal and no

one is better than the others. Hence, we need to choose a design in which the best trade-off has
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been established between the merit factors. To select a design from the set of optimal designs,
firstly, we omit the designs in which the Ampc1 of them are very low as they transmit a low portion
of optical power. Secondly, we omit the designs in which the ratio=Ampcl/ Ampsl is very low.
Designs with a ratio lower than 53 have been omitted. Therefore, 50 optimal designs remain, which
are shown in (Table 4-2). The output spectral transmission performance of the first simulation of
the remaining 50 designs is depicted in (Figure 4-10) and zoom-in in (Figure 4-11).

Among the optimal designs, the design that provides the highest sensitivity is the best choice for
liquid sensor application, i.e. structure #1 in (Table 4-1). The output spectral transmission
performances of the selected design (i.e. structure #1) and the physical geometry of the device are
shown in (Figure 4-12) and (Figure 4-13) respectively. It is also seen that a slight change of filling
material refractive index results in a clear shift of output transmission spectrum. In addition, the
simulation results for a design of filling the holes with Oil (n=1.45) and water (n=1.33) are shown
in (Figure 4-14), and it is observed that a big shift in the output spectral transmission performance

is led.
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Figure 4- 9: Output spectral transmission performance of the 100 optimal PhC liquid sensor by
first simulation.
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Table 4- 2: Properties of optimum structures designed by multi-objective optimization approach.

No. R R> R;  Rs  Rs Re Ry Rs Ry Ro  Ru Rz Rz R Ris  Ampe -Amps | -D(nm) Sen
135 | 144 154 65 178 144 104 156 @ 156 75 | 184 86 124 128 152 0.0742 @ -0.0012 -2.698 | 0.3285
102 | 144 153 71 166 = 139 | 108 @ 181 135 84 | 181 124 | 122 124 162  0.0262 | -0.0002 -1.725 | 0.3284
116 | 148 165 68 168 | 139 @ 105 192 | 133 78 184 107 @ 124 | 123 162 | 0.0606 & -0.0003 -3.222 | 0.3282
117 142 157 | 64 170 123 114 178 147 76 187 110 126 156 163 0.0197 = -0.0001 -3.595 | 0.3282
156 | 134 175 54 | 171 126 = 100 @ 184 | 129 83 | 181 65 118 | 163 157 | 0.0555 | -0.0002 -0.45 0.322
123 | 147 154 69 | 161 140 98 172 | 141 87 | 173 8 | 137 130 148 @ 0.0978 @ -0.0013 -1.425 | 0.3216
124 | 137 149 81 146 | 141 98 174 137 94 162 103 136 126 157 | 0.1173 -0.002 -3.894 | 0.3206
127 | 145 166 = 58 | 165 141 102 | 169 | 139 92 171 78 | 143 134 | 164 | 0.0732 = -0.0007 -4.268 | 0.3204
9 130 | 140 143 78 145 150 9% | 167 @ 136 91 169 | 104 133 124 | 154 | 0.1065 = -0.0019 -4.367 | 0.3165
10 | 138 | 149 164 58 164 @ 146 92 174 145 80 | 175 77 | 138 | 133 167 | 0.0637 @ -0.0005 -2.406 | 0.3156
11 150 | 137 154 69 @ 152 | 155 93 166 = 138 95 | 162 74 148 120 156 @ 0.1083 @ -0.0016 -1.955 | 0.3155
12 123 172 160 | 54 177 119 124 177 152 75 180 107 154 156 154 | 0.0133 0 -0.675 | 0.3145
13 | 122 149 141 77 171 124 97 | 169 @ 144 86 | 174 93 | 142 | 143 149 | 0.0876 @ -0.0006 -1.875 | 0.3139
14 | 144 143 143 | 8l 155 144 95 | 158 | 142 99 | 156 88 | 141 132 149 | 0.1134 = -0.0018 -2.623 | 0.3137
15 | 129 | 146 152 69 | 158 140 102 170 @ 154 79 | 175 99 | 144 | 141 151 | 0.0856 @ -0.0005 -3.072 | 0.3135
16 | 127 140 161 | 71 155 141 101 172 | 145 83 | 168 91 145 | 129 | 150 @ 0.1045 -0.0011 -3.222 | 0.3134

0 NN AW -

17 93 | 156 163 54 179 115 | 120 183 | 146 72 185 123 | 130 | 164 171 | 0.0058 0 -4.216 | 0.3089
18 | 140 | 136 161 | 70 161 = 141 | 103 | 167 | 138 89 160 79 | 134 | 134 159 | 0.0891 = -0.0009 -3.763 | 0.3087
19 | 115 | 156 168 | 46 183 140 113 193 @ 151 62 | 190 109 | 165 | 153 172 | 0.0062 0 -3.461 | 0.3086
20 124 | 140 150 75 | 155 132 | 112 | 157 | 137 94 | 162 95 | 143 | 135 140 | 0.1159 @ -0.0022 -2.934 | 0.3084
21 117 | 156 150 = 65 | 165 119 | 112 ' 183 | 152 82 172 | 111 144 147 152 | 0.0403 | -0.0001 0 | 03072

22 126 | 156 148 69 | 160 = 119 | 118 ' 155 @ 154 8 170 | 101 151 | 148 153 | 0.0782 | -0.0004 -2.698 | 0.3062
23 137 | 140 147 83 163 | 136 80 | 169 | 140 93 | 153 79 | 133 | 140 151 | 0.0989 @ -0.0014 -2.482 | 0.3007
24 140 | 151 144 73 171 | 151 92 | 163 | 148 95 | 157 77 | 149 | 136 148 | 0.0866 = -0.0005 -1.428 | 0.3003

25 143 | 140 148 77 155 | 145 95 | 156 @ 151 94 | 151 92 | 147 | 130 155 | 0.1179 @ -0.0013 0 | 0.2997
26 147 | 140 148 76 | 157 @ 138 | 102 | 161 | 145 96 | 155 97 | 140 | 135 154 | 0.1096 @ -0.0008 -0.9 | 0.2994
27 94 | 169 159 46 186 137 | 130 175 | 164 78 171 111 | 169 | 165 161 | 0.0007 0 -7.165 | 0.2949

28 158 | 150 164 53 | 165 149 | 107 @ 156 @ 148 93 | 160 94 | 144 141 174 | 0.0433 = -0.0001 -3.763 | 0.2937
29 136 | 149 145 74 166 | 151 96 | 164 | 148 94 | 157 84 147 | 135 153 | 0.0862 @ -0.0004 -1.653 | 0.2928
30 | 125 | 151 165 | 66 | 167 @ 117 @ 106 & 181 | 149 73 169 85 145 | 139 163 | 0.0529 @ -0.0002 -0.901 | 0.2925
31 | 147 | 139 148 | 73 | 163 84 101 170 | 147 79 159 | 110 146 | 141 @ 158 | 0.0483 = -0.0006 0 | 0.2923
32 0 122 | 166 161 | 49 178 112 122 | 152 | 162 81 173 | 101 175 | 146 162 | 0.0322 | -0.0001 -0.825 0.292
33 | 124 154 | 126 82 153 | 133 99 | 155 @ 16l 91 161 @ 106 | 148 | 132 164 @ 0.0996 @ -0.0006 -1.277 | 0.2852
34 | 123 | 159 165 | 52 168 | 128 | 106 @ 172 | 161 79 168 93 | 158 | 155 160 | 0.0379 = -0.0001 -0.375 | 0.2849

35 | 141 | 171 165 | 48 175 123 134 174 @ 16l 81 170 94 | 165 @ 164 159 | 0.0067 0 -1.425 | 0.2843
36 | 128 | 154 164 | 54 177 @ 123 | 121 170 | 146 = 101 | 152 88 156 153 | 165 0.026 = -0.0001 -0.15 | 0.2773
37 | 140 | 173 161 | 54 177 120 122 | 163 | 162 76 165 86 166 | 145 @ 160 | 0.0159 0 -3.763 | 0.2711
38 | 118 | 157 157 | 56 175 @ 123 121 | 160 | 152 84 173 | 102 164 | 150 158 | 0.0452 | -0.0001 -0.15 | 0.2698
39 | 126 | 167 150 | 62 168 @ 121 @ 131 162 | 165 81 168 91 | 171 146 | 158 ' 0.0206 | -0.0001 -1.65 | 0.2692
40 130 | 143 161 @ 62 182 | 144 93 | 158 | 164 88 143 83 156 | 136 175 | 0.0664 @ -0.0002 -2.482 | 0.2632
41 134 | 147 158 58 179 | 141 89 176 | 174 66 169 73 | 170 | 148 171 0.048 | -0.0001 -2.18 0.263
42 126 152 142 76 178 124 98 | 164 | 155 80 159 93 | 154 148 | 152 0.082 = -0.0003 0 | 0.2623
43 132 | 168 149 59 | 166 @ 115 | 139 @ 147 | 168 74 177 108 | 158 | 151 155 | 0.0175 0 -2.256 | 0.2556

44 | 141 162 | 173 45 183 136 | 116 175 | 176 67 | 167 89 168 | 152 163 | 0.0183 | -0.0001 -0.975 | 0.2546
45 154 | 159 164 54 170 | 134 91 | 156 @ 157 92 | 144 92 | 159 | 158 175 | 0.0538 @ -0.0002 -4.065 | 0.2487
46 120 | 159 157 53 | 179 140 | 113 | 173 | 158 83 168 | 106 = 160 | 157 @ 159 | 0.0228 0 -1.052 | 0.2477
47 155 | 162 156 57 | 164 150 | 106 @ 157 | 148 98 | 147 104 | 163 | 157 @ 184 @ 0.0325 @ -0.0001 -0.451 | 0.2475
48 153 | 168 @ 154 64 175 | 145 95 | 164 171 74 147 80 171 | 151 180 | 0.0287 | -0.0001 -2.934 | 0.2408

49 | 116 186 | 157 45 187 | 127 | 143 176 171 = 65 180 = 98 | 188 161 = 162  0.0002 0 03 | 0.2324
50 | 152 168 | 177 39 182 141 99 170 170 71 150 | 102 | 173 172 | 190 | 0.0148 0 -0.15 | 0.2174
The unit of Rxis nm.
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Figure 4- 10: Output spectral transmission performance of the optimal PhC liquid sensors of
Table 4-2 by first simulation.
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Figure 4- 11: Zoom-in output spectral transmission performance of the optimal PhC liquid
sensors of Table 4-2 by first simulation. The thick curve indicates the design has higher
sensitivity than the others.
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Figure 4- 12: Output spectral transmission performance of the selected optimal PhC liquid sensor
by two simulations with different filler materials.

Figure 4- 13: Physical geometry of the obtained PhC liquid sensor.
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Chapter5 Conclusion and potential future work

In summary, the case study investigated here has shown that the proposed multi-objective
framework can effectively design and optimize the structure of a newly introduced PhC liquid
sensor. The proposed framework can design any complicated super-defect PhC sensors. Several
structures can be designed with respect to any application. No initial design and human
involvement are required to start the optimization process. Moreover, any manufacturing limitation
can be added in the constraints module. Various multi-objective algorithms can be easily used in
optimizer module to achieve the optimal designs. Finally, the proposed multi-objective framework

opens up an effective way for designing very high-performance PhC sensors.

Potential future work:
e Propose a method for considering fabrication uncertainties during the optimization of

PhC sensors.
e Utilizing the proposed framework for designing different kind of PhC sensors.

e Investigate the applicability of the optimized structures in configuration with photonic

integrated circuits.
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