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ABSTRACT

Photonic crystals are inhomogeneous dielectric media with periodic variation of the refractive 

index. A photonic crystal gives us new tools for the manipulation of photons and thus has 

received great interests in a variety of fields. Photonic crystals also have applications in imaging. 

A number of imaging principles were demonstrated. In this thesis we focused,enhance the image 

resolution of photonic crystal by modification the surface structure and used the structure as a 

sensor. We utilize the superlens behaviour of the photonic crystal (PhC) structure composed of 

hexagonal lattice arrangement of air holes of radius ‘r = 0.35a’, where ‘a’ is the lattice constant, 

in a dielectric medium of permittivity ε = 12.The equal frequency contour (EFC) analysis done 

using plane wave expansion method shows that the structure exhibits an effective isotropic 

refractive index, neff = -1 at a normalized frequency of ɷ = 0.2908(2πc/a) for TM polarization, 

located in the second band. At ɷ = 0.2908(2πc/a) for TM polarization, the considered PhC 

structure behaves as a superlens, as analyzed using the finite difference time domain (FDTD) 

method.

Key words:Photonic crystal, superlens Behaviour, Equal Frequency Contour (EFC), Effective 

refractive index, TM polarization, Finite difference time domain (FDTD) method.
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CHAPTER 1

INTRODUCTION

1.1 Thesis Approach

This Thesis proposes a design of 2D photonic crystal structure (PhC) which consists of air holes 

in silicon. Image resolution has been enhanced in the PhC structure by introducing the defects at 

the surface of the proposed structure. Negative refraction phenomenon has been used to calculate 

the negative effective index (???? ? −?) at a particular frequency. This frequency has been 

calculated using the photonic band gap and equal frequency contour. Materials with negative 

effective index behave like superlens at this frequency. The structure has been designed and 

analyzed using Bandsolve and full wave module of commercially available R-soft software.

1.2 Thesis objective

The main objective of the thesis is mentioned below:

ÿ To explore the possibility of using photonic crystal as negative index material at a 

particular frequency.

ÿ To explore and analyze various ways to enhance the image resolution in photonic crystal 

structures and study different types of photonic crystal structures which can be used for 

analyzing the image resolution.  

ÿ To design the photonic crystal structure of hexagonal arrangement of air holes in silicon 

with the introduction of defect in top and bottom layer of the surface of PhC structure to 

enhance the image resolution. 

ÿ To design the PhC sensor using the concept of image resolution.

1.3 Thesis organization

This thesis has been organized into five chapters. 

Chapter 1 deals with the introduction and objective of the thesis. 

Chapter2describes the literature review, consisting of photonic crystal, their historical 

background, basic properties and their applications. 



Chapter 3 is regarding the theory of image processing, refraction, negative refraction, 

negative refractive index, imaging and sub wavelength imaging.  

Chapter 4 deals with the designed PhC structure for Enhanced image resolution and the 

superlens behavior established by the proposed structure..

Chapter 5includes conclusion and future scope regarding the image resolution in PhC 

structures.



CHAPTER 2

INTRODUCTION OF PHOTONIC CRYSTAL

2.1 Introduction

Photonic crystal (PhC) is one of the most promising platforms for optical information 

processing as it enables compact and efficient photonic devices and also their large scale 

integration onchip. These are the structures with periodic dielectric modulation in the order of 

the wavelength of light [1, 2]. Because of this periodicity, their study is analogous to the study of 

semiconductors in solid-state physics. The periodicity of the electronic potential in 

semiconductors, which is due to the regular arrangement of atoms in a lattice, gives rise to the 

electronic bandgaps, which are forbidden energy bands[1,2] for electrons. Similarly, the 

periodicity of the refractive index gives rise to photonic bandgaps (PBGs), forbidden energy 

bands for photons.

Electromagnetic wave propagation in dielectric periodic media was first studied by Lord 

Rayleigh in 1888. These structures are photonic crystals which have a photonic band gap that 

prohibits the light propagation through the planes.Although PhCs have been studied in oneform 

or another since 1887, the term “Photonic Crystal” was first used over 100 years later, 

afterYablonovitch and John published two milestone papers on PhCs in 1988. Before that Lord 

Rayleighstarted his study in 1888, by showing that such systems have a 1D Photonic Band Gap, 

a spectral range oflarge reflectivity, known as a stop-band. Further, 1DPhCs in the form of 

periodic multi-layers dielectricstacks (such as the Bragg mirror) has been studied extensively. 

Today, such structures are being used in a diverse range of applications such as reflective 

coatings for enhancing the efficiency ofLight Emitting Diodes (LEDs) and highly reflective 

mirrors in certain laser cavities.

In 1987, Yablonovitch and John proposed 2D PhCs and 3D PhCs, which had a periodicdielectric 

structure in two dimensions and three dimensions, respectively. The periodicdielectric structures 

exhibit a PBG. Both of their proposals were concerned with higher dimensional(2D or 3D) 

periodic optical structures. Yablonovitch’s main motivation was to engineerthe photonic density 

of states, in order to control the spontaneous emission of materials thatare embedded within the 

PhC. In the similar way, John’s idea was to affect the localization andcontrol of light inside the 



periodic PhC structure.  Since1987, There has been extensive research in the area of PhCs.By 

1991, Yablonovitch has demonstrated the first3D Photonic Band Gap in the microwave regime.

In 1996, Thomas Krauss made the first demonstration of 2DPhC at optical wavelengths. This

opened the modern way of fabricating PhCs in semiconductor materials by the methodsused in 

the semiconductor industry. Although such techniques are still to mature intocommercial 

applications, 2D PhCs have found commercial use in the form of Photonic CrystalFibers (PCFs) 

and optical components. Since 1998, the 2DPhCs based optical components such as optical 

filters [3, 4], multiplexers [5], demultiplexers [6], switches [7], directional couplers [8],power 

dividers/splitters [9], senors [10, 11] etc. has been realized. 

The PhCs are composed of periodic dielectric, metallo-dielectric or superconductor 

nanostructure that affect electromagnetic wave propagation in the same way as the periodic 

potential in a semiconductor crystal affects the motion of electrons. Photonic crystals exhibit 

regularly repeating regions of high or low dielectric constants.The periodicity of the photonic 

crystal structure must be around half the wavelength of the electromagnetic waves to be 

diffracted. Depending on the periodicity of the dielectric constant  along layers, plane & axes, 

they are one dimensional (1D), two dimensional (2D) and three dimensional (3D)  photonic 

crystal structures as shown in figure 2.1.

Figure2.1. Schematic illustrations of photonic crystals (a) 1D (b) 2D and (c) 3D

(Source: www.intechopen.com)



2.1.1 One Dimensional PhCs

In 1-DPhC, the periodic modulation of the refractive index occurs only in one direction, whilethe 

refractive index variations are uniform for other two directions of the structure. The Photonic 

Band Gap appears in the direction of periodicity at different values of refractive index contrast. 

In other words, there is no threshold fordielectric contrast for the appearance of a Photonic Band 

Gap. For smaller values of index contrast, the widthof thePhotonic Band Gap appears very small 

and vice versa. However, the Photonic Band Gaps open up as soon as therefractive index 

contrast is greater than one (n1/n2> 1), where n1 and n2 are the refractive indexof the dielectric 

materials. A defect can be introduced in 1-DPhC, by making one of the layers having slightly 

different refractive index or width than the rest. The defect mode is thenlocalized in one direction 

however it is extended to other two directions. An example for such 1-DPhC is the well known 

dielectric Bragg mirror consisting of alternative layers withlow and high refractive indices, as 

shown in Figure 2.1(a).

The wavelength and reflection properties in 1-D PhC are used in a many applications 

including high efficiency mirrors [12, 13], optical filters [14, 15, and 16], waveguides and lasers 

[17]. Such structures are widely used in anti-reflecting coatings which decrease the reflectance 

from the surface and used to improve the quality of the lenses, prisms and other optical 

components.

2.1.2 Two Dimensional PhCs

PhC structures that are periodic in two different directions and homogeneous in third directionare 

called 2-D PhC which is shown in Figure 2.1 (b). In most of the 2-DPhCs, the Photonic Band 

Gap occurswhen the lattice has sufficiently larger index contrast. If the refractive index contrast 

between the rods and the background medium is sufficiently large, 2-D Photonic Band Gap 

occurs in the plane of periodicity perpendicular to the rod axis.Generally, 2-DPhCs consist of 

dielectric rods in air host (high dielectric pillars embedded in alow dielectric medium) or air 

holes in a dielectric region (low dielectric rods in a connectedhigher dielectric lattice) as shown 

in Figures 2.2(a) and 2.2(b). The dielectric rods in air host givePhotonic Band Gap for the 

Transverse Magnetic (TM) mode where the E field is polarized perpendicular tothe plane of 

periodicity. The air holes in a dielectric region give (Transverse Electric) TE modeswhere H 

field is polarized perpendicular to the plane of periodicity.



Figure2.2Structure of (a) dielectric rods in air and (b) air holes in dielectric region

(Source: www.intechopen.com)

2.1.3 Three Dimensional PhCs

A 3DPhC is a dielectric structure which has periodic permittivity modulation along threedifferent 

axes, provided the condition of sufficiently high dielectric contrast and suitable periodicity; a 

Photonic Band Gap appears in all directions. Such 3D Photonic Band Gaps, unlike the 1D and 

2D ones,can reflect light incident from any direction. In other words, a 3D Photonic Band Gap

material behaves as an omnidirectional high reflector. As an example, Figure 2.3 depicts the 3D 

woodpile structure.Due to the challenges in high-quality structures fabrication at optical 

wavelengths, early PhCs performed at microwave and mid-infrared frequencies [19, 20]. With 

the improvement of fabrication and materials processing methods, smaller structures have 

become feasible, and in 1999 the first 3DPhC with a Photonic Band Gap at telecommunications 

frequencies [21, 22] was reported. Since then, various lattice geometries have been reported 

operating at similar frequencies [23, 24]. The introduction of intentional defects in 3D PhCs are 

difficult as compared to 2D PhCs due to the fabrication hurdles and more complex geometry 

requirements.

Figure2.3. Structure of 3D woodpile photonic crystals

(Source: http://ab-initio.mit.edu/photons/3d-crystal.html)



2.2 Mathematical analysis and Computational Techniques 

The fundamental studies of the propagation of light in general photonic structures can be done 

using the four macroscopic Maxwell equations:

∇?? ? ? ∇? ? ? ?
?

??
?? ? ? (2.1)

∇?? ? ? ∇? ?−?
?

??
?? ? ??

? ? (2.2)       

Here, E and H is the macroscopic electric and magnetic fields respectively, D and B are the 

displacement current and magnetic field intensity and J and ρ are the free current density and 

charge density [24, 25]. All parameters depend on time t, space vector r and the frequency of 

light ω. For linear, isotropic and lossless material, J =0 and ρ= 0. With this simplification, we can 

relate the field E to D by the relationD = ε(r) E, with the dielectric function ε(r). For non 

magnetic dielectric materials [25], magnetic permeability μ=1, so H and B are related by the 

relation, B = H. The Maxwell equations for a nonmagnetic dielectric medium are

∇???????? ? ∇? ??????? ?
?

?? ?????
?? ? ? (2.3)

∇???????????? ? ∇???????−????
?

???????
?? ? ? (2.4)

Where, c is the speed of light and the dielectric function ε(r). These four equations determine the 

interaction between light and dielectric materials.

Both fields, the electric and the magnetic field, will be complicated functions of space and time. 

Since the fields in Maxwell’s equations are linear functions, thetime- and space-dependency of 

the fields can be separated by expanding each field into its(time-harmonic) Fourier modes. The 

magnetic and electric field thus becomes

??????? ???????? ? (2.5)



??????? ???????? ? (2.6)

This implies the absence of (electric or magnetic) point sources. Hence

∇?????? ∇?ε???????? ? (2.7)

This implies that no (electric or magnetic) point sources are present in the medium. We can use 

two curl equations to get

∇? ????? ??
? ????? ? (2.8)

∇? ????−??
? ????????? ? (2.9)

These equations can be decoupled into a closed equation of H(r). From these equations, we can 

get the following equation

∇? ? ?
????∇? ????? ? ?? ?

?? ????? (2.10)

Which can be generally expressed as an Eigen value problem ɸhH(r) = (
? ?
?? ?????with the 

Hermitian operator ɸh? ∇? ?? ?
??????∇??. When H(r) is known, the electric field E(r) can be 

calculated as:

????? ?−??
? ?????∇? ???? (2.11)

A similar equation in magnetic field H(r) can be observed as

????? ?−??
? ?????∇? ???? (2.12)                                      

To analyze the master equation and light propagation in PhC structure various numerical 

techniques are used such as



ÿ Plane wave Expansion Method [25, 26]

ÿ Finite Difference Time domain Method [24]

ÿ Finite Element Method

These methods are used to solve the frequency of the photonic crystal for each value of 

propagation direction given by wave vector. 

2.3 Plane wave Expansion Method

The plane wave expansion method is a classical method to calculate band structure in 

semiconductors that can takes advantage of the periodicity of the lattice. Because of translational 

symmetry fields can be expanded in terms of Bloch- vectors. The dielectric function periodicity 

permits obtaining its Fourier transformation (in the wave vector space) only in terms of 

reciprocal lattice vectors. Fourier transformation is now a discrete summation and the problem is 

reduced to diagonalize a matrix. Apart from all the assumptions explained before, the PWM 

requires a real dielectric function; this means that the composing material of our photonic crystal 

must be lossless.

The method can be used to calculate the band structure using an Eigenformulation of the 

Maxwell's equations, and thus solving the Eigen frequencies for each of the propagation 

directions of the wave vectors. Electric field strength can also be calculated by the using of 

problem of the Eigen vectors. Figure 2.4 shown below, corresponds to the band-structure of a 1D 

distributed Bragg reflector (DBR) with air-core interleaved with a dielectric material of relative 

permittivity 12.25, and a lattice period to air-core thickness ratio (d/a) of 0.8, is solved using 101 

planewaves over the first irreducible Brillouin Zone.

Figure 2.4Photonic Band Gap diagram of a 1D DBR with d/a =0.8, ε =12.25

(Source: www.thelivingmoon.com)



This technique is used for solving band structures of different photonic crystals. Equations are 

formulated into Eigen value (ω2/c2) problem.

For simplicity we take the E-polarization:

∇?? ? ? ?
?? ????? (2.13)

? ???
??? ? ??

????? ? ? ?
?? ???????(2.14)

= 0

Using Bloch Theorem we have:

?∇? ? ????? ?
?? ?ɸ???????−?????? ? (2.15)

Hence,

?∇?−? ???∇−?? ? ε???? ?
?? ?ɸ???? ? (2.16)

2.4 Finite Difference Time Domain Method (FDTD):

Finite-difference time-domain (FDTD) is one of the primary available computational 

electrodynamics modeling techniques. The FDTD method [26] belongs in the general class of

grid- based differential time-domain numerical modeling methods. The time- dependent 

Maxwell’s equation in partial differential form is discretised using central difference 

approximations to the space and the time partial derivatives. The resulting finite difference 

equations are solved in either software or hardware. The electric Field vector components in a 

volume of space are solved at a given instant in time and the process is repeated over and over 

again until the desired transient or steady –state electromagnetic field behavior is fully 

evolved.The electric and magnetic fields are distributed in an alternating manner, such that a 

magnetic field vector lies in between two electric field vectors [24, 27]. A given photonic 

structure is then constructed according the given values of permittivity and permeability to each 

electric field component and magnetic field component, respectively.



The advantage of these methods are that there are no conditions over scattering, shape, 

absorption effect can be taken into account by introducing imaginary values in the dielectric 

constant.  In 1992 pendry et.al proposed transfer matrix method based on finite difference 

frequency method (FDFD) to compute the transmission and reflectance spectra of PhC.

2.5Defects In Photonic Crystals

Defect [28] engineering is one of the design criteria to control the propagation of light in PhC 

structures. The modes that have frequencies inside the band gap are not allowed to propagate in 

the parent lattice. On perturbing a lattice at a single site may permit the existence of a localized 

point defect mode or a set of modes that have frequencies within the band gap range. The defect 

mode may act as a surface emitter or in plane emitter depending on the number of layer of 2d 

photonic crystal that surrounding defects. Light can also be trapped by combining different point 

defects in row or a column thus lead to the formation of line defect waveguide. In photonic we 

study two types of defects as mentioned below:

2.5.1. Point Defect

A point defect [29] can be introducedin a two dimensional photonic crystals by either removing 

one rod or by increasing the radius of the rod. Due to point defect overall dielectric constant 

decrease and the latter would increase the overall dielectric constant. According to the principle, 

if the defect caused by the average dielectric constant to decrease, then the eigenfrequencies 

would shift to higher frequencies, causing one or more bands from the bands near bottom of the 

band gap to shift in to the band gap. On the other hand, if the defect caused the average dielectric 

constant to increase, then the eigenfrequencies would shift to lower frequencies, causing one or 

more bands from the bands near top of the band gap to shift into the band gap. Thus one or more 

localized modes can be achieved by introducing a point defect.

A point defect can be created by removing one rod from the center of the 5 x5 supercell 

as shown in figure 2.5. Due to removal of a rod causes the average dielectric constant of the 

lattice to decrease. The defect modes are discrete bands, which are constant for all k vectors in 

the irreducible Brillouin zone [30], if the mode is localized in the band gap, it is evanescent.



Figure 2.55x5 supercell with Point defectFigure 2.6point defect with increasing radii

The defect mode cannot propagate to the rest of crystal. This localized mode behaves as a cavity 

surrounded by reflecting walls. Near the localized field distribution degenerate bands are formed. 

Displacement field intensity is very high, localized at the point defect. Therefore the defect rod 

behaves as a cavity surrounded by reflecting walls. Light cannot escape from the cavity and this 

concept is very useful in manufacturing resonant cavities for lasers.

A point defect was also created by increasing the radius of the centre rod in the 5 x 5 supercell as 

shown in figure 2.6. The average dielectric constant increased after the defect was created, 

causing the bands above the band gap to shift into the band gap. This structure can be used as a 

multi frequency filter or as a resonant cavity [31] for modes of normalized frequencies. Point 

defect based micro cavity is very small in size and has an extremely narrow spectral width and 

high Q values. It acts as a high-Q filter [32], or a centre of energy transfer. The Q value of the 

resonant cavity cannot be calculated using plane wave expansion method. FDTD [24] simulation 

must be done in order to find the Q value of the resonant cavity.

2.5.2. Linear Defect: waveguide

A line defect [33] is introduced into the 2D photonic crystal lattice by changing the radius of 

entire line or removing completely, some defect states are created. Light cannot propagate in the 

photonic crystal at the frequency of linear defect mode. The line defect act as a waveguide [34], 

figure 2.7 shows some example of linear waveguide in 2-D photonic crystal.

The introduction of a line defect induces a symmetry breaking. The translation symmetry exists 

only in the direction parallel to the defect. Therefore, the new Brillouin zone [30] is 1D, and the 

band structure of the 2D photonic crystal has to be projected onto the k-path Г (0)–J (π/a) of the 



new Brillouin zone. The band structure for TE modes of a W1 waveguide consisting of a row of 

missing pores in the Г–K direction

Figure 2.7Some examples of waveguides in 2D photonic crystals: (a) W1 waveguide (waveguide having 

a width of one pore row) consisting of a row of missing pores, (b) W1 waveguide consisting of a row of 

pores with smaller diameter, (c) coupled-cavity waveguide and (d) W3 waveguide (three pore-rows 

wide). Source: [33]

2.6 Applications of Photonic Crystals

Photonic crystals are attractive optical materials for controlling and manipulating the flow of 

light. One dimensional photonic crystal are already used in the form of thin-film optics with 

applications ranging from low and high reflection coatings on lenses and mirrors, colour 

changing paints and inks. Higher dimensional photonic crystals are of great interest for both 

fundamental and applied research, and the two dimensional are beginning to find commercial 

applications. K.Inoue have summarizes the relation of PhCs with other optics and various 

applications now being developed as shown in figure 2.8. Considering that PhCs exhibit their 

functionalities by multi diffraction and multi scattering, a PhC can be said to be a kind of 

hologram in a broad sense. A novelty of PhCs, compared with conventional holograms, is the 

precise design method, namely the photonic band calculation, which is very effective for 

estimating their functionalities and performance.



Figure 2.8Applications of photonic crystals

(Source: K. Inoue et al. 2004)

The field of photonic crystal is very appealing due to the numerous exciting applications. 

Fabrication of integrated circuits in which photons replacing electrons as the information carrier 

is one of the most sought after applications for photonic crystals. In this direction, waveguide 

based on 2D photonic crystals is already made by researchers and studies are ongoing to improve 

the quality of such structures. 

Photonic crystals even without a complete photonic band gap can be designed to obtain 

super collimators and super-lenses. Two photons that impinge a photonic crystal with the same 

angle but a slightly different energy, may find equi-frequency surfaces with a very different 

curvature. As a consequence their propagation angles would be very dissimilar. This is known as 

super prism effect and could be applied to the fabrication of small integrated multiplexers. 

Recently it has been shown that photonic crystals have the ability to create negative refraction of 

light. Photonic crystals that exhibit all- angle negative refraction can be used to obtain super-

lenses that could potentially overcome the diffraction limit inherent in conventional lenses.

Although there is a large amount of research going on waveguide based on total internal 

reflection, photonic crystals have some definite advantages. For example sharp bends in a 

photonic crystal based waveguide do not present losses as high as those on total internal 

reflection. The electric field patterns in different PhC wave guide configuration. Here the mode 

is completely confined inside the guide and travels smoothly around the bend even if radius of 



curvature of the bend is of the order of wavelength of light. In the case of wide angle splitter the 

fields are split equally into output waveguides.

In order to obtain integrated circuits that could perform logical operations a photonic 

transistor would be necessary. For this a system based on two-level atoms having population 

inversion near the photonic band gap edge has been reported. The spontaneous emission of light 

was often considered as intrinsic physical phenomenon difficult to control. This phenomenon 

can, in principle, be inhibited by using photonic crystals, has also been reported in recent years. 

Since spontaneous emission of light significantly affects the efficiency of semiconductor lasers, 

solar cells etc structure which can control it will pave the way for the making of efficient energy 

saving devices.

.



CHAPTER 3

THEORY OF IMAGE PROCESSING

3.1 Imaging

Imaging is the process of reproduction of the visual attributes of an object using a certain 

instrument (generally a lens system).  Various types of methodologies and technologies are used 

for imaging such as Chemical imaging, digital imaging, disk imaging, radar imaging, optical 

imaging etc. The conventional imaging techniques make use of lenses which collect light 

emerging from an object and focus it to form a sharp image. But conventional lenses suffer from 

a drawback called diffraction limit [35] due to which they are unable to produce a well-resolved 

image of a sub wavelength (smaller than operating wavelength) object. This restriction can be 

overcome by a negative refractive index metamaterials lens also called a perfect lens or a 

superlens. Negative refractive index metamaterials are those artificially designed materials which 

have negative ε and negative μ at particular wavelength. Consequently, these materials have 

negative refractive index and exhibit negative refraction. To behave as a perfect lens, the 

refractive index of metamaterials should be negative of the refractive index of the surrounding 

medium. The sub wavelength imaging technology can revolutionize Biomedical Science by 

providing a facility to observe extremely small objects such as viruses, DNA, RNA or even 

protein molecules.

3.2 Refraction

Refraction [36] is the phenomenon in which change in direction of propagation of a wave due to 

a change in its transmission medium as shown in figure 3.1. When a beam of light encounters 

another transparent medium, a part of light gets reflected [36] back into the first medium while 

the rest enters the other. The direction of propagation of an obliquely incident ray of light that 

enters the other medium, changes at the interface of the two media. Snell experimentally 

obtained the following laws of refraction:

ÿ The incident ray, the refracted ray and the normal to the interface at the point of 

incidence, all lie in the same angle.



ÿ The ratio of the sine of angle of refraction is constant. The angles of incidence (i) and 

refraction(r) are the angles that the incident and its refracted ray make with the normal, 

respectively. We have

??? ?
??? ? ? ???(3.1)

Where, n21is a constant, called the refractive index of the second medium with respect to the first 

medium. Equation (3.1) is called Snell’s law of refraction, n21 is a characteristic of the pair of 

media (and also depends on the wavelength of light), but is independent of the angle of 

incidence.

Figure 3.1 Phenomenon of refraction

3.3 Negative Refraction

Negative Refraction [37, 38] is an electromagnetic phenomenon where light rays are reflected at 

an interface in the reverse direction to that normally expected. Such effect can be obtained using 

a metamaterialswhich has been designed to achieve negative value for both electric (ε)

and magnetic (μ) permeability [40, 41]. Such type of materials can be assigned as negative 

refractive materials (NRM) [39] and sometimes called double negative materials. Negative 

refraction occurs at interface between materials one has simply positive phase velocity (positive 

refractive index) and the other has the negative phase velocity (negative refractive index [37, 

38]). Group velocity and phase velocity are in opposite direction due to negative refraction. The 

wave-vector k in an isotropic NRM points opposite to the direction of the pointing vector S = E x 

H which gives the negative refraction effect. Thus it is clear that the phase velocity vɸ = 
ω

?



isnegative. The group velocity, which defined by ?? ? ?? ???
?? is along the direction of the 

pointing vector and oriented opposite to the phase velocity. The group velocity in a homogenous 

isotropic medium can be expressed as:

?? ? ? ?? ???
?? (3.2)

Where, p = ±1, depending on the choice of sign of the square root as the frequency does not 

depend on the direction due to isotropy. This means that the group velocity can only be parallel,

(in a positive medium) or anti-parallel (in an NRM) to the phase velocity. The negative refraction 

depends upon some effects such as modified Snell’s law of refraction, Reversed Doppler Effect 

and Cerenkov radiation.

3.3.1 Modified Snell’s law of refraction

The refraction of radiation at the interface of a positive medium and a negative medium has been 

one of the most important parameter for image processing in photonic crystal. Consider the 

electromagnetic plane wave incident on an NRM from a positive medium with a wave vector (kx, 

0, kz+).The continuity of the fields and Maxwell’s equations require the transmitted wave-vector 

to be (kx, 0, kz−), Pointing vector is oriented exactly opposite to the phase vector k, in the NRM, 

and we realize that the ray representing the energyflow corresponding to the refracted wave 

shouldlie on the other side of the normal as shown in figure 3.2(a). This negative angle can also 

be written as from Snell’s law, 

n+ sin θ+ = n− sin θ− Where, n−< 0 ⇒θ−< 0. (3.3)                

The modification of the Snell’s law is counter to a very fundamental concept in optics of 

isotropic media that, depending on how dense the second medium is, the refracted wave can 

bend as close to the normal as possible, but never cross it. In this case, the refracted beam 

actually emerges on the other side of the normal. The angle of the reflected beam remains 

unaffected. Figure 3.2 (b) shows the negative refraction through a prism which was used in the 

experiments.

A flat slab of an NRM with n = −1 can focus a source as shown in figure 3.2 (c). This lens is 

different from the usual optical lens with curved surfaces in that it does not focus rays from 



infinity to a point. These rays would simply pass through unaffected, rays emanating from a 

point source located at a distance d1 on one side of the slab would be refocused to a point at a 

distance d2 on the other side, provided that d1 + d2 = d, where d is the thickness of the slab. In 

fact, the total phase shift accumulated by any wave in going from the source point to the image 

point is zero as a consequence of the negative phase vector inside the NRM. This is in contrast to 

the phase corrections that are made to different rays in a conventional lens. Hence a convex lens 

causes a plane wave to diverge while a concave lens causes the plane wave to become 

convergent.

Figure3.2 (a) Schematic description of the negative refraction at an interface between a positive medium 

and a negative medium, the energy flow and the phase vectors are in opposite directions in the NRM. (b) 

The negative refraction effect through a prism. (c) Flat slab of NRM that can focus a point source from 

one side of the slab to the other side.  Source (www.iopscience.iop.org)

3.3.2The reversed Doppler shift

Assume a moving source emitting radiation at a frequency ω in an NRM with a velocity v with 

respect to the medium. The frequency measured by a detector in the frame of the NRM is

ω' =ϒ (ω + k. v)                                                           (3.4)     

Where ϒ = (1 − v2/c2) −1/2 is the relativistic factor. |k| = nω/c, for emission along the direction of 

the motion of the source in the NRM (with n = −1)

? ? ? ???
???(3.5)



The frequency measured by a detector would be smaller when the source is moving towards it,

this is counter to the frequency increase that we would get in a normal medium. Again it is the 

reversed phase vector in NRMs that is responsible for this reversed Doppler shift.

3.4 Negative Refraction Using Photonic Crystals

It is diffractive in nature, one may often consider the electromagnetic waves in a photonic crystal 

as waves with new dispersion relations, ωn (k), where n is the band index and k is the wave 

vector in the first Brillouin Zone. For a 3-D or 2-D photonic crystal, the direction of the energy 

flux is determined by group velocity, although it might not be true for 1-D photonic crystal. If 

the dispersion is isotropic, the condition q. dωn (q)/dq < 0, where q is the wave vector measured 

from a local extreme, must be satisfied for left handed behaviour [42]. This condition also allows 

the occurrence of negative at the interface of air and photonic crystal as well as the imaging 

effect with flat photonic slab [43,].

3.5 Negative Effective Index

In optics, the refractive index of a material is theoretically taken as a measure of the ‘optical 

density’ and it is defined in a medium as the ratio of speed of refracted light in vacuum to its 

speed in medium.

n = 
?
?(3.6)

n = refractive index

c = speed of light in vacuum/air

.                                 v = speed of light in medium

The principle of refraction can be applied to all electromagnetic waves and not onlyfor visible 
light. Every material, including air, has an index of refraction:

?? ???? =   
?

?? ?? (3.7)



When an electromagnetic wave traverses the interface from a material with refractive index n1 to 

another material with refractive index n2, the change in the direction of its trajectory can be 

determined from the ratio of refractive indices n2/n1given by Snell’s Law (figure 3.3).

?? ????? =   ?? ????? (3.8)

Figure 3.3 Principle of refraction by Snell’s law.

(Source: www.study.com)

To apply Snell’s Law, consider an interface between two materials and an imaginary line that 

runs perpendicular to the interface (the surface normal). The angles in Snell’s Law are measured 

with respect to the surface normal.Maxwell’s equation relates the permittivity and the 

permeability to the refractive index as follows:

? ? ? √?? (3.9)

The sign of the index is usually taken as positive. The Veselago showed that if a medium has 

both negative permittivity and negative permeability, this convention must be reversed: we must 

choose the negative sign of the square root. That mean, as Veselago hypothesized, a material 

with a negative refractive index could exist without violating any of the laws of physics. He also 

predicted that this remarkable material would exhibit a wide variety of new optical phenomena.

When the refractive index is negative, the phase velocity is given by c/n is negative and the wave 

travels backwards towards the source. The phase velocity determines the rate at which the peaks 

of a wave pass a given point in a given time. But this is not the most relevant definition of a 



wave’s velocity: we can also define the group, energy, signal and front velocities and these 

generally differ from the phase velocity.

When the refractive index of a material does not vary with the wavelength of light that travels 

through it, then all of the velocity definitions above are the same and we can intuitively use the 

index as a measure of the wave’s velocity. When a material is dispersive, index that varies with 

wavelength then the various velocities are different. As Veselago showed, the phase and energy 

velocities are opposite in negative index materials. Negative refraction of waves propagating 

from one medium to another is a phenomenon where the light is refracted in a way to propagate 

along the same side as the incident light with respect to the normal of the interface, contrary to 

the normal light refractions as shown in figure 3.4.

A negative index of refraction would allow a flat slab of a material to behave as a lens. There are 

two types of negative refraction. The first type has simultaneous negative permittivity and 

negative permeability and the other type arises from beam steering phenomena in photonic 

crystals where we can get a negative refraction of the directions of the group velocities at the 

interfaces

Figure3 .4 Negative and positive refraction

(Source: www.trnmag.com)

Negative refraction leads to a variety of interesting phenomena and potential applications. One of 

the most interesting applications is the superlens. Pendry suggested that a negative index material 

slab could make a superlens with a resolution far beyond the diffraction limit that is inherent in 



the conventional far-field lens. For the near-field case, a negative index material slab can amplify 

the evanescent wave components to form a high-resolution image.

.
3.6 Sub Wavelength Imaging

One of the properties of negative index materials is their ability to focus light. Conventional 

lenses are convex and have a converging effect on light rays. The resolution of a conventional 

(convex) lens is always limited by the wavelength of the light. A light beam cannot be focused to 

a spot with a diameter smaller than about half of the wavelength of the light [42]. In 1968, 

Veselago [44] has shown theoretically that a convex lens made of a negative index material 

would lead to a divergent light, and that a concave lens made of negative index material would 

lead to a convergent light [44]. This behavior is thus opposite to the behavior observed for 

conventional convex and concave lenses made of positive index materials. Veselago also noted 

that a flat plate of thickness T made of negative index material with n1 = -1 and located in 

vacuum can focus radiation from a point source P positioned at a distance D<T from one side of 

the plate to the point P located at a distance T-D from the other side of the plate [44]. When the 

source is closer to the slab, or the slab becomes thicker, the distance of the refocus will be 

increased. Veselago also remarked that the flat plate, unlike a conventional lens, will not focus at 

a point a beam of rays coming from infinity (figure 3.5) [44].

In 1978, Silin showed that plane-parallel lenses can be constructed on the basis of media with 

negative dispersion [45]. In 2000, Pendry pointed out that flat slab of negative index material 

with n = -1 and surrounded by vacuum makes perfect lenses or superlenses since both 

propagating and evanescent waves contribute to the resolution of the image [42]. These lenses 

are just predicted to have sub-wavelength resolution better than the diffraction limit.



Figure 3.5Imaging by a flat slab of thickness T of negative index material with n1 = -1 and surrounded by 

vacuum. A point source P is positioned at a distance D from the left surface of the slab. A "perfect" image 

of the source can be observed at the point P’, located at a distance T-D from the right surface of the slab.

3.7 Equal Frequency Contour

An essential tool for analyzing the conducting properties of a PhC is the equal-frequency surface 

(EFS) method [48-52]. The gradient of the EFS plays a major role in determining the group 

velocity direction, and the propagation direction of the photons in the PhC. EFS can be obtained 

by a numerical calculation employing a plane wave expansion methodology

Figure 3.6 Equal frequency surfaces (EFSs) of a homogenous dielectric medium

(Source: cdn.intechopen.com/pdfs-wm/48056.pdf)



If the dielectric contrast of the PhC is large, then a large number of plane waves is required to 

obtain EFSs with good accuracy. Dispersion properties such as those of a superprism and beam 

splitting are normally well pronounced in PhCs with a small dielectric modulation [53–56] for 

which the requirement on the large number of plane waves to obtain EFS. The EFS analyzed by 

full zone analysis for second band in band gap structure. The frequency at which neff = -1 [46] 

has been analyzed at that point where EFS started become circular as shown in figure 3.6.



CHAPTER 4

ENHANCED IMAGE RESOLUTION IN PHOTONIC CRYSTAL   

STRUCTURE BY MODIFICATION OF THE SURFACE STRUCTURE 

AND ITS APPLICATION AS A SENSOR

4.1 Introduction

Flat slab of left handed materials [42] with an index n = -1 can serve as a perfect lens [42] to 

break the limit of diffraction due to amplifying evanescent waves. The negative index materials 

have many exotic electromagnetic properties, such as negative refraction [37, 38] reversed 

Doppler shift and reversed Cerenkov radiation. In the microwave regime, metamaterials 

(artificially structured periodic materials) have been proved to superlenses [42]. There are two 

types of imaging behaviors based on negative refraction for PhCs. One is a restricted near –field 

imaging, which does not need an isotropic effective negative index. The other is an unrestricted 

far-field imaging, which can provide an isotropic effective refractive index neff = -1 [46]. In 2000 

this has been shown theoretically that photonic crystal, periodic dielectric composite structures 

with an electric permittivity ε > 0 and a magnetic permittivity μ =1 at the frequency near the 

band gap behaves as if they have effective negative refractive index [47]. By analyzing the equi-

frequency surface contours (EFS) [48-52], frequency at which the effective refractive index of 

photonic crystal is negative can be obtained where wave vector of incident wave and the group 

velocity of transmitted waves turn into opposite directions. Imaging effects have been proved 

experimentally as well as theoretically in hexagon lattice and square lattice. Many methods have 

been proposed to improve the image quality of the photonic crystal. 

In this chapter, 2-D photonic crystal with enhanced image resolution by modification of 

surface structure has been proposed. 

4.2 DesignParameters 

The 2-D photonic crystal slab structure composed of hexagonal lattice of air holes in silicon (ε = 

12) has been considered as shown in figure 4.1. The radius (r) of air holes and thickness of slab 

(w) has been taken as ‘r =0.35a’ and ‘w =6.88a’ respectively, Where ‘a’ is lattice constant. The 

PhC slab structure consists of 41 columns of air holes in X direction & 7 columns of air holes in 

Z direction. The plane wave expansion method has been used to obtain the band diagram& equi 

frequency contours of 2-D photonic crystal structure.  The structure has an effective isotropic 



index of neff =-1 at ɷ = 0.2908(2πc/a) for TM polarization analyzed from band diagram with light 

line and equal frequency contour as shown in figures 4.2 (a) and (b) respectively. Similar 

analysis has been done for TE polarization, but no such effect is observed. Hence, further 

analysis has been done for TM polarization only.

Figure – 4.1 PhC structure compose of sir holes of radius ‘r =0.35a’ in silicon

Figure-4.2 (a) band gap of PhC structure compose of air holies of radius ‘r =0.35a’ with light line for TM 

polarization.  (b) Several equal frequency contour of the second band at the TM mode in the first 

Brillouin zone

4.3 Numerical Analysis



The considered structure has been analyzed using the finite difference time domain (FDTD) 

method having perfectly matched layerfor image resolution. A continuous wave point source 

having normalized frequency of 0.2908 (2πc/a) is placed at (0, -6.86a) under the photonic crystal 

slab structure. The distance between source and PhC slab has been taken as 3.42a which is close 

to half of thickness of PhC slab (3.44a), so as to obtain a good quality image. If image is formed 

at a distance of double the thickness of PhC slab from source, slab behaves like superlens and 

negative refraction occurs. The Full width at half maxima (FWHM) obtained from the 

normalized intensity as shown in figure 4.3 (b) has been obtained to 0.597λ. The FWHM value is 

greater than 0.5λ and considered to be poor.

In order to improve the resolution, the surface structure and the radius of air holes in the both the 

top and bottom row have been modifiedas shown in figure 4.4(a). The bottom layer of air holes 

consists of two semicircles of radius r1. Radius of top layer and bottom layer of air holes has 

been varied from 0.30a to 0.45a where the position of source (0,-6.86a) has been constant.The 

distance between two semicircles is denoted by‘d’ as shown in figure 4.4(b). Distance between 

two semicircles has been also varied from 0.41a to 0.44a. Figure 4.5 clearly shows that when ‘r1

=0.41a’ and the distance between two semicircles is 0.43a, then better image quality has been 

obtained. The FWHM has obtained to be 0.311λ that indicates better image quality. Thus the 

optimized parameters of the structure are ‘r1 = 0.41a’ and‘d =0.43a’. 

Figure – 4.3 Image processing and field distribution across image center along X-direction



The FWHM of the modified slab has been reduced by 47% as compared to the FWHM of the 

original slab. This indicates better image quality.

Figure-4.4(a) modified photonic crystal structure with radius ‘r =0.35a’ and ‘r1 = 0.41 a’; (b) radius of 

outer semicircle and semi circle is r1 and distance between two semicircles is d.

Figure-4.5 Image processing and field distribution across image center along X- direction of modified 
photonic crystal structure

4.4 Application of proposed structure as a sensor

The optimized structure can be used as a sensor. For the operation of proposed structure as a 

sensor the top and the bottom layers of air holes have been filled with various blood constituents 

as mentioned in table 1. After filling the top and bottom air holes with specific blood 

constituents, the image has been formed at a certain distance. The variations of intensity, peak 

and FWHM with respect to refractive index have been tabulated in table1 and table 2 



corresponding to the proposed blood constituents. Normalized intensity graphs for the all blood 

constituents are shown in figure 4.6 (a)-4.6 (h) 

The graphs of intensity and FWHM with respect to refractive index have been plotted. 

It has been observed from figure 4.7 that intensity increases with increases the refractive index of 

blood constituents which filled in top and bottom layer of holes, further observed from figure 4.8 

FWHM decreases with increase the refractive index and hence image becomes more focused. 

This Variation in the peak value of intensity and FWHM, hence the image quality can be used 

for sensing the various blood constituents.

TABLE-1
Blood constituents filled in top layer

.                                                                                

The results which tabulated in table 1 shows that improved FWHM is achieved at refractive 

index (n = 1.47) is 0.309λ. This indicates the better image quality of proposed structure with 

filled constituents in top layer. We have calculated the sensitivity of intensity with respect to 

refractive index. The sensitivity of intensity is defined as ratio of derivative of intensity and 

derivative of refractive index.

BLOOD     
CONSTITUENTS REF.  INDEX INTENSITY PEAK FWHM

cytop 1.34 0.651 1.02 0.325λ

blood plasma 1.35 0.652 1.02 0.323λ

ethanol 1.36 0.653 1.02 0.319λ

hemoglobin 1.38 0.658 1.02 0.317λ

glucose 1.4 0.663 1.01 0.316λ

Sylgard 184 1.43 0.668 1.00 0.314λ

Biotin-streptavidin 1.45 0.672 1.00 0.311λ

bovine 1.47 0.676 1.00 0.309λ



TABLE-2

Blood constituents filled in bottom layer

S (∆I, ∆n) = 
??
?? (4.1)

=  
? ?????

????
= 0.25

Similarly sensitivity of FWHM with respect to refractive index has been calculated.

S (∆F, ∆n) = 
Δ?
Δ? (4.2)

=  
? ?????

????
= 0.1

The Proposed structure can behave negative refractive index sensor with S (∆I, ∆n) = 0.25 and S 

(∆F, ∆n) = 0.1

BLOOD     
CONSTITUENTS REF. INDEX INTENSITY PEAK FWHM

cytop 1.34 0.600 1.16 0.368λ

blood plasma 1.35 0.600 1.17 0.365λ

ethanol 1.36 0.600 1.16 0.366λ

hemoglobin 1.38 0.607 1.16 0.365λ

glucose 1.4 0.610 1.15 0.365λ

Sylgard 184 1.43 0.607 1.14 0.365λ

Biotin-
streptavidin

1.45 0.608 1.12 0.371λ

Bovine 1.47 0.606 1.12    0.371λ                



(a) Cyotop (b) Blood Plasma

(c) Ethanol                                                                                   (d) Hemoglobin                 

(e) Glucose                                        (f) Sylgard



(g) Biotin                                                                                       (h) Bovine

Figure 4.6 Peak graphs of all blood constituents filled in top layer

Figure 4.7 Intensity curve of different type of blood constituents, intensity peak increased when   
refractive index increased.



Figure 4.8 FWHM curve of different type of blood constituents, FWHM decreased when   refractive 
index increased

4.5 Conclusion

The enhanced image resolution by modification in the photonic crystal structure has been 

successfully obtained.The structure has been modified by perturbing the radii of the top and 

bottom layers of the photonic crystal structure, which led to the better image resolution at a 

normalized frequency of 0.2908a with FWHM = 0.311λ. 



CHAPTER 5

CONCLUSION AND FUTURE SCOPE

5.1Conclusion

The enhanced image resolution by modification in the photonic crystal structure has been 

successfully proposed.The structure has been modified by perturbing the radii of the top and 

bottom layers of the photonic crystal structure. The modified structure has an effective isotropic 

refractive index of neff = -1 for TM polarization analyzed using equal frequency contours as 

calculated by plane wave expansion method. The image quality has been improved with full 

width at half maximum (FWHM) of 0.311 λ. The FWHM of the image focused by changed PhC 

slab has been less ephemeral then the original PhC slab when analyzed by using different type of 

blood constituents filled in top layer. The proposed structure has been used as a refractive index 

sensor for sensing various blood constituents.  The structure is sensitive to intensity peak and full 

width at half maxima (FWHM) of different type of blood constituents.

5.2 Future Scope

Due to the ability of subwavelength imaging, negative refractive lenses can revolutionize 

medical science. Being used as a biomedical sensor and/or an imaging device, they can be very 

helpful in medical diagnosis.

The proposed structure can be designed in silicon on insulator (SOI) structure to enhance 

the image resolution. Silicon on insulator is the technology which uses layered silicon –insulator-

silicon- substrate in place of a conventional silicon substrate. The crystalline silicon layer is 

sandwiched between the hidden insulator (Silicon oxide, Sapphire etc.) and the top cladding of 

air (or Silicon oxide or any other low refractive index material). This enables propagation of 

electromagnetic waves in the waveguides on the basis of total internal reflection.

The proposed structure (based on air holes in silicon) works for TM mode only. However, 

by suitably modifying the geometrical parameters one can also develop a polarization 

independent structure which works efficiently for both - TE and TM polarizations. 



The image resolution of proposed structure depends upon the shape of holes, size of holes 

etc. The image resolution can be enhanced by use of elliptical holes in place of the circular ones. 

This is due to the fact that elliptical holes will have higher filling factor than the circular holes. 

Hence the focus can be sharper and resolution can be better.

The air holes of the structure can be infiltrated by liquid crystal to enhance image 

resolution. Liquid crystals have properties between those of a conventional liquid and a solid 

crystal. A liquid crystal may flow like a liquid, but its molecules are oriented in a crystal like 

structure. By the infiltration the light focusing ability of the structure can be improved and an 

enhanced image can be obtained.

Moreover, the proposed structure can also be used in combination with a metal grating to 

improve image resolution. It can be used to analyze the imaging effect of high-order diffracted 

waves, which carry a lot of high-frequencies information excited by the subwavelength metallic 

grating.
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