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ABSTRACT 

 

Photonic Crystals (PhC) are micro-structured materials with periodic variation of 

dielectric constant in one, two, or three dimensional length scale and periodicity 

comparable to the wavelength of light. Because of the periodicity, the PhC exhibit 

strong reflection for a range of wavelengths resulting in the formation of Photonic 

Band Gap (PBG). By selecting an appropriate crystal structure of certain materials, 

one can get a PBG or a frequency range in which propagation or existence of 

electromagnetic waves is forbidden. Light with frequency that falls within this 

forbidden frequency range or PBG can be guided through such PhC by creating a 

waveguide. Similarly, light can be confined or trapped inside such a PhC by creating a 

cavity. The confined modes of a photonic cavity could be used in optical resonators, 

laser cavities, filters, switches, demultiplexers, sensors etc. Waveguide and cavity can 

be created by introducing defects in the periodic structure of PhC on different 

platforms like Silicon Carbide (SiC), Gallium Arsenide (GaAs) etc predicted for use 

in all optical networks.  

The most significant application of PhC is the design of a novel waveguide known as 

Photonic Crystal Fiber (PCF) which is essentially a fused silica optical fiber with a 

periodic distribution of voids or air holes in the cladding that run parallel to its axis. 

PCF has the extraordinary ability to carry more light in the core, confinement 

characteristics not possible in conventional optical fiber and characterized by simpler 

and economic fabrication technique. Nowadays, PCF is finding applications in optical 

fiber communications, fiber lasers, nonlinear devices, high-power transmission, and 

highly sensitive gas sensors. Since its inception, PCF is mainly fabricated from silica 

glass material. But today, researchers have been profusely using materials like 

fluoride glass, polymer-based and chalcogenide glass in fabrication of PCF. Use of 

these materials in PCF offer advance characteristics like high non-linearity, high 

refractive index, high mode confinement, Raman amplification etc.  

In this thesis, first, introductions of PhC and PCF have been given and discussed 

regarding PhC and PCF based devices. This is followed by detailed discussion of 

theory of light guidance through PhC and PCF, Photonic band gap engineering in 

PhC, analysis of PhC and PCF structures and different PhC and PCF fabrication 



methods. Computational methods utilized in the analysis of PhC and PCF including 

an overview of the thesis work have been discussed in the introduction. 

Investigating photonic structures which are less sensitive to environmental 

fluctuations like temperature is a valuable area of research. Here, in this thesis, it has 

been proposed to design photonic crystals using temperature resilient material Silicon 

Carbide (SiC) and study the variation of width of photonic band gaps in SiC photonic 

crystals with change in temperature and a comparison with Silicon (Si) photonic 

crystals using Plane Wave Expansion (PWE) method. Further, SiC point defect cavity 

has been created in the PhC and analysis of the SiC photonic crystal cavity defect 

modes have been carried out using Finite Difference Time Domain (FDTD) method.  

The effect of temperature on different parameters of the proposed designs like band 

gap width, defect cavity mode dispersion, the resonance mode and quality factor of 

resonant mode have been studied. The SiC PhC devices can be used for high 

temperature and power transmission which is difficult to achieve with conventional Si 

or GaAs based photonic crystals and devices. Apart from applications in optical 

communication, various other SiC based devices such as optical filters, switches and 

lasers etc can be designed. The SiC based devices are stable at high power and high 

temperature, at which the silicon based devices, cannot sustain such high power and 

temperature.  

Apropos of the recent trend of using new fabrication material in PCF, in this thesis, 

the application specific design of PCF having solid core with regular and irregular 

cladding geometries, using different and new material and doping the cladding have 

been studied.  First, the design of a PCF in Fluoropolymer material has been done and 

analyses of  the proposed PCF has been carried out in terms of the parameters like 

effective refractive index of the guided mode and dispersion for wavelength range 

10µm to 300µm using full vectorial Finite Element Method (FEM) and MATLAB 

computational tool. The transmission characteristics of Fluoropolymer PCF are found 

to be comparable with the earlier published result. The proposed Fluoropolymer PCF 

may find applications in long distance telecommunication and in mid-infrared region.  

Next, the design of a PCF with irregular cladding geometry has been proposed. The 

PCF has been named after its W letter shaped refractive index profile as W-type PCF. 

The analysis of the proposed W-type PCF have been done in terms of the parameters 



like bend loss of the guided mode, effect of temperature on bend loss and nonlinearity 

using full vectorial FEM . The transmission characteristics of W-Type PCF obtained 

are found better compared with the earlier published results. The power coupling in 

W-type PCF is more compared to conventional PCF. The bend insensitive nature of 

the proposed W-type PCF structures makes them good candidate for large mode area 

fiber design and fit for fiber to home applications. 

Then, cladding doped large mode area W-type photonic crystal fibers are designed. The 

analyses of these proposed structures in terms of the parameters like confinement loss, 

effective refractive index of the guided mode, bend loss, birefringence, sensitivity, 

effective area and non-linear co-efficient using full vectorial FEM have been carried 

out. The proposed W-type PCF structures found to possess very low confinement loss 

and low macro bend loss. The W-type PCF is found to be birefringent and sensitive and 

can find application in telecommunication and sensing.  

In addition to the above proposed PCF structures, a PCF structure has been designed for 

nonlinear applications in novel Ga-Sb-S based chalcogenide glass which is a different 

and new PCF fabrication material. The propagation characteristics of the designed Ga-

Sb-S based chalcogenide glass  PCF structure like effective refractive index of the 

guided mode, dispersion, effective area, non-linear co-efficient have been investigated 

by employing full vectorial FEM and MATLAB computational tool. The transmission 

characteristics of Ga-Sb-S-PCF have been obtained for wavelength range 0.8µm to 

14µm. The nonlinear coefficient as high as 14.92 W
-1

m
-1

 with effective mode area of 

3.37μm
2
 at the operating wavelength of 1.55μm for the proposed photonic crystal fiber 

structure has been found. The proposed PCF structure exhibit flat and low dispersion 

value between spectral spanning 2.4μm - 2.7μm with maximum dispersion variation of 

20 ps/nm km. The PCF structure possesses zero dispersion wavelength value at 2.6μm. 

This novel Ga-Sb-S material based PCF structure has been studied for the first time 

since the inception of the novel material Ga-Sb-S and can be a promising candidate for 

nonlinear applications such as mid-infrared supercontinuum generation, slow light 

generation, and mid-infrared fiber lasers. 

In the last, the thesis includes summery and future scope of the research work reported. 
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Chapter I                                                                                                      Introduction 

1 

CHAPTER-I 

INTRODUCTION 

 

1.1 Photonic crystal  

Photonic crystals have changed the scenario of light guiding and thereby the 

development of miniature photonic devices and circuits. In the present decade, 

miniature photonic devices and circuits are in the verge of completely replacing 

electronic devices and circuits. Photonic crystals (PhC) [1-3] are artificial manmade 

micro-structured materials of dielectric or semiconductor, metallo-dielectric or 

even superconductor in which, the dielectric constant [4,5] varies periodically on 

length scale in one, two, or three dimensions with periodicity comparable to the 

wavelength of light as shown in the figure 1.1.  
 

 
Source Fig.: http:/ab-intio.mit.edu/photons/tutorial. 

Fig. 1.1: Artificial one dimensional (1D), two dimensional (2D) and three dimensional (3D) photonic 

crystals. The different colors represent materials having different dielectric constants. 

Because of the periodicity, these crystals exhibit strong reflection for a range of 

wavelengths resulting in photonic band gap (PBG) [6-8] similar to electronic band gap [9] 

of solid. Since its inception, Photonic crystals, proposed by Prof. Eli Yablonovitch and Prof. 

Sajeev John in 1987 [10,11], have captured a lot of attention because of their ability of 

controlling and manipulating the flow of light within given frequency range of PBG. Thus, 

PhC or PBG structures provide the way to develop miniature photonic devices and circuits 

that are optical analog of electronic devices and circuits with multiple advantages like 

microstructure, light weight, low power and high speed data transmission.  

https://en.wikipedia.org/wiki/Superconductor
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1.1.1 Photonic crystal based devices 

A photonic crystal is a periodic optical  nanostructure  that affects the motion 

of photons in much the same way that ionic lattices affect electrons in solids and hence 

the name photonic crystal. Photonic crystals occur in nature in the form of structural 

coloration like opal and  reflectors in the colorful wings of butterflies and peacocks and 

in different forms. Artificial or manmade photonic crystals promise to be useful in a 

range of applications. Light can be confined or guided in such artificial or manmade 

PhC or PBG structure by introducing defects or disorder in the PhC or PBG structure. 

Creating a linear defect or line defect [12] in a PhC one can make a PhC waveguide 

that allows guidance of light for the frequencies inside the band gap. Similarly, light 

can be confined or trapped by incorporating a point defect [13,14] in the PhC to create 

a photonic cavity. Because of the strong photon confinement and guidance shown by 

these crystals they can be used in variety of applications.  

PBG waveguides and cavities have been a subject of interest because of their potential 

ability for strongly controlling the propagation of light with the possibility of design 

and development of PBG based devices like Optical Filter[15], Coupler[16,17], 

Switches[18], Polarizer[19-21], Splitter[22-24], Multiplexers[25], Demultiplexers[26-

28], Sensors[29-31]  on different platforms like silicon on insulator (SOI) [32-34], 

Silicon Carbide (SiC) [35], Gallium Arsenide (GaAs) [36,37]  etc envisaged for use in 

all optical networks[38]. A special attractive application of PhC is to construct 

localized electromagnetic modes by introducing defect in the periodic structure. These 

confined modes could be used in optical resonators [39], laser cavities [40] etc.  

Thus, PhC based PBG materials forms a new class of optical material used in the 

design and development of waveguide [41,42], left-hand material [43,44], slow light 

[45-47], soliton propagation [48], optical register [49,50], large scale integrated 

circuits [51]   and many more. 

 

1.2 Theory of light guidance through photonic crystals 

PhC or PBG materials are viewed as an optical analog of semiconductors that modify the 

properties of light similar to a microscopic atomic lattice that create a band gap for 

electrons in semiconductors. An electronic band gap in semiconductor is a forbidden zone 

https://en.wikipedia.org/wiki/Optical
https://en.wikipedia.org/wiki/Nanostructure
https://en.wikipedia.org/wiki/Photons
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Structural_coloration
https://en.wikipedia.org/wiki/Structural_coloration
https://en.wikipedia.org/wiki/Animal_reflectors
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of energies that electrons cannot occupy. In PhC the periodic change in refractive index 

acts as partial reflection mirrors that corresponds to the formation of band structure for the 

wavelengths of photons. Intuitively, the photonic band gap of PhC can be understood to 

arise from the destructive interference of multiple reflections of light propagating in the 

PhC at the interfaces of the high and low dielectric constant regions, similar to the band 

gaps of electrons in solids. Thus, PhC provides a stimulating framework for the 

manipulation of light on a micrometer scale. PhC enables band engineering [52] by which 

one can artificially control the optical properties of solids. By selecting an appropriate 

crystal structure of certain materials, one can get a photonic band gap or a frequency range 

in which propagation or existence of electromagnetic waves is forbidden. Hence, such 

structures are also called photonic band gap structures. 

 

1.2.1 Photonic band gap engineering  

In order to obtain the photonic band structures of the considered PhC, the plane-wave 

expansion (PWE) [53, 54] method can be employed. In PWE method, both the 

electro-magnetic field and the periodic dielectric structure are expanded in Fourier 

series. For which the material has to be assumed as linear, locally isotropic and 

periodic with lattice vector R. The relative permeability (μ) is taken as 1 and the 

relative permittivity ( (r) ) is defined as, 

 b s b(r) = f(r)     ,                                                         (1.1) 

where, s  is the dielectric constant of the columns and b  is the dielectric constant of 

the background respectively and f( r ) = 1 inside the column and f( r ) = 0 outside it. 

For two-dimensional lattice periodicity, the dielectric constant  can be described as, 

 (r) = r+R                                                                           (1.2) 

where,  r and  R are the vectors of the 2D lattice. 

Solving Maxwell’s equations for the magnetic field ( wH ) leads to the following 

vector wave equation, 

2

w w

1 w
H (r) H (r)

(r) c

   
     

   
                                             (1.3) 
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The magnetic field ( 
wH ) is then expanded into plane waves of wave vector k with 

respect to the 2D reciprocal lattice vector G. 

[i(k+G)R]

w G λ

Gλ

H (r) = h e e                                  (1.4) 

where, the polarization vector λ
e  characterize two independent polarizations and e  is 

ellipticity ( e

e

a
e

b
 ) of the constituent dielectric rods or air holes.  

Substituting eq.(1.4) in the vector wave eq.(1.3) impart an equation for the coefficient 

Gλh  given by, 

k 2

Gλ,G λ G λ Gλ

G λ

E h w h   

 

                                                                  (1.5) 

The matrix E in the eigenvalue equation is defined as, 

k 1

Gλ,G λ λ λE [(k+G) e ][(k+G ) e ] (G,G )

  
    

 
                                (1.6) 

The Fourier transform of the inverse dielectric constant, 

1 1(G,G ) (G - G )                                                                     (1.7) 

depends on the difference of the reciprocal lattice vectors only. The properties of 

(r)  are given by, 

1 1 -iG(r) 2

A

1
(G) (r) d r

A

     e                                                        (1.8) 

where, A is the area of the unit cell. 

By solving Eq.1.6 for 2D photonic crystals for in-plane propagation, the photonic 

band diagrams can be obtained for the two polarization states, namely, Transverse 

Electric (TE) polarization and Transverse Magnetic (TM) polarization. 

To explore the possibility of existence of photonic band gaps in optical materials like 

Silicon (Si), Silicon Carbide (SiC) usually first, photonic crystals gap maps [54,82] 

are being plotted. Gap maps are basically a plot of band gap and radius of rods or 

holes of the proposed PhC structure. As for example, figure 1.2(a) and figure 1.2(a) 

show the gap maps for two types of photonic crystals namely, PhC composed of 

hexagonal arrangement of SiC rods in air and PhC composed of hexagonal 

arrangement of holes in SiC. 
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Fig. 1.2: Gap map of: (a) hexagonal arrangement of SiC rods in air PhC and (b) hexagonal 

arrangement of air holes in SiC PhC. 

 

The gap maps for both these structures have been obtained using the plane wave 

expansion method. The gap maps indicate that the band gaps do open up in the 

designed photonic crystal structures.   

(a) 

(b) 
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After finding the gap maps, the band gaps of PhC structures are calculated. Different 

computational methods like Plane-Wave Expansion (PWE), Finite Difference Time 

Domain (FDTD) etc can be utilized to calculate gap maps and band gaps of PhC 

structures. 
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Fig. 1.3: (a) TE band Gap of hexagonal lattice of SiC rods in air PhC, (b) TM band 

Gap of hexagonal lattice air holes in SiC PhC.   

Figure 1.3(a) and figure 1.3(b) show the band gaps of two types of photonic crystals 

namely, PhC composed of hexagonal arrangement of SiC rods in air and PhC 

(a) 

(b) 
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composed of hexagonal arrangement of holes in SiC. A band gap diagram gives the 

forbidden frequency range or PBG of such designed PhC that can not propagate 

through such PhC structure. 

 

1.2.2   Analyses of photonic crystal: Helmholtz master equation  

The propagation of light in a photonic crystal is governed by the following four 

Maxwell’s equations (1864) 1.9 to 1.12 of classical electrodynamics,  

 .D = ρ                                                               (1.9) 

Equation (1.9) is the point or differential form of Gauss’s law in electrostatics for the 

static charges. This law ratifies the source of electric field or physical meaning of how 

q produces E i.e. E or electric filed lines of force begin and end on q’s. This law states 

that the electric flux through any closed hypothetical surface is equal to 1/ɛ times the 

total charge enclosed by the surface. 

. B = 0                                                              (1.10) 

Equation (1.10) is the point or differential form of Gauss’s law for magnetism. It 

states that B never diverges it just loops around on itself i.e. the net magnetic flux 

through any closed surface is zero that confirms the nonexistence of magnetic charges 

or magnetic monopoles and B lines only forms loops. 






B
E = -

t                                                     (1.11) 

which is point or differential form of Faraday’s law which tells that a changing 

magnetic field results in an electric field or changing magnetic flux ( B ) gives electro 

motif force or emf. 

    
J


  




 



D
H = E

t

D
H = 

t

                                       (1.12) 
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which is point or differential form of Ampere-Maxwell’s law which tells that a 

changing magnetic field results in an electric field or changing electric flux ( E ) 

gives magnetic field. 

where,             

D = E                           (1.13) 

B = μH                                                             (1.14) 

J = σE  (1.15) 

where, E is the electric field, H is the magnetic field,  ρ is the charge density and σ is 

the conductivity. In an isotropic medium, the permittivity is written as 0 rε= ε ε  

where, 0ε  is the permittivity of vacuum and rε  is the relative permittivity. The 

materials used in this work are considered as non-magnetic insulators i.e. 0μ= μ  and 

σ = 0, therefore, equation (1.3) and (1.4) are written as:  

[ ]





0E(r,t) = - μ H(r,t)
t

                    (1.16) 

[ ]





0 rH(r,t) = ε ε (r)E(r,t)
t

                (1.17) 

Solving equation (1.16) for E and inserting it into time derivative of equation (1.17) 

gives: 

  
  

 
0

0 r

1
H(r,t)  = - μ H(r,t)

ε ε (r) t                                     (1.18) 

The time dependent solutions of the magnetic field given by, 

-i tH(r,t) = H(r)e  

Therefore, equation (1.18) becomes, 

   
    

  

2

0 r

1 ω
H(r)  = H(r)

ε ε (r) c                     (1.19) 
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where, 
0 0

1
c =

μ ε
 is the speed of light in vacuum. Thus, by taking double curl of the 

Maxwell equations we get the eigenvalue equation (1.19) known as the Helmholtz 

master equation [55] for the magnetic field. This equation is solved by employing 

different computational methods like Plane-Wave Expansion (PWE) [52,54], Finite 

Difference Time Domain (FDTD) [56], Finite Element Method( FEM) [57] etc to find 

the band gap and other parameters of the photonic crystal structures and further 

theoretical analyses of the same. 

In homogeneous medium, equation (1.19) becomes: 

2  
  

 

2

2 ω
H(r) = - n H(r)

c                                             (1.20) 

where, rn = ε  is the refractive index of the medium. Solution of equation (1.20) 

gives the superposition of plane waves of the form, 

i(k.r-ωt)

0H(r,t) = H e                                                        (1.21) 

where,  wave vector, 
nω 2π

k = k = = n
c λ

 , and  λ is the wavelength in vacuum. 

Therefore, the plane wave is travelling in a direction defined by k with phase velocity 

pv  given by, 

p

ω c
v = =

k n                                                        (1.22) 

However, for group index gn  , group velocity is given by, 




g

g

ω c
v = =

k n                                                  (1.23) 

Since, n depends on ω, therefore dispersion relation ω(k) is not linear.   p gv v . 
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Thus, group velocity is the velocity at which the envelope of a short pulse propagates 

through space. 

Group velocity dispersion (GVD) is defined as the derivative of the inverse group 

velocity and is given by,  

2 2 2

32 2 3 2

1 1 1
- -             (1.24)

g

d k d d d

dd d dk v dkd
dk dk

 


  

 
 

    
  
    

 

Equation (1.24) implies that when group velocity converges to zero, the GVD 

parameter goes to infinity and that in turn causes the spreading of an optical pulse in 

time and as a result different frequency components of the pulse travelling at different 

velocities may merge together. 

 

1.3  Fabrication of photonic crystal 

PhC can be fabricated for one, two, or three dimensions. A number of methods for 

fabrication of photonic crystals have been developed till today. One dimensional PhC can 

be made of layers deposited or stuck together. Two dimensional PhC can be fabricated 

by photolithography, or by drilling holes in a suitable substrate. Three-dimensional PhC 

fabrication methods include: drilling under different angles, stacking multiple 2D layers on 

top of each other, direct laser writing, and instigating self-assembly of spheres in a matrix 

and dissolving the spheres.  Photo lithography [58] and electron beam lithography (EBL) 

[59] were the first methods for fabrication of photonic crystals.  

Another technique which has been developed recently is the holographic lithography [60] 

which utilizes the interference between two or more coherent light waves to produce a 

periodic intensity pattern to produce a periodic photonic structure in a photo resist. Self 

assembly [61] is the most popular approach to fabricate 3D photonic crystals. It is based 

on the natural tendency of the mono dispersive colloidal particles to self assemble into 

ordered arrays called artificial opals. Auto cloning technique [62] is another fabrication 

https://en.wikipedia.org/wiki/Photolithography
https://en.wikipedia.org/wiki/Direct_laser_writing
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technique which includes three processes occurring simultaneously; the sputtering 

deposition of dielectric layers, their physical etching by ions accelerated perpendicularly to 

the surface and the re-deposition of the neutral particles torn from the deposited layer by 

accelerated ions. The subtle balance achieved between these processes result in repetition 

of the topology of a pre-structured growth substrate from one deposited layer to other. 

Two main methods of fabrication of photonic crystal and photonic crystal based devices 

are discussed here. 

 

1.3.1 Photolithography 

Optical lithography or photolithography also termed as ultra violet (UV) lithography is an 

optical means for transferring patterns or geometric shapes on a mask onto a substrate. It 

is based on the principle that certain materials, such as polymers are sensitive enough to 

light that trigger chemical or physical changes in the material structure with nanoscale 

resolution in three dimensions. It is a technique that is used to define the shape of micro 

machined structures on a wafer. The steps involved in photolithography process are 

preparation of the wafer, coating with photoresist, soft baking, mask alignment, exposure, 

development (etch, implant and stripresist) and hard baking. 

In photolithography, the sample is covered with a chemical called photoresist which is 

sensitive to UV light. When exposed to UV light its chemical composition changes. 

The mask consists of transparent and opaque regions that define the desired patterns. 

Mask is aligned with respect to the previously defined alignment marks. Then the 

sample is exposed to the UV light. 

Exposed photoresist changes its composition. The chemical called developer is used 

to take away exposed photoresist. After the development, desired regions are ready 

for further treatment. Figure 1.4 shows the fabrication of photonic crystals using 

photolithography technique.  

Photo-lithography is a technique of high speed for large shapes with parallel exposure 

but light diffraction limits minimum size of structure 50nm at best. 
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Fig. 1.4: Fabrication of photonic crystals using photolithography technique. 

 

1.3.2 Electron beam lithography 

Electron beam lithography abbreviated as e-beam lithography (EBL) is a very flexible 

technique of emitting a beam of electrons in a specific pattern across a sample surface 

covered with a film which is an electron sensitive material called the resist and then 

exposing the resist with electron beam and of selectively removing either exposed or non-

exposed regions of the resist in the developing process. Similar to photolithography, its 

aim is to create micro structures in the resist that can subsequently be transferred to the 

substrate material, often by etching. It was developed for manufacturing integrated circuits, 

and is also used for creating photonic nano structures. Figure 1.5 shows the fabrication of 

photonic crystals using e-beam lithography technique. 
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Electron beam lithography has the advantages of printing complex patterns directly on 

wafers with high speed but point by point exposure limits speed. It eliminates the 

diffraction problem prevalent in photolithography, and it has high resolution up to 

20nm in comparison to photolithography~50nm. Electron beam lithography is slower 

than photolithography and develops approximately 5 wafers/hour at less than 0.1 μ 

resolution, expensive and complicated. It has the disadvantages of forward scattering, 

backward scattering and secondary electrons. 

 

Fig. 1.5: Fabrication of photonic crystals using e-beam lithography technique. 
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1.4 Photonic Crystal Fiber   

The most important application of photonic crystal is the design of a novel waveguide 

known as Photonic Crystal Fiber (PCF) or Holey Fiber or micro structured fiber [63-65]. 

The basic PCF is a fused silica optical fiber with a periodic distribution of voids or air 

holes in the cladding that run parallel to its axis. PCF can also be recognized as an optical 

fiber having a high or low index core surrounded by the 2D photonic crystal cladding. The 

name photonic crystal fiber is due to the fact that photonic crystal is being employed as 

cladding and is drawn in the form of an optical fiber.  PCF shows unusual and unique 

properties due to the wavelength dependence of cladding index. The presence of air holes 

in the cladding makes PCF unlike conventional optical fibers and is responsible for many 

unusual properties, like single mode operation from the UV to IR with large mode-field 

diameters, highly nonlinear performance for super continuum generation, numerical 

aperture (NA) values ranging from very low to about 0.9, optimized and tunable dispersion 

properties, and air core guidance and many more. This has opened the road to solve all the 

severe limits faced by the conventional optical fibers. Due to its extraordinary ability to 

carry light in cores or with confinement characteristics not possible in conventional optical 

fiber, PCF is now finding applications in optical fiber communications, fiber lasers, 

nonlinear devices, high-power transmission, highly sensitive gas sensors and other areas.  

Conventional fibers [66-72] guide light in the core by total internal reflection (TIR) 

principle. However, Phillip Russell and co-workers demonstrated fibers with a so-called 

photonic crystal cladding in 1995 and coined the term “Photonic Crystal Fiber”. PCF 

guide light by a new physical mechanism different from traditional fibers. Optical fibers 

have been fabricated from solid glass or silica (SiO2) for more than last three decades. A 

radical change that took place, when researchers in the late 90's started to fabricate hair-

thin optical fibers with numerous microscopic air holes running along the length of the 

fibers, with a central guiding core called the photonic crystal fiber or holey fibers  made 

up of nano-photonic crystals. These micro structured fibers did not only mark the 

introduction of tailored materials with unique spectral properties in fiber optics, but it 

also opened the perspective of the applicability of photonic band gap materials at optical 

wave lengths. In this respect, a completely new guiding mechanism was demonstrated, 

and a revolution in fiber optics had started.  
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Fig. 1.6: Photonic crystal fiber (PCF) and 

its refractive index profile. 
Fig 1.7: Photonic band gap fiber (PBGF) and 

its refractive index profile.  

1.4.1 Photonic crystal fiber types 

Two distinct methods determined by the arrangement pattern of voids or air holes 

exist for confining light in a photonic crystal fiber and that classifies the same into 

two major types. One is index guiding PCF [73-75] in which light guidance is by 

total internal reflection between a solid high index core and a low index cladding 

region with several air-holes. The other type of photonic crystal fiber is called the 

photonic band gap guiding PCF also called the photonic band gap fiber (PBGF) 

[76] uses a perfectly periodic structure exhibiting a PBG effect at the operating 

wavelength to guide light in a low index core-region. Figure 1.6 and 1.7 shows the 

schematic diagrams of the two major types of photonic crystal fibers along with their 

corresponding refractive index profile. The refractive index profile (RIP) is a plot 

between refractive index along y axis and distance from the core along x axis [77].  
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Each of the two main types of PCF can be divided into a number of subtypes determined 

by the cladding pattern, dimension of the fiber structure and their specific application. The 

high index core photonic crystal fiber has the subtypes of specialty PCFs namely high 

numerical aperture (HNA) PCF [78], Large-Mode-Area (LMA) PCF [79], Highly-Non-

Linear (HNL) PCF [80, 81]. The low index core photonic band gap fiber has the following 

subtypes: low index core PCF [82], hollow core (HC) PCF [83] and Bragg fiber [84]. The 

Bragg fiber is composed of periodic layers of one dimensional photonic crystal in which 

light guidance obeys the Bragg’s law. Figure 1.8 shows the transverse cross sectional 

scanning electron microscope (SEM) images of different PCF types [85].  

Recent trend of research in PCF shows that special emphasis is on the specialty PCFs. 

In the domain of high index core PCF, the specialty PCF types that have been found 

reported are Endlessly single-mode PCF, Hi-Bi PCF, W-type PCF. Similarly, under 

hollow core PBG PCF the reported specialty PCF types are Suspended core PCF, 

Kagome HC-PCF, Polarization maintaining single-mode HC-PCF, Broadband single-

mode HC-PCF and PCF with a sub-wavelength air-hole in the core. 

Endlessly single-mode photonic crystal fibers are un-doped silica fibers that use a 

triangular or hexagonal pattern of air holes to form the cladding as shown in figure 

1.8(i)(a). Since the index contrast between the core and the cladding, Δn, is 

determined only by the geometry of the air holes, it is possible to fabricate fibers with 

a very small and accurate Δn, and thus obtain very low numerical apertures and very 

large mode areas. Endlessly single-mode photonic crystal fibers are characterized by 

low fiber loss over broad wavelength range, single-mode at all wavelengths, radiation 

less pure silica fiber, wavelength independent MFD with a practically constant mode-

field diameter (MFD). Endlessly single-mode photonic crystal fibers find applications 

in sensors, spectroscopy, interferometry or RGB displays. 

PCF can be made highly birefringent by having different air hole diameters along the 

two orthogonal axes or by introducing asymmetries in core design. Such PCF 

structures are called Hi-Bi PCF as shown in figure 1.8(i)(b). Hi-Bi PCFs have modal 

birefringence of an order of magnitude higher than that of the conventional high-

birefringent fiber and have potential for a number of applications such as high bit rate 

communication systems, polarization maintaining (PM) pigtailing of photonic 

devices, and PM fiber loops for gyroscopes. 
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(Source: www.slideplayer.com slide of École polytechnique fédérale de Lausanne; www.iopscience. 

iop.org, www. pubs.rsc.org, www.researchgate.net and [85]). 

 

Fig. 1.8: Transverse cross sectional SEM images of different PCF types. 

 

The RIP of photonic crystal fibers plays an important role in the design and 

confinement of light for specific applications. As for example, in W-type specialty 
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PCFs, there is an additional zone between core and cladding having it’s own lower 

refractive index. Then the cross sectional refractive index profile resembles the letter 

“W”, hence the name W-fiber [77] also called the DIC fiber or depressed index 

cladding fiber as shown in figure 1.8(i)(c). The W type RIP provides ample freedom 

for designing the dispersion variation of such fiber.  

Air-silica microstructured fibers designed and fabricated to yield Numerical Aperture 

(NA) greater than 0.9 are termed as High Numerical Aperture (HNA) PCF as 

shown in figure 1.8(i)(d). In order to achieve a large NA, one must arrange for a core 

and cladding material of widely differing indexes. The range of indexes available in 

transparent solids including glass and plastics is relatively small, the lowest attainable 

value being approximately 1.3. For a core of silica glass, this yields a maximum NA 

of the order of 0.6. In practice, NAs above 0.4 are extremely uncommon in silica 

fibers. Therefore, in recent years use of chalcogenide glass, tellurite and even plastic 

material to design HNA PCF have been observed.  HNA PCF structures have 

applications in lasers and laser-induced-fluorescence systems. In optical coherence 

tomography (OCT) system, high numerical aperture PCF is required for collecting 

back scattering light for detailed information from body tissue. The HNA PCF can be 

designed for 0.83 μm, 1.06 μm and 1.31 μm wavelengths which are used for 

ophthalmology, dermatology and dentistry, respectively. 

Large Mode Area (LMA) photonic crystal fibers offer diffraction limited high 

power delivery as shown in figure 1.8(i)(e). The very large mode area usually greater 

than 10 μm enables high power levels to be transmitted through the fiber without the 

effects caused by the fiber’s non-linear properties, or material damage. LMA PCF 

applications are high power delivery, short pulse delivery, mode filtering, laser 

pigtailing, multiwavelength guidance, broadband interferometry. 

An optical fiber required to be optically linear so that its properties remain same 

irrespective of how much power it carries. But, at high power, unwanted nonlinear 

effects crept into optical fiber. The nonlinearities in optical fibers can be made useful 

for amplification and switching of light propagating through them and that has been 

made possible by Highly Nonlinear (HNA) PCF. The nonlinear effects in such highly 
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nonlinear PCFs have been enhanced by concentrating light in small core as shown in 

figure 1.8(i)(f). Highly nonlinear fibers are characterized by positive dispersion at 

shorter wavelengths, formation of solitons at visible and near infrared wavelengths. To 

design a highly non linear fiber following four different approaches employed: (i) In 

Narrow-core fibers with Silica cladding a narrow core and high doping level reduce 

Aeff and enhance γ, (ii) In Tapered fibers with air cladding: the standard fibers are 

stretched by a factor of 50 or more and the surrounding air acts as the cladding, (iii) In 

Microstructured fibers: air holes are introduced within the cladding, (iv) In Non-Silica 

fibers: Use a different material with large values of n2 like lead silicates, chalcogenides, 

tellurite oxide, bismuth oxide. 

Hollow Core (HC) PCF or Hollow Core Photonic Band Gap (HC-PBG) fibers 

(figure 1.8(ii)(B)) guide light in a hollow core that is surrounded by a microstructured 

cladding based on the photonic band gap effect so that only a minor portion of 

the optical power propagates in the microstructured glass-air cladding. The attractions of 

hollow-core PCF are mainly that the primary guidance in air minimizes nonlinear 

effects and makes possible a high damage threshold. With the advent of HC PCF it has 

become possible even to guide light at wavelengths where the transparency of the glass 

material is relatively poor. Also, one may exploit the high optical intensity in air or in 

some other gas filled into the fiber. Another attractive feature of HC Photonic band gap 

fibers is zero dispersion close to design wavelength. 

One limitation of hollow-core PCF is that their propagation losses are substantially 

higher than for solid-core PCF and specifically, for single-mode guidance. Another 

limitation is that the photonic band gap guiding mechanism works for a small 

wavelength range. This wavelength range can be substantially broadened by using a 

different kind of hollow-core fibers.  

The hollow-core PCFs are useful for transporting high optical powers, as all nonlinear 

effects are much weaker due to the presence of air inside the core for which non linear 

refractive index, n2 is smaller by a factor of 1000 compared to that of silica. However, 

most such fibers exhibit relatively high losses (1 dB/m) compared to conventional silica 

PCFs that depend on many design factors, including the shape and size of air holes. 

https://www.rp-photonics.com/optical_power.html
https://www.rp-photonics.com/nonlinearities.html
https://www.rp-photonics.com/nonlinearities.html
https://www.rp-photonics.com/laser_induced_damage.html
https://www.rp-photonics.com/single_mode_fibers.html
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Suspended core PCFs with a thin suspended core as shown in figure 1.8(ii)(B)(a) 

have a large evanescent field extended into the air-holes. Suspended core PCFs 

facilitates all-fiber evanescent wave spectroscopic and refractive index sensors and 

distributed sensing over the entire length of the fiber. 

PCF with a Kagomé lattice design can increase the band gap guiding wavelength 

range. Hollow-core PCF whose cladding is designed in the form of a kagome lattice is 

termed as the kagome PCF as shown in figure 1.8(ii) (B)(b). A kagome lattice 

consists of interlaced triangles such that each crossing has four nearest neighbours. In 

kagome PCF, the use of a kagome lattice results in a cladding filled mostly with air. 

The operation principle of the Kagome fiber design profoundly differs from that of 

a photonic bandgap fiber; it does not rely on a photonic band gap. Some optical 

properties also differ substantially from those of photonic bandgap fibers. Namely, the 

wavelength range with good transmission can be much broader, which is useful for 

many applications, including supercontinuum generation. Some designs exhibit very 

small overlap of light with the silica structures (order of 0.01%), allowing the 

guidance of beams with rather high optical peak powers. The advent of kagome PCF 

has reduced losses of hollow-core PCFs to 1 dB/km. The kagome PCF employ a 

relatively large hollow core having diameter 20 μm or more and increase the pitch of 

the kagome lattice to beyond 10 μm. Because such a PCF consists of mostly air, the 

nonlinear effects are reduced dramatically inside them. Narrower-core PCFs exhibit 

higher losses but they are still useful for applications such as pulse compression as the 

slope of the chromatic dispersion is lower. 

Shown in figure 1.8(ii)(B)(c) is a broadband single mode HC PCF which has a 

broadband guiding wavelength range in spite of single mode. 

Polarization maintaining HC PCF incorporate a non-circular core in combination with 

a large refractive index step between silica and the periodic air hole giving rise to 

birefringence and which becomes larger at longer wavelengths. This results in a shorter 

beat length that reduces the bend or other deformation induced variations of the state of 

polarization (SOP) compared with conventional fibers and thereby preserving the SOP 

of light.  The polarization maintaining HC PCF finds applications in communication and 

sensing. Figure 1.8(ii)(B)(d) shows a polarization maintaining HC PCF. 

https://www.rp-photonics.com/photonic_bandgap_fibers.html
https://www.rp-photonics.com/supercontinuum_generation.html
https://www.rp-photonics.com/chromatic_dispersion.html
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Similarly, PCF with a sub wavelength air hole in the core increases the band gap 

guiding wavelength range, SEM image of which is as shown in figure 1.8(ii)(B)(e). 

1.4.2 Photonic crystal fiber based devices 

The optical properties such as band gap and light propagation characteristics of PBGF 

and PCF can be manipulated by structural design and defect engineering [86]. Both 

PCF and PBGF have 2D periodic structures with designed defect structure in the 

center. Hence light can be confined and guided by special defect modes in PhC. PCFs 

are new class of optical fibers combining properties of optical fiber and PhC. A great 

deal of interest has been generated in PCF due to its attractive optical properties like 

endlessly single mode behavior [87], unique group velocity dispersion [88]  

characteristics, large mode area [89], enhanced non-linear effect [90], supercontinum 

generation [91-98], soliton propagation [99], high birefringence [100-103], 

polarization-maintaining[104], lasing action [105], optical coherence tomography 

[106] and high precision optical frequency measurement [107]. The applications of 

PCF are increasing swiftly and are expected to replace conventional optical fibers 

used in optical communication.  In recent years, main work in the field of PCFs has 

focused on silica glasses, but now the researches are diverting toward using different 

non silica materials like fluoride glass [108], germanium [109], lead-silicate [110], 

tellurite [111], bismuth-oxide [112], polymer-based [113], chalcogenide (As–S, As–

Se, Ge–Se–Te, etc.) [114] and soft glasses [115] etc in PCF because they offer 

advance characteristics like high non-linearity [80], high refractive index [78], high 

mode confinement [116], Raman amplification [117] etc. Therefore, in this proposed 

thesis it is planned to study the application specific design of Photonic crystal fibers, 

waveguides and devices with PCFs having solid core, regular or irregular geometries 

and using different materials. 

The properties of PCF can also be altered by external stimuli that can be thermal, 

optical, chemical, electrical, magnetic, biological, nuclear etc. Hence, the propagation 

of electromagnetic pulses through PBG crystals and PCF has to be probed and this 

study is important for understanding propagation characteristics in specialty photonic 

crystal fiber, which have potential applications in telecommunication, sensing, 

transporting high optical power etc.  
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1.5 Theory of light guidance through photonic crystal fiber  

In conventional optical fiber the light guidance takes place obeying the principle of 

total internal reflection (TIR) at the edge of the high refractive index core and low 

refractive index cladding.  

 

 

Fig. 1.9: Schematic diagrams of: (a) Conventional optical fiber with its RIP and guiding 

mechanism, (b) Photonic crystal fiber with its RIP and guiding mechanism. 

 

(a) 

(b) 
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The light guidance mechanism in conventional optical fiber has been illustrated in 

figure 1.9(a) along with its refractive index profile (RIP). Whereas, in PCF, the light 

guidance takes place obeying the principle of total internal reflection (TIR) by the 

effective refractive index of the cladding region. The light guidance mechanism in 

PCF has been illustrated in figure 1.9(b) along with its refractive index profile (RIP). 

The effective refractive index of the cladding of the PCF is the average refractive 

index of the cladding with multiple air holes. 

To achieve field confinement in the core, index guiding Photonic crystal fibers 

depend on the total internal reflection and photonic band gap fibers depend on 

photonic band gap (PBG) effect discussed in section 1.1. But very recently, there has 

been report of the discovery of a new light trapping technique within fibers by the so-

called Dirac point of photonic band structures by Kang Xie et al. [118]. It has been 

claimed that the Dirac point can establish suppression of radiation losses and 

consequently a novel guided mode for propagation in photonic crystal fibers. The 

mentioned Dirac point is a conical singularity of a photonic band structure where 

wave motion obeys the famous Dirac equation. The unexpected phenomenon of wave 

localization at this point beyond photonic bandgaps has been reported. This guiding 

relies on the Dirac point rather than total internal reflection or photonic bandgaps, 

thus providing a sort of advancement in conceptual understanding over the traditional 

fiber guiding.  

 

1.6   Fabrication of PCF 

Fiber stack and draw technique [119] has been utilized to fabricate photonic crystal 

fibers since its inception. Successive stages of fabrication of PCF are shown in figure 

1.10(a) to 1.10(f). Like in conventional optical fiber fabrication, fabrication of PCF 

starts with preparation of a fiber preform. PCF preforms are formed by stacking a 

number of capillary silica tubes and rods to form the desired air-silica structure. For 

which, first, silica tubes and rods are drawn down to capillaries using an optical fiber 

draw tower with precise outer diameters. These are then stacked into a hexagonal, 

square or other format of  arrays as per requirement and by inserting solid rods or 

removing capillaries at selected site (s) to form cores. The creating of PCF preform 

allows a high level of design flexibility as the core size and shape as well as the index 
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profile throughout the cladding region can be controlled. The finished preform stack 

is fused together and drawn down into fiber in one or more stages in a high-

temperature drawing tower and hair-thin photonic crystal fibers are readily produced 

in desired lengths and spooled as shown in figure 1.10(g). 

 

(a) (b) (c) (d) (e) (f) 

 

 

Fig. 1.10: Schematic diagrams of: (a) to (f) different stages of preform fabrication during 

the production of a solid core photonic crystal fiber, (g) Fiber draw tower. 

(g) 
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Through careful process control, the air holes retain their arrangement all through the 

drawing process, fibers with very complex designs and high air filling fraction can be 

produced.  Finally, the fibers are coated with polymer to provide a protective standard 

jacket that allows robust handling of the fibers. The final fibers are comparable to 

standard fiber in both robustness and physical dimensions and can be both striped and 

cleaved using standard tools. Figure 1.11 shows the captured images of (a) Pre form 

fabricator, (b) Fabricated performs, (c) Fiber draw tower, and (c) Microscopic (10X) 

view of solid core photonic crystal fiber drawn at Fiber Optics and Photonics division, 

Central Glass and ceramic Research Institute (CGCRI), CSIR- Laboratory,  Kolkata, 

India and collected during one of the visit to the establishment. 

Apart from the above discussed capillary stack and draw technique, polymer PCF 

preform can be prepared using techniques like extrusion polymer casting, 

polymerization in a mould and injection moulding. 

 

  

(a) (b) 
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Courtesy: Fiber Optics and Photonics division, Central Glass and ceramic Research Institute(CGCRI), 

CSIR- Laboratory,  Kolkata, India. 
 

Fig. 1.11: (a) Pre form fabricator, (b) Fabricated performs, (c) Fiber draw tower, and  

(d) Microscopic (10X) view of solid core photonic crystal fiber.  

 

1.7 Analyses of photonic crystal fiber 

The following parameters of the designed PCF structures have been analysed. 

 

1.7.1 Dispersion  

The wavelength dependent refractive index of the pure silica glass material has been 

calculated by employing the Sellmeier equation [120,73] as described in Eq. 1.25. 

 

where, λ is the resonance wavelength, the values of the Sellmeier coefficients are:  

a1= 0.004679148,   a2= 0.01351206, a3= 97.93400, b1= 0.6961663, b2= 0.4079426 

and  b2= 0.8974794. 

(c) (d) 
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The group velocity dispersion [121-129] is very important characteristic of any PCF 

structure. The group velocity dispersion D (λ) has been calculated from wavelength 

dependent effective indices of propagating mode by employing the following relation, 

 

 

where, c is the velocity of light in free space, Re(neff) is the real part of the effective 

index (neff) of the guided mode. Both material and waveguide dispersion can be 

included in the Eq. 1.26 considering Sellmeier equation while calculating neff. 

 

1.7.2 Effective area  

The effective mode area [130-132] of the propagating mode which is essential feature 

to suppress the nonlinear effects in the proposed design has been calculated by using 

the Eq.1.27. 

 

 

where, E is the amplitude of the transverse electric field propagating inside the PCF 

structure. 

  

1.7.3 Nonlinear coefficient 

Many non-linear effects inside PCF depend on the parameter, nonlinear coefficient 

(γ). The nonlinear coefficient [133] (γ), offered by PCF structure related to the 

nonlinear refractive index of material of the PCF and represented by the following 

equation. 

 

where, n2 is the nonlinear refractive index of material, Aeff is the effective mode area 

of propagating mode, and λ is the operating wavelength of light in µm. The silica 

glass which is the usual material for fabrication of PCF, is a weak non-linear medium 

with a measured value of nonlinear refractive index, n2 ~ 2.7 x 10 
-20 

m 
2
/W. For silica 

fibers this value of n2 can vary in the range 2.2–3.0×10
−20

 m 
2
/W depending on the 

density of dopants and on whether the fiber preserves polarization of light [120]. For 

2

eff

2

d Re(n )λ
D(λ) = -                                                                        (1.26)

c dλ
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telecommunication fibers, γ ~ 1 W
-1

/Km which is too small for most applications and 

that forces one to employ high peak powers and long fiber lengths. This problem has 

been solved by designing of highly non linear fibers (γ > 10W
-1

/Km). PCF could have 

ultra high nonlinear coefficient, γ ~245 W
-1

/Km and above.  

 

1.7.4 Confinement loss and Bend loss 

The confinement loss arises due to the leakage of power from the core of the PCF. 

The PCF being a leaky structure has complex effective indices, neff of the modes. The 

confinement loss [134,122] can be extracted from the imaginary part of the neff by 

using the following relation. 

 

 

where, Im(neff) is the imaginary part of the mode effective index, neff and λ is the 

operating wavelength of light in µm. 

While using the fiber for free space communications, bending of the PCF is 

inevitable. The PCF needs to be spooled at certain radius for this purpose and during 

this the fiber gets bent. Therefore, it is essential to study the bending performance of 

the design. In bent fibers the field profile deforms outwards in the direction of the 

bend. The presence of air holes around the core makes the design of effective 

refractive index more flexible.  Bending loss [135,136]   of the proposed PCF has 

been calculated by using the equivalent index model as shown in figure 1.12.  

  

 

Fig. 1.12: Conventional PCF and equivalent step index fiber. 

0

L [dB/m] = (40 / ln(10)× ) Im( ) 

                = 8.686k Im( )                                               (1.29)
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In this method, in order to simulate the effects of bending, the bent PCF is 

transformed into a straight PCF with an equivalent refractive index [137] defined in 

the following equation 1.30. 

 

where, n(x,y) represents the refractive index profile of the straight PCF, x is the 

transverse distance from the centre of the fiber in the direction of bending and R is the 

bend radius.  

The bend loss of photonic crystal fiber can be calculated by applying perfectly 

matched layer (PML) [57]   boundary condition. For which, a rectangular perfectly 

matched layer (PML) is introduced at the surface of the proposed PCF structures to 

simulate the effect of an infinite domain in the finite element method. With the 

introduction of the PML the propagation constant of modes of the proposed PCF 

structure becomes complex [138]. The bending loss of the mode has been can be 

calculated by using the imaginary part of propagation constant or complex effective 

index of the bent fiber using the equivalent refractive index. 

 

1.8 Computational methods utilized  

Various computational methods have been used to get the results for application 

specific design of Photonic crystal fibers, waveguides and devices. A brief 

introduction of the computational methods utilized to analyze the characteristics of 

the proposed PhC and PCF structures has been included hereunder. 

 

1.8.1  Plane wave expansion (PWE) method 

The plane wave expansion (PWE) [53,54]   method is a frequency-domain approach 

based on the expansion of the fields as definite-frequency states in some truncation of 

a complete basis (e.g. plane waves with a finite cutoff) and then finding solution of 

the resulting linear eigen problem. This method solves for a number of frequency 

eigen values (
2

a

c




) at a given wave vector (k) and the optical modes are solved in the 

vector space or in the reciprocal space. The PWE method has the twin advantages of 

2 2

eq
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accuracy and efficiency. The method is applicable to optical waveguides with 

arbitrary cross-sections, resonators, photonic band-gap materials, and photonic crystal 

structures, or for calculations of optical dispersion relations and eigen states for 

conventional and specialty optical fibers. One disadvantage of the PWE method is 

that the wave vector serves as the free parameter, whereas the frequency eigen values 

follow from the calculation. For certain applications, especially for finding waveguide 

modes, it is often more convenient to specify the frequency and solve for the required 

propagation constant. Precisely, such an approach would make it much easier to 

include the effects of dispersion, which is perpetually specified as a function of 

frequency. For some problems, such as defect modes in PhC and PCF, the plane wave 

expansion method may be extremely time-consuming. Moreover, the PWE method is 

unable to treat loss and so the PWE method can not account for materials with loss or 

obtain complex eigenvalues representing decaying modes in a lossy dielectric material 

structure. Band gap calculations in this work have been carried out using Rsofts’ 

Bandsolve software using PWE. 

  

1.8.2 Finite element method (FEM) 

The finite element method (FEM) [139,140] is a numerical technique for finding 

approximate solutions of partial differential equations (PDE) as well as of integral 

equations that deal with complex geometries and boundaries, such as waveguides with 

arbitrary cross-sections, with relative ease. The field region is divided into elements of 

various shapes, such as triangles and rectangles, allowing the use of an irregular grid. 

The solution approach is based either on eliminating the differential equation 

completely in steady state problems, or turning the PDE into an approximating system 

of ordinary differential equations, which are then numerically integrated using 

standard techniques such as finite differences, Euler's method, Runge-Kutta, etc. In 

optical waveguides, the FEM can be used for mode solving and propagation 

problems. Two approaches to solve waveguide problem include the variational 

method and the weighted residual method. Both methods lead to the same eigenvalue 

equation that needs to be solved.  

http://en.wikipedia.org/wiki/Numerical_analysis
http://en.wikipedia.org/wiki/Partial_differential_equation
http://en.wikipedia.org/wiki/Integral_equation
http://en.wikipedia.org/wiki/Integral_equation
http://en.wikipedia.org/wiki/Ordinary_differential_equation
http://en.wikipedia.org/wiki/Euler%27s_method
http://en.wikipedia.org/wiki/Runge-Kutta
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In solving partial differential equations, the key challenge is to create an equation that 

approximates the equation to be studied, but is numerically stable, meaning that errors 

in the input and intermediate calculations do not mount up and cause the resulting 

output to be meaningless. There are many ways of doing this, all with advantages and 

disadvantages. In this thesis, effective index, confinement loss and bend loss of PCF 

structures have been calculated using FEM.  

 

1.8.3 Finite difference time domain (FDTD) method 

The FDTD [141,142] technique is based on a discrete representation of time-

dependent Maxwell’s equations on a grid that is exact in the limit that the grid spacing 

goes to zero. Since, the FDTD is a time-domain technique that solves Maxwell’s 

equations without any assumptions, so, the response of the system over a wide range 

of frequencies can be obtained with a single simulation and is flexible towards 

geometry of the device under study. Various optical materials can be used with FDTD 

algorithms. Modal properties can be extracted in a single simulation by Fourier-

transformation of the time-varying response of the system to some input. Then, the 

peaks in the resulting spectrum correspond to the eigenfrequencies. The primary 

limitation of FDTD is that it is computationally intensive, especially in the three-

dimensional case, but the method is readily applicable to the two-dimensional 

structures. In practice, FDTD needs to have at least 10 to 20 cells per minimum 

wavelength in every direction, depending on the application and accuracy required. 

Also, even higher sampling rates may be required to reduce the combined numerical 

dispersion error, which is proportional to the length of wave propagation. This makes 

FDTD impractical for large devices. Various techniques have been proposed to make 

the FDTD method more efficient, including pseudo-spectral time-domain techniques, 

non uniform and adaptive mesh refinement, hybrid FDTD-Finite Element techniques, 

and hardware acceleration concepts. Different software providers take various 

approaches to optimize the performance of their software in solving problems that 

require clustering. The approaches include parallel processing features in the software 

and, most recently, dedicated hardware to increase single system processing speeds. 

Typical applications for optical software based on an FDTD algorithm include the 

http://en.wikipedia.org/wiki/Partial_differential_equation
http://en.wikipedia.org/wiki/Numerically_stable
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modeling of high-index-contrast waveguides, photonic-bandgap structures for 

photonic crystals, ring resonators, nano-plasmonic devices, gratings and other 

diffractive structures, dispersive, nonlinear and gain materials, and biophotonics. 

Defect mode analysis, Dispersion, Q factor of PhC structure discussed in chapter II of 

this thesis have been calculated using FDTD. 

There are other mode solvers software packages containing multiple-mode solving 

techniques including analytical methods, such as the beam propagation method(BPM) 

[143,144] effective index method [145-147], and numerical approaches, such as the 

finite-difference method and meshless techniques etc that can be taken into 

consideration depending on the type of  analysis. Moreover, MATLAB [148,149] 

computational commands can also be used for calculating band gap, gap map and 

dispersion of PhC structures [82]. In this thesis, MATLAB codes have been utilized to 

calculate dispersion in PhC and PCF structures [120].  

 

1.9 Overview of the thesis 

In this thesis work, first, the design and analyses of silicon carbide based photonic 

crystal cavity has been done using PWE and FDTD techniques. Further, four specialty 

photonic crystal fibers are designed and the propagation characteristics of these 

photonic crystal fibers have been investigated. The geometrical and wave guiding 

parameters of the PCFs have been calculated using different computational methods 

like PWE, FDTD, FEM etc.  

The thesis has been divided into seven chapters and a brief inclusion of each chapter 

has been given hereunder. 

Chapter 1: This chapter includes the importance of photonic crystal and photonic 

crystal fiber based photonic devices for potential applications. It includes detailed 

literature review on the advances in the area of photonic crystal and the photonic 

crystal fiber based photonic devices for potential applications and method of 

fabrication. This chapter also includes the theory, analytical techniques and numerical 

methods used for the design of photonic crystal and the photonic crystal fiber based 

photonic devices. 
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Chapter 2: This chapter includes designing of silicon carbide (SiC) based 2D 

photonic crystal and point defect cavity and studying the effect of temperature on key 

parameters of the proposed designs like band gap width, defect cavity mode 

dispersion, the resonance mode and quality factor of resonant mode using plane wave 

expansion (PWE) method and finite difference time domain (FDTD) method for 

telecommunication applications. It has been found that the results obtained were 

better compared to Si based PhC. The SiC PhC devices can be used for high 

temperature and power transmission which is difficult to achieve with Si or GaAs 

based photonic crystals and devices. Apart from applications in optical 

communication, various other SiC based devices such as optical filters, switches and 

lasers etc can be designed which are stable at high power and high temperature, at 

which the silicon photonics fails, which can lead to the era of silicon carbide power 

photonics analogous to silicon carbide power electronics.  

 Chapter 3: This chapter includes the design and analyses of fluoropolymer photonic 

crystal fiber in terms of the parameters like effective refractive index of the guided 

mode, dispersion, confinement loss for wavelength range 10µm to 300µm using full 

vectorial FEM. It has been found that the transmission characteristics of 

fluoropolymer photonic crystal fiber obtained are comparable with the earlier 

published result. The proposed fluoropolymer PCF may find applications in long 

distance telecommunication and in mid-infrared region.  

Chapter 4:  This chapter includes the design and analyses of W-type photonic crystal 

fibers (W-Type PCF) in terms of the parameters like bend loss of the guided mode, 

effect of temperature on bend loss, and nonlinearity using full vectorial FEM. It has 

been found that the transmission characteristics of W-Type PCF obtained with the 

simulation are better compared with the earlier published results. The power coupling 

in W-type PCF is more compared to conventional PCF. The bend insensitive nature of 

the proposed W-type PCF structures makes them good candidate for large mode area 

fiber design and fit for fiber to home applications. 

Chapter 5: This chapter includes the designing of large mode area W-type photonic 

crystal fibers with doped cladding and analyses of the proposed structures in terms of 
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the parameters like confinement loss, effective refractive index of the guided mode, 

bend loss, birefringence, sensitivity, effective area and non-linear co-efficient using full 

vectorial FEM. The proposed W-type PCF structures possesses very low confinement 

loss and bend loss in the wavelength range of 0.6µm to 2µm. The W-type PCF is 

found to be birefringent and sensitive and can find possible telecommunication 

applications in high power delivery devices and sensing. 

Chapter 6: This chapter includes the design and analyses of novel Ga-Sb-S based 

chalcogenide glass photonic crystal fiber (Ga-Sb-S-PCF) in terms of the parameters 

like effective refractive index of the guided mode, dispersion, effective area, non-

linear co-efficient and bend loss using full vectorial FEM. It has been shown that the 

transmission characteristics of Ga-Sb-S-PCF obtained for wavelength range 0.8µm to 

14µm. The novel Ga-Sb-S material PCF structure has been studied for the first time 

since the inception of novel material Ga-Sb-S and can be a promising candidate for 

nonlinear applications such as supercontinuum generation, slow light generation, and 

mid-infrared fiber lasers. 

Chapter 7: This chapter includes summery and future scope of the research work 

described in the previous chapters, references and reprint of the published papers. 
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CHAPTER II 

DEMONSTRATION OF TEMPERATURE RESILIENT 

PROPERTIES OF 2D SILICON CARBIDE PHOTONIC CRYSTAL 

STRUCTURES AND CAVITY MODES 

  

2.1 Introduction   

In chapter I it has been discussed that the photonic crystals (PhCs) exhibit photonic 

band gaps (PBG) in which electromagnetic fields cannot propagate in given 

directions, if the geometrical parameters and dielectric contrast of the photonic lattices 

are chosen appropriately [2]. Photonic Crystals can be used to control light 

propagation through it by using different geometry and dielectric contrast. Because of 

the strong photon confinement shown by these crystals they can be used in variety of 

applications. A special attractive application of PhCs is to construct localized 

electromagnetic modes by introducing defects in the periodic structure. These 

confined modes could be used in optical resonators, laser cavities etc.  

Investigating photonic structures which are less sensitive to environmental 

fluctuations like high temperature is a valuable area of research. Hence, this chapter 

takes account of the design photonic of crystals using temperature resilient material 

silicon carbide [150, 35] and investigate the variation of width of photonic band gaps 

in SiC photonic crystals with change in temperature and a comparison with Silicon 

(Si) photonic crystals [151]. Further, SiC A1 point defect cavity has been created in 

the PhC by removing one central dielectric rod and analysis of the SiC photonic 

crystal cavity defect modes in comparison with Si photonic crystal cavity defect 

modes using plane wave expansion (PWE) method and finite difference time domain 

(FDTD) method has been carried out. However, the most widely used materials to 

design photonic crystal devices are Silicon (Si) and Gallium Arsenide (GaAs) because 

of the available and mature technology of fabrication and optimum refractive index 

contrast offered by these materials for the existence of the photonic band gaps. We 

here propose to design photonic crystals using silicon carbide which is one of the 

hardest materials known, which has found wide application in power electronics and 
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further the creation of photonic crystal cavity in SiC photonic crystal. The reason for 

using silicon carbide is its high mechanical strength, large thermal conductivity and 

small thermo optic coefficient that in turn induces high temperature resiliency.  

In this chapter, first, a 2D PhC composed of square lattice of rods in air PhC in 

temperature resilient material Silicon Carbide (SiC) is realized and the PhC structures 

are optimized by varying different parameters like radius of the nanopillars, period of 

the lattice etc for telecommunication applications.  

Further, defect cavities have been created in the optimized PhC structures and 

analysis of the cavity defect modes using plane wave expansion (PWE) method and 

finite difference time domain (FDTD) method has been reported. The defect A1 

cavity has been created in the periodic lattice of photonic crystal by removing one 

central dielectric rod completely from the unperturbed lattice structure that result in 

localization of light in the specified defect space in the frequency range lying within 

the PBG of the optimized PhC [152]. The localized defect modes [56] of these A1 

defect cavity structures have been extracted and the dispersion relations plotted to 

investigate the temperature resilient property of the localized defect modes of these 

structures. Also Quality factor (Q) [156] for both these structures have been 

calculated using finite difference time domain (FDTD) method for different 

temperatures ranging from 25
0
C to 200

0
C and studied resonant wavelength peak shift 

for the temperature range. 

 

2.2.   Design of 2D  SiC and Si rods in air photonic crystals and cavity 

structures 

A 2D PhC composed of square lattice of SiC rods (n=2.64) in air with radius of 

dielectric nanopillars, r = 0.16 μ m and distance between the center of two 

consecutive rods or lattice constant, a=0.55 μm has been designed as shown in the 

Fig. 2.1, whose PBG for TE mode lies in the range of 1.46 μm to 1.80 μm as shown in 

the Fig. 2.3. Similarly, a 2D Si rods (n=3.4)  in air PhC with a square lattice is created 

with r = 0.12 μm  and a=0.42 μm as shown in the Fig.2.2, whose PBG for TE mode is 

in between 1.34 μm to 1.77 μm as shown in the Fig.2.4. Further, point defect is 
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created in these proposed designs of SiC and Si photonic crystal to form PhC cavity 

as shown in the Fig.2.1 and Fig.2.2.  

 

 

Fig. 2.1:  A square lattice dielectric rods in air silicon carbide 2D PhC. 

 

 

 

 

Fig. 2.2:  A square lattice dielectric rods in air silicon  2D PhC. 
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Fig. 2.3: TE band gap of square lattice of SiC rods in air PhC. 

 

 

Fig. 2.4: TE band gap of square lattice of Si rods in air PhC. 

 

Again, a 2D PhC composed of hexagonal lattice of SiC rods (n=2.64) in air with 

radius of dielectric nanopillars, r = 0.16 μ m and lattice constant, a=0.55 μ m has been 

considered as shown in the Fig.2.5, whose PBG for TE mode lies in the range of 1.38 

μ m to 1.85 μ m as shown in the Fig.2.7. Similarly, a 2D Si rods in air PhC with a 
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hexagonal lattice is created with r = 0.12 μ m  and a=0.42 μ m as shown in the 

Fig.2.6, whose PBG for TE mode is in between 1.28 μ m to 1.81μ m as shown in the 

Fig.2.8. Further, point defect is created in these proposed designs of SiC and Si 

photonic crystal to form PhC cavity. The figures indicate that the band gaps exhibited 

by SiC crystals are smaller as compared with those exhibited by Si photonic crystals 

because the SiC photonic crystals have lower refractive index contrast.  

 

Fig. 2.5 A hexagonal  lattice dielectric rods in air silicon carbide 2D PhC. 

 

 

Fig. 2.6: A hexagonal lattice dielectric rods in air silicon 2D PhC. 
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Fig. 2.7: TE band gap of hexagonal lattice of SiC rods in air PhC. 

 

 

Fig. 2.8: TE band gap of hexagonal lattice of Si rods in air PhC. 

 

2.3. Temperature resiliency study of band gap width of 2D SiC PhC 

To study the effect of temperature on the photonic crystal structures, the temperature 

of the designed structures has been raised from 25
0
C to 200

0
C [153] and the band gap 

width has been calculated at various temperatures for both SiC PhC and Si PhC. The 

variation of photonic band gap with temperature for both Si and SiC based square and 

hexagonal lattice PhC has been shown in figure 2.9. Figure 2.9 indicates that the SiC 

based photonic crystal exhibited a very small variation or shallow shift in the width of 
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the band gap with change in temperature as compared to the Si based PhC. For the 

operational wavelength of 1550nm, the SiC based square lattice PhC exhibited a shift 

of around 2.2nm in the operational range (band gap width) while the temperature is 

varied from 25
0
C to 200

0
C, whereas the Si based photonic crystal, exhibits a shift of 

around 5.5nm in the same operational window, which is around three times the 

variation observed with respect to the SiC based PhC. Also the SiC based hexagonal 

lattice PhC exhibited a shift of 1nm in the operational range (band gap width) while 

the temperature is varied from 25
0
C to 200

0
C, whereas the Si based photonic crystal, 

exhibits a shift of around 8.2 nm in the same operational window, which is around 

eight times the variation observed with respect to the SiC based PhC.  Thus, the 

results indicate that the SiC based photonic crystals are nearly three times more 

resilient than Si based photonic crystals over a given temperature range and hexagonal 

lattice SiC PhC structures are more resilient than its square counterpart. This variation 

in the operational range of the SiC and Si PhC indicate the difference in the thermo 

optic effect of SiC and Si photonic crystal. Thus, the SiC PhCs are less susceptible to 

the temperature fluctuations in comparison to Si PhCs that lead to the instability of the 

optical properties of the opto-elctronic systems and hence SiC PhCs find application 

in making photonic crystal nanophotonic devices almost independent of the 

temperature of their environment. 

 

Fig. 2.9: Variation of band gap width with temperature in square and hexagonal lattice SiC 

and Si PhC. 
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2.4. Defect mode analysis of 2D SiC square lattice cavity 

 Photonic crystals have the potential of realizing nanoscale optical components and 

devices. Since the PBG structures strongly control the flow of light, therefore various 

types of defect cavities can be created in periodic lattice of PhC’s by changing the 

radius of rods or holes or by removing them completely that result in confinement or 

localization of light in a specified defect space [13]. These cavities support localized 

modes in the frequency range lying within the PBG of the PhC. These localized 

modes are horizontally confined by PBG of the photonic crystal and vertically by total 

internal reflection because of the refractive index contrast between the dielectric and 

the cladding [154, 155]. 

 

2.4.1. Dispersion analysis of defect cavity mode 

A defect A1 cavity has been created by removing a single dielectric rod from the 

proposed square and hexagonal lattice SiC PhC structures and it has been found that 

the localization or trapping of light in square lattice cavity is more compared to 

hexagonal lattice cavity. The defect A1 cavities of silicon carbide dielectric rods in air 

PhC and silicon rods in air PhC designs have been shown in the figure 2.10 and figure 

2.11 respectively. It has been found that the PWE TE solutions exhibit a band gap in 

the range between 1.49 μm to 1.81 μm for SiC PhC cavity and the PWE TE solutions 

exhibit a band gap in the range between 1.30 μm to 1.78 μm for Si PhC cavity. When 

a point defect is created in a photonic crystal, the defect can pull light mode into the 

band gap. As such a state is forbidden from propagating in the bulk crystal, it is 

trapped. Localized defect modes have been extracted for both the SiC and Si PhC 

cavities. The dispersion diagram for SiC 2D PhC cavity has been plotted as shown in 

figure 2.12. Figure 2.13 shows the dispersion diagram for Si 2D PhC cavity. The 

corresponding defect mode profile of SiC and Si PhC cavity is shown in figure 2.14 

(i) and figure 2.14 (ii), which indicates that modes get localized in both 2D SiC and Si 

PhC A1 cavity and these modes are confined vertically by total internal reflection and 

horizontally by the photonic band gap of the PhC.  
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Fig. 2.10:  A square lattice dielectric rods in air silicon carbide 2D A1 PhC cavity having 

lattice constant, a = 0.55 μ m. 

 

 

 

Fig. 2.11: A square lattice dielectric rods in air silicon 2D A1 PhC cavity having 

lattice constant, a = 0.42 μ m. 
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Fig. 2.12.: Dispersion graph of localized defect mode of SiC PhC A1cavity at different 
temperatures: the blue line is the dispersion curve. Inset: Shift in the resonant 
wavelength of the A1 SiC rods in air PhC micro cavity structures for different 
temperatures.  
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Fig. 2.13:  Dispersion graph of localized defect mode of Si PhC A1cavity at different 

temperatures: the blue line is the dispersion curve. Inset: Shift in the resonant 

wavelength of the A1 Si rods in air PhC micro cavity structures for different 

temperatures.  
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Fig. 2.14: Localized defect modes of a square lattice of (i) SiC and (ii) Si dielectric cylinders 

in air PhC A1cavity: Y- component of electric field (E) amplitude. 
 

 

(ii) 

(i) 
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The dispersion graph of localized defect mode of SiC PhC A1cavity in figure 2.12 

shows a shift of around 3.6nm for the temperature range from 25
0
C to 200

0
C whereas 

the Si PhC A1cavity in figure 2.13 exhibits a shift of around 37nm in the same 

operational window, which is around ten times the variation observed with respect to 

the SiC based PhC A1cavity. The result depicts that the SiC cavity structures are more 

temperature resilient as compared to Si based PhC cavity. 

 

2.4.2 Q factor calculation and its optimization  

The Q factor [156] or Q of the cavity is defined as the ratio 


 of the cavity 

resonance and is a measure of the ratio of the optical energy stored in the micro cavity 

to the cycle average power radiated out of the cavity. The resonant mode is strongly 

confined in the micro cavity. Q can be calculated from relative power versus distance 

curve using transmission function based on the point or transmission function based 

on the area [58, 156] using relation 1.31. 

i.e.  

Where, of  is the centre frequency or the resonant frequency, 1f  and 2f  frequencies 

at full wave at half maximum (FWHM) called the upper and lower cut off 

frequencies, ( 2f  - 1f ) is the band width of the resonant system. Quality factor or Q 

factor is a measure of quality of performance of a resonant system. It indicates the 

ability of the system to produce a large output at the resonant frequency. Hence, the 

quality factor for the above mentioned structures has been found out and a maximum 

value of 224 is obtained for SiC A1 PhC cavity and 213 for Si A1 PhC cavity. It has 

been found that there is a shift of about 0.3nm in the resonant wavelength peak of the 

SiC A1 PhC cavity structures when the temperature is varied from 25
0
C to 200

0
C as 

shown in figure 2.15. Whereas the Si PhC A1cavity in figure 2.16 exhibits a resonant 

wavelength peak shift of around 2nm in the same operational window, which is 

around seven times the variation observed with respect to the SiC based PhC 

A1cavity. The result indicates that the SiC cavity structures are more temperature 

resilient as compared to Si based PhC cavity structures [157,158]. 

0

2 1

                                                                                                 (1.31)
f

Q
f f




 
 
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Fig. 2.15: Transmitted Power versus wavelength graph for localized defect mode of SiC PhC 

A1 defect cavity at different temperatures. Inset: Shift in the resonant peak of the 

A1 SiC rods in air PhC micro cavity structures for different temperatures. 
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Fig. 2.16: Transmitted Power versus wavelength graph for localized defect mode of Si PhC 
A1 defect cavity at different temperatures. Inset: Shift in the resonant peak of the 
A1 Si rods in air PhC micro cavity structures for different temperatures. 
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2.5 Conclusion  

Here, in this chapter, photonic crystal (PhC) based on two dimensional(2D) square 

and hexagonal lattice periodic arrays of Silicon Carbide (SiC) rods in air structure has 

been investigated using plane wave expansion (PWE) method. The PhC designs have 

been optimized for telecommunication wavelength (λ=1.55 µm) by varying the radius 

of the rods and lattice constant. The result obtained shows that a photonic band gap 

(PBG) exists for TE-mode propagation. First, the effect of temperature on the width 

of the photonic band gap in the 2D SiC PhC structure has been investigated and 

compared with Silicon (Si) PhC. Further, a cavity has been created in the proposed 

SiC PhC and carried out temperature resiliency study of the defect modes. The 

dispersion relation for the TE mode of a point defect A1 cavity for both SiC and Si 

PhC has been plotted. Quality factor (Q) for both these structures have been 

calculated using finite difference time domain (FDTD) method and found a maximum 

Q value of 224 for SiC and 213 for Si PhC cavity structures. Thus, we have designed 

an optimized cavity in temperature resilient material (SiC) and analyzed its PBG and 

cavity mode characteristics using PWE and FDTD techniques. These analyses are 

important for fabricating novel PhC cavity designs that may find application in 

temperature resilient devices. The SiC PhC devices can be used for high temperature 

and power transmission which is difficult to achieve with Si or GaAs based photonic 

crystals and devices. Apart from applications in optical communication, various other 

SiC based devices such as optical filters, switches and lasers etc can be designed 

which are stable at high power and high temperature, at which the silicon photonics 

fails, which can lead to the era of silicon carbide power photonics analogous to silicon 

carbide power electronics.  
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CHAPTER-III 

CHARACTERIZATION OF FLUOROPOLYMER PHOTONIC 

CRYSTAL FIBER FOR THZ REGIME 

 

3.1 Introduction 

As discussed in chapter I of this thesis, Photonic Crystals Fiber (PCF) is a new class 

of fiber also called specialty fiber designed on the basis of the properties of the 

photonic crystal. Due to it’s capacity to confine more light in the core or the 

confinement characteristics not possible in conventional optical fiber, PCF is finding 

applications in fiber-optic communication, fiber lasers, nonlinear devices, high power 

transmission, sensing, fiber to the home applications (FTTH) etc. PCF [10] is a single 

material optical fiber with an array of periodic air holes across the cross-section 

running down its entire length. By leaving a single lattice site without an air hole, a 

localized region of higher refractive index is formed. This localized region acts as a 

waveguide core in which light can be trapped along the axis of the fiber [63,87]. PCF 

are usually designed in silica material. In recent past, different materials are used for 

the formation of PCF using Ge-Se Chalcogenide glass [159], As2Se3 chalcogenide 

glass [160,161], As2S3 chalcogenide glass [162] and plastic or polymer [163] due to 

their unique optical properties and for non linear applications like supercontinuum 

generation and generation of slow light. Very recently, tellurite [164] and fluoro-

tellurite [165] glass have been used to design PCF.  

A substantial amount of attention has been given to Fluoropolymer (commercial name 

Teflon) based PCF [166] because of its unusual and attractive optical properties in 

THz frequency range [163] like single mode operation [168], large mode area[163], 

high birefringence[163] and manageable dispersion properties [166,170,171] and 

possible applications in optical communication[172], nonlinear optics such as optical 

coherence tomography[106], metrology and spectroscopy[168,169],  and can be 

utilized in construction of compact THz devices and measurement systems[172]. 

Moreover, the Fluoropolymer (Teflon) based PCF is one of the potential candidates 
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for  a range of optical communication application such as THz imaging systems in 

THz spectroscopy, laser amplifier, pulse compression, wavelength conversion, all 

optical switching, supercontinuum(SC) generation and also in optical sensing. These 

applications require a detailed investigation of the optical properties of Teflon PCFs, 

which, to our knowledge, have not been investigated much by the research 

community till today since Goto et al [173] successfully used Teflon to produce a 

viable PCF THz waveguide followed by Pobre et al [174] conducting modal analysis 

of Teflon photonic crystal fiber as a terahertz waveguide. These properties include 

variation of effective index of guided mode with wavelength and dispersion etc. 

Fluoropolymer or the fluorinated copolymer is a copolymer of 2,2-bistrifluoromethyl-

4,5-difluoro-1,3-dioxole(PDD) and tetrafluoroethylene (TFE) and  amorphous in 

nature [166]. The PDD dioxole monomer in fluoropolymers yields unexpected 

properties. Teflon or polytetraflourethylene is the trademark brand name of 

fluoropolymer produced by Dupont. Teflon has outstanding light transmission from 

the deep UV range including a significant portion of the IR range. Also, as Teflon 

does not absorb light, it will not deteriorate with exposure to light. These optical 

properties, over such a wide range of wavelength and possible exposure conditions, 

are unmatched by any other polymer. The properties of Teflon, including optical 

clarity, unusually low refractive index, high flexibility and exceptional UV stability 

and UV transmission capability, make it an ideal material for optical devices. 

Fluoropolymer PCF can be easily manufactured and has low loss characteristics to be 

used as a waveguide for terahertz waves i.e. in the frequency regime of 100 GHz (or 

0.1THz) to 30 THz [168,169,172] or in the wavelength range of 10 µm to 300 µm.   

In optical communication, dispersion plays an important role as it determines the 

information carrying capacity of the fiber. Therefore it becomes important to study 

the dispersion properties of PCF. Following these issues, we present the propagation 

characteristics of Fluoropolymer PCFs exhibiting guiding properties in terahertz 

region. The variation of effective index of guided mode and dispersion with 

wavelength in hexagonal lattice Fluoropolymer PCF are investigated by using the 

fully-vectorial finite element method (FEM).  
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3.2. Design  of  Fluoropolymer  PCF 

A PCF is designed using the highly flexible plastic material Fluoropolymer whose 

commercial name is Teflon. Figure 3.1 shows the transverse cross-sectional view of 

the proposed fluoropolymer PCF structure.  Here, the fiber cladding consists of a 

hexagonal lattice of circular air hole with a missing air hole in the centre, in a 

fluoropolymer background, whose refractive index is considered to be equal to 1.44. 

 

 
Fig. 3.1: Transverse cross sectional view of the designed Fluoropolymer PCF. 

 

In the design, the pitch, Λ(i.e. the distance between the center’s of two consecutive air 

holes or air hole spacing), is taken to be 750 μm, and the diameter of cladding air hole is 

varied (from d/Λ=0.3µm to d/Λ=0.6µm) while keeping diameter of the core (dc=1000 

μm) larger than diameter of air holes in the cladding. Following this optimization, finally 

obtained an optimized asymmetric PCF structure for our calculation having diameter 

(d/Λ=0.3µm) of air hole in cladding. The mesh diagram and distribution of electric field 

inside the PCF design is shown in figures 3.2(a) and 3.2(b). 
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(a)                                                                    (b) 

Fig.3.2: (a) Mesh distribution applied on a quarter of the PCF and (b) Distribution of the 

electric field of the fundamental mode into a PCF with  Λ= 750μm at λ=10 μm  on 

a quarter of  Fluoropolymer PCF using Rsoft-FemSIM software tool. 

 

Symmetric Fluoropolymer PCF structures have been created considering similar pitch 

value for d/Λ value ranging from 0.3 to 0.6, keeping the diameters of the core same as 

the diameter of the air holes of cladding for corresponding d/Λ value. 

 

3.3. Numerical calculations and results  

We calculate the effective index of fundamental polarization modes by using finite 

element method (FEM) which is highly suited for the analysis of our periodic 

structure. The chromatic dispersion then deduced from the determination of the 

effective index. Chromatic dispersion is the main contribute to the optical pulse 

broadening. Chromatic dispersion D (λ), includes both waveguide and material 

dispersion, and is proportional to the second derivative of effective index of guided 

mode with respect to wavelength ‘λ’ and is given in equation 1.26. Figure 3.3(a) 

shows the variation of effective index of guided mode, and Figure 3.3(b) shows the 

variation of chromatic dispersion with wavelength for wavelength range 10 µm to 300 

µm for the asymmetric optimized PCF structure.  
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Fig. 3.3: Variation of (a) Effective index of guided mode, and (b) Chromatic dispersion 

with wavelength in the proposed asymmetric Fluoropolymer PCF. 

 

(a) 

(b) 
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The variation of effective index (n-eff) of guided mode shows a sharp decrease with 

wavelength depicts that the effective refractive index of the cladding region relative to 

the core is reduced due to the presence of the air holes in the higher wavelength range 

and effective index shows a strong wavelength dependency. The variation of 

chromatic dispersion graph shows a flattened dispersion thereby opening the door for 

dispersion flattened PCF. 

Further, n-eff for the proposed Fluoropolymer PCF for wavelength range 10 µm to 300 

µm for the symmetric optimized PCF structure for d/Λ value ranging from 0.3 to 0.6 

has been calculated. Table 3.1 gives the values of n-eff for symmetric Fluoropolymer 

PCF at different wavelengths and for d/Λ value ranging from 0.3 to 0.6. 

 

Table 3.1: Value of n-eff for Fluoropolymer PCF at different wavelengths and for d/Λ value 

ranging from 0.3 to 0.6. 

Wavelength 

( μm ) 

d/pitch= 0.3 d/pitch= 0.4 d/pitch= 0.5 d/pitch= 0.6 

n-eff n-eff n-eff n-eff 

10 1.439984869 1.43997875 1.439968733 1.439950224 

50 1.439626699 1.439474967 1.439227899 1.438782053 

100 1.438543288 1.437951642 1.436994587 1.435304205 

150 1.436804877 1.435513933 1.433440324 1.429809466 

200 1.434461154 1.432234809 1.428685768 1.422497456 

250 1.431559202 1.428179724 1.422833218 1.413541005 

300 1.428144337 1.423409431 1.415973099 1.403093749 
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Fig. 3.4: Variation of: (a) Effective index (n-eff) of guided mode with wavelength, and (b) 

Confinement loss of guided mode with wavelength in the proposed Fluoropolymer 

PCF for different d/Λ value ranging from 0.3 to 0.6. 

 

(b) 

(a) 
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The confinement loss of the proposed symmetric Fluoropolymer PCF designs have 

been calculated using equation 1.29 in chapter I and the confinement loss found 

increasing exponentially for d/Λ value 0.3 to 0.6 as shown in figure 3.4(b). Due to the 

increase in diameter of the holes of the cladding as well as the core diameter of the 

proposed PCF there is less confinement in the central hole or core. As the diameter of 

holes increased for different d/Λ value from 0.3 to 0.6, the refractive index contrast 

between core and cladding decreases and also the effective index of guided mode 

decreases as shown in figure 3.4(a). Both of these, resulting in the increase of the 

confinement loss of the proposed PCF structures. 

 

3.4. Conclusion 

In this chapter, we report the design of a simplified PCF structure based on 

Fluoropolymer material exhibiting guiding properties in terahertz region i.e. in the 

wavelength range of 10 µm to 300 µm. The variations of effective index of guided 

mode, confinement loss and dispersion with wavelength of proposed Fluoropolymer 

PCF are investigated by using full-vector finite element method. The obtained results 

add remarkable contribution for the use of Fluoropolymer PCF in numerous 

applications of sensing, imaging and spectroscopy particularly for terahertz region. 
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CHAPTER-IV 

TEMPERATURE DEPENDENT BENDING LOSS 

CHARACTERISTICS OF W-TYPE PHOTONIC CRYSTAL 

FIBERS: DESIGN AND ANALYSIS 

 

4.1 Introduction 

It has been discussed in previous chapter I and III that photonic crystal fibers (PCFs) or 

microstructured fibers (MFs) or holey fibers are the single material specialty optical fibers 

in which arrays of air holes are arranged in a specific arrangement in the cladding region 

around the core and running along throughout the length [10,63-65, 87].  The effective 

refractive index of the cladding region relative to the core is reduced due to the presence of 

these air holes. The presence of the air holes around the core makes the design more 

flexible. Significant amount of interest has been shown in PCFs because of its unusual and 

attractive optical properties like single mode operation in wide wavelength range, bending 

loss characteristics, excitation of non-linear effects at small mode area, and manageable 

dispersion properties [175-183]. According to the shape, size, orientation and arrangement 

of the air holes in the cladding region various types of functionalities have been achieved 

using the PCF structures [175-178]. Recently, a triangular core PCF structure has been 

reported for all-normal and flat dispersion profile [179,180]. Large-mode-area PCF 

structure that supports effective mode-area of fundamental mode as large as 794 µm
2
 with 

nominal bend loss of propagating mode 0.064 dB/m at the bend radius of 15cm has been 

reported for high power applications[175]. In W-type PCF design, the effective index of 

the cladding region is reduced by varying the diameter of the air holes of different layers to 

different extent thereby producing a W-type index profile [180,181] and hence is called the 

W-type PCF [182]. The confinement and guidance of the light in this PCF with relatively 

high core index occurs via total internal reflection. The single-mode propagation depends 

on the core radius and the operating wavelength [183, 131]. 

The study of bending in PCF is an important aspect as PCF like conventional telecom 

grade optical fibers are needed to be cabled or placed in the forms of coils for its 

application as transmission medium resulting in bend loss of optical signals in these fibers. 

In the bend state of the fibers, the field profiles of the propagating modes deform which 

causes a large bend loss. 
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In this chapter, bending losses for different bend radii as well as the effect of thermo-optic 

coefficient on bend loss of W-type-I and W-type-II PCF have been investigated. Mode 

field diameter (MFD), effective area (Aeff) [135] and nonlinearity coefficient [184] of 

both the proposed PCF structures have been simulated. The thermo-optic effect on bend 

loss of the proposed PCF structures has been studied and it has been found that the 

thermo-optic effect overcomes the bend losses at high temperature and there is partial 

recovery of the fundamental mode thereby making it a potential candidate to be used as 

temperature-tuned device. Least change in bending loss data has been observed for the 

proposed PCF designs for macro-bending which implies that the structure is macro-bend 

insensitive and can be used in fiber-to-the-home applications. 

4.2  Modeling of W-type PCF 

We have designed two PCF structures. There are three rings of the air holes in the 

cladding region of the PCF structures. d1, d2, and d3 are the diameters of the air holes in 

first, second and third ring respectively. The material of the PCFs has been taken as silica. 

4.2.1 W-type-I PCF structure 

In this PCF structure, the values of the diameters of the air holes are taken as: d1 = 

0.345µm and d2 = d3 = 0.690 µm. The transverse cross-sectional view of the proposed 

W-type-I PCF structure has been illustrated in figure 4.1. 

 

Fig. 4.1: The transverse cross sectional view of W-type-I PCF structure. 
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4.2.2 W-type-II PCF structure 

In this PCF structure, the values of the diameters of the air holes are considered as: d1 

= 0.690 µm and d2 = d3 = 0.345µm. The transverse cross-sectional view of the 

proposed W-type-II PCF structure has been illustrated in figure 4.2. In contrast to 

step-index fibers the PCF is said to be single-moded if the effective V number is less 

than approximately the value of the π. [185]. The PCF structures have been analysed 

for three wavelengths, 0.633μm, 1.33μm and 1.55μm. 

 

Fig. 4.2: The transverse cross sectional view of  W-type II PCF structure. 

4.3. Bend loss calculation 

The bending loss of the PCF structures plays a vital role in most of the fiber optic 

applications. Of late several works have been reported on calculation of low bend 

losses in small mode area PCF [179, 186].  In order to simulate the effects of the 

bending, the bent PCF is transformed into a straight PCF with an equivalent refractive 

index profile [141] defined in equation 1.30. 

A rectangular perfectly matched layer (PML) has been introduced at the surface of the 

W-type PCFs to simulate the accurate bend losses. At the bend state of the PCF 

structure, the propagation constant of the modes of the structure becomes complex. 

Effective index and the bending loss of the mode have been calculated by using the 

real and imaginary part of the propagation constant respectively. Bending losses have 



Chapter IV        Temperature dependent bending loss characteristics of W-type PCF 

 62 

been calculated using imaginary part of effective refractive index of the propagating 

mode by using the following Eq. 1.29. 

The bends with different macro bending radii ranging from 2.5cm to 30cm have been 

applied on the proposed PCF structures in a circular loop with a single-turn and 

arbitrary angular orientation and bend loss of individual structures have been 

calculated. The effect of the bending radius on the bending loss of the propagating 

mode of proposed W-type-I PCF is illustrated in figure 4.3. It is clear from this figure 

that the bending loss of the propagating mode decreases on increasing the bend radius. 

In other words, the shift in the modal field towards the bending direction increases 

with decreasing bend radius. It has been found that at small bending radius, the loss is 

high and reaches its maximum. However, by increasing the bending radius the bend 

loss can be dropped to 0.01 dB/m, this is because at large bending radius the 

scattering loss becomes small. 

Table 4.1 shows the calculated refractive index values at different wavelengths using 

Sellmeier equation for silica at equation 1.25 in chapter I. 

Table 4.1: Calculated refractive index values for silica glass at different wavelengths.  

 

 

 

 

 

 

 

 

 

Wavelength 

(μm) 

Calculated refractive index values using Sellmeier 

equation for  Silica 

0.2 1.5505 

0.4 1.4701 

0.6 1.4580 

0.8 1.4533 

1 1.4504 

1.2 1.4481 

1.4 1.4458 

1.55 1.4440 

1.6 1.4434 

1.8 1.4409 

2 1.4381 

2.2 1.4350 

2.4 1.4316 
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Fig. 4.3: Gradual shift of modal field (electric field intensity profile) along the direction of 

application of bend for (i) No Bend and for different bend radii from (ii) 30cm,(iii) 

25cm, (iv) 20cm, (v) 15cm, (vi) 10cm, (vii) 5cm and (viii) 2.5cm for W-type-I PCF 

at wavelength 1.55 µm. 
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4.3.1. Effect of bend radius on bend loss  

To study the effect of bend radius on bending loss of the proposed W-type PCF 

structures, we have calculated bend loss of the propagating mode with different bend 

radii at 0.633 µm, 1.33 µm, and 1.55 µm wavelengths. This bend loss characteristic of 

the W-type-I and W-type-II PCF structures have been illustrated in figure. 4.4 and 

figure 4.5 respectively. Figures 4.4 (a), 4.4 (b), and 4.4 (c) show the variation of bend 

loss with bend radius of W-type-I PCF for 0.633µm, 1.33µm, and 1.55µm 

wavelengths respectively. Figures 4.5 (a), 4.5 (b), and 4.5 (c) elucidate the variation 

of the bend loss with bend radius of W-type-II PCF for 0.633µm, 1.33µm, and 

1.55µm wavelengths respectively. 

It has been found that the W-type-I PCF is almost insensitive to macro bending. The 

W-type-I PCF has minimum bending loss of 0.01dB/m, 0.01dB/m and 0.07dB/m at 

wavelengths of 0.633μm, 1.33 μm and 1.55μm respectively for a 30 cm bend radius. 

Our simulated results indicate that the bending performances of the proposed PCF 

structures are better than that of the earlier reported structures in the Refs. [187-190].  
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Fig.4.4: Variation of the bend loss on the bend radii at different wavelengths; (a) 

0.633µm, (b) 1.33 µm, and (c) 1.55 µm for W-type-I PCF structure. 
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Fig.4.5:  Variation of the bend loss on the bend radii at different wavelengths; (a) 

0.633µm, (b) 1.33 µm, and (c) 1.55 µm for W-type-II PCF structure. 

 

4.3.2. Effect of temperature on bend loss  

The temperature dependence of the refractive index is described by the thermo-optic 

coefficient (dn/dT), which is a measure of the shift of the value of the refractive index with 

temperature [191]. To study the effect of thermo-optic coefficient on propagation 

characteristics of W-type-I and W-type-II PCF, a more practical temperature range of 25 
0
C 

to 200 
0
C has been considered. The background material, i.e. silica, used in the PCF design 

exhibits a highly linear, positive thermo-optic coefficient (TOC) equal to 8.3 × 10
-6 

/ 
0
C [73]. 

Based on the change of refractive index with temperature, the corresponding bend 

losses of the fundamental mode of the proposed PCF structures has been simulated for 

different temperatures. Further, bend loss calculations have been carried out for 

different bend radii ranging from 2.5 cm to 30 cm applied on the two proposed PCF 

structures at 1.55 μm wavelength for different temperatures from 25 
0
C to 200 

0
C. The 

variations of the bend loss with temperature for a bend radius of 30 cm at wavelength 

1.55µm for both W-type-I and W-type-II PCF structures have been found lowest.  

Figure 4.6 (i) and 4.6 (ii) show the variation of bend loss with temperature in W-type-I 

PCF and W-type-II PCF that signifies that due to the positive thermo-optic coefficient 

(TOC) of Silica, bend loss decreases with temperature in both W-type-I and W-type-II 

PCF structures. 
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Due to increase in temperature, the refractive index contrast between cladding and 

core also increases and that in turn partially reconstruct back the fundamental guiding 

mode to the core of the fiber. At room temperature, the mode of the bent fiber is 

asymmetric in shape and shifts towards the outside of the bend but as the temperature 

increases, the guiding mode starts accumulating at the core. The thermo-optic effect 

overcome the bend loss at high temperature and there is partial recovery of the 

fundamental mode for W-type-I PCF for wavelengths 0.633µm, 1.33µm and 1.55µm 

and is limited for W-type-II PCF. Thus, the W-type-I PCF has the potential to be used 

for macro-bend sensing and due to the feature of power recovery with temperature the 

PCF has the ability to act as temperature-tuned device. 

 

 

Fig. 4.6:  Variation of bend loss with temperature for a bend radius of 30 cm at 1.55µm in: (i) 

W-type-I PCF, and (ii) W-type-II PCF. 
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4.4. Nonlinearity study of the PCF designs 

The nonlinearity of the proposed PCF designs can be measured by calculating the 

nonlinear coefficient [192]. A high nonlinearity value of PCF implies ability to 

confine high-intensity light. Figure 4.7 represents the variation of the nonlinear 

coefficient as a function of wavelength for the two proposed W-type-I and W-type-II 

PCF designs that shows the exponential decrease of nonlinear coefficient with the 

increase of wavelength for a wavelength ranging from 0.4μm to 2.4 μm. The W-type-I 

PCF has nonlinear coefficient value of γ(λ) = 29 W
-1

Km
-1

, 10W
-1

Km
-1

, and 8W
-1

Km
-

1
at a wavelength of 0.633μm,1.33 μm and 1.55μm respectively. On the other hand, the 

W-type-II PCF has nonlinear coefficient value of γ(λ) = 49W
-1

Km
-1

, 16W
-1

Km
-1

, and 

14 W
-1

Km
-1

at a wavelength of 0.633μm, 1.33μm, and 1.55μm respectively. So, the 

proposed W-type PCF structures can also be applicable for nonlinear applications 

such as supercontinuum generation in visible and near infrared region. 

 

Fig. 4.7: Variation of the nonlinear coefficient with wavelength for W-type-I and W-type-II 

PCF structures.  

  

4.5. Conclusion 

The temperature dependant bending loss characteristics of two solid-core W-type 

photonic crystal fiber structures have been computed by employing commercially 

available software ‘COMSOL Multiphysics’ based on full vectorial finite element 



Chapter IV        Temperature dependent bending loss characteristics of W-type PCF 

 70 

method. Bending performance of the proposed PCF structures have been reported. 

The bending loss characteristics of W-type-I photonic crystal fiber structure have 

been found better than that of the W-type-II photonic crystal fiber structure.  It has 

been found that the W-type-I PCF structure offers bend losses of 0.01dB/m, 0.018 

dB/m, and 0.07 dB/m at 0.633μm; 1.33μm; and 1.55μm wavelengths respectively for 

a 30cm bend radius.  

The effect of temperature on bend loss of the proposed structures has been studied and 

it has been found that the proposed PCF structures are sensitive to temperature 

variations when applied for a temperature range from 25˚C to 200˚C. The proposed 

structures can be utilized in both telecommunication and macro-bend sensing. Least 

change in bending loss data observed for the proposed PCF design for macro-bending 

imply that the structure is macro-bend insensitive and that makes them suitable 

candidates for fiber to the home applications. Moreover, the proposed photonic crystal 

fiber structures shows significant nonlinearity and hence can be used in nonlinear 

applications such as visible to near infrared supercontinum generation as well.  
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CHAPTER-V 

DESIGN AND ANALYSIS OF CLADDING DOPED LARGE 

MODE AREA W-TYPE PHOTONIC CRYSTAL FIBER FOR 

TELECOM AND SENSING APPLICATIONS 

  

5.1. Introduction 

In previous chapters we have discussed about conventional photonic crystal fiber 

(PCF) and W-type photonic crystal fiber (W-type PCF). A conventional photonic 

crystal fiber (PCF) is made up of wave guiding parts with a solid core and cladding 

layers consisting of spatially periodic air holes [65]. The presence of these air holes in 

the cladding reduces the effective refractive index of the cladding region relative to 

the core. On the other hand, in W-type PCF design, the effective index of the cladding 

region is reduced by varying the diameter of the air holes of different layers to 

different extent thereby producing a W-type index profile [77,180,181] and hence 

named W-type PCF. The design of large mode area (LMA) [193,194] PCF based on 

selective material-filling technique [195,207] is a new kind of technique to obtain 

LMA PCF structures. Ademgil et al. proposed endlessly single-mode photonic crystal 

fiber with improved effective mode area based on introducing higher index material in 

the cladding region and the ideal overall performance is achieved by adjusting the 

doping level [133].  

In the proposed PCF, the central core is un-doped silica while the second cladding 

layer of rings have been doped with different concentration of fluorine to drop the 

refractive index of doped silica [196] rods to below 1.45. This design of PCF structure 

simultaneously gives large-mode-area with low bending loss. Numerical calculations 

have been carried out on the proposed PCF design to calculate parameters like 

confinement loss, bend loss, birefringence, sensitivity, effective mode-area and 

nonlinear coefficient. The confinement and guiding of light in this PCF with relatively 

high core index occur via total internal reflection and the single-mode propagation is 

dependent on the ratio between the core radius and wavelength.  



Chapter V                            Cladding doped W-type PCF 

72 

B= n  (x) - n (y)                                                                                                          (1.32)
eff eff

To calculate bend loss, bends of different radii have been applied on the proposed 

PCF designs. In bent fibers, the field profile deforms outwards in the direction of the 

bend. In order to simulate the effects of bending, the bent PCF is transformed into a 

straight PCF with an equivalent refractive index [184,187, 197-200] defined in Eq. 

1.30. A rectangular perfectly matched layer (PML) has been introduced at the surface 

of the W-type PCF to imitate the effect of an infinite domain in the finite element 

method. With the introduction of the PML the propagation constant of modes of the 

proposed PCF structure becomes complex [201]. The confinement loss of the guided 

mode of the PCF can be calculated by using the complex effective index of the 

proposed PCF designs without the application of bend using equation 1.29. The 

bending loss [132] of the guided mode has been calculated by using the imaginary 

part of propagation constant or complex effective index of the bent fiber with the 

equivalent refractive index obtained using Eq. 1.30.  

Birefringence [202] (B) that exists in such asymmetric PCF structures has been 

calculated using Eq. 1.32.  

where, neff (x) and neff (y) are the x and y components of the effective index of the 

guided mode of the proposed PCF structures.  

The sensitivity of the proposed PCF structures can be measured by calculating relative 

sensitivity co-efficient [203-205] given by Eq. 1.33. 

                                                                                                                 (1.33)s

e

n
r f

n
  

where, sn  is the refractive index of the absorbing material (i.e. fluorine in our case) and 

en  is the real part of the effective refractive index of the guided mode in the core, f is the 

percentage of energy present in the holes. According to Poynting’s theorem, the 

percentage of energy present in the holes [203-205] can be expressed as in Eq. 1.34. 

 
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The effective mode area [194,132] which is essential feature to suppress the nonlinear 

effects in the proposed PCF design has been calculated by using the Eq. 1.27. The 

nonlinearity of the proposed PCF designs can be measured by calculating the 

nonlinear coefficient [192,206] by utilizing Eq. 1.28 and considering value of the non-

linear refractive index of silica as n2 (≈2.5x10
-20

 m
2
 W

-1
). 

 

5.2.  Design of cladding doped large mode area W-type PCF 

The proposed W-type PCF structures have been created by making the air hole diameter 

of the first central ring different from the air hole diameter of the outer rings. Due to 

which, it behaves like two index layers and the structure will have the cladding of W-

type refractive index profile. The resulting fiber will be like doubly clad fiber, with 

refractive index n2 and n3 in the cladding. Two types of W-type PCF structures have 

been designed. In W-type-I PCF the diameter of the rings of first layer is kept at 

minimum compared to last layers. Whereas, in W-type-II PCF the diameter of the rings 

of first layer is kept at maximum compared to last layers. The second layer of rings of 

the proposed W-type PCF has been created with silica rods doped with different 

concentration of fluorine to vary the refractive index of doped silica rods. The full 

vectorial finite element method (FEM) has been applied to calculate the effective index 

of the proposed structure of PCF introducing perfectly matched layers (PML).  

 

5.2.1. Design of W-type -I PCF 

A hexagonal lattice solid defect-core W-type-I PCF has been designed having the 

following parameters: the background material refractive index, n = 1.45, air hole 

periodicity, Λ = 40μm, width period, (d/Λ) = 0.43μm, perfectly matched layer (PML) 

width = 35μm and diameter of first ring of air holes d1= 8.75µm, keeping equal the 

diameter of second and third ring of air holes, d2=d3=17.5µm.  

 

5.2.2. Design of W-type -II PCF 

A hexagonal lattice solid defect-core W-type-II PCF has been designed by increasing 

the width of the rings of first layer to twice of that of the rings of the other layers and 

keeping the background material refractive index, n = 1.45, air hole periodic, Λ = 
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40μm, width period, (d/Λ) = 0.43μm, perfectly matched layer (PML) width = 35μm 

and diameter of first ring of air holes d1= 17.5µm, keeping equal the diameter of 

second and third ring of air holes, d2=d3=8.75µm.  

Further, the second layer of rings of both the proposed W-type-I PCF and W-type-II 

PCF have been created with silica rods doped with fluorine with different 

concentration such that the refractive index of fluorine doped silica rods varies from 

1.434 to 1.448.   

The transverse cross-sectional view of proposed photonic crystal fiber designs are 

shown in figures 5.1(a) and 5.1 (b) respectively, in which, the triangular array of air 

holes is drawn in the silica. The diameter of air hole in the cladding is taken as d. The 

hole to hole distance also called pitch is Λ. The central air hole has been removed to 

create the defect in the photonic crystal geometry. The rings highlighted in brick red 

color are the fluorine doped silica rods. 

 

(a) 
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(b) 

 

Fig. 5.1: Transverse cross-sectional view of fluorine doped large mode area (a) W-

type-I PCF and (b)W-type-II PCF. 

 

 

5.3. Numerical Results and Analysis 

5.3.1. Confinement loss and effective index calculation 

The confinement loss arises due to the leakage of power between and through the 

holes of PCF. The PCF being a leaky structure has complex effective indices of the 

modes. The confinement loss can be extracted from the imaginary part of effective 

index of the guided mode of the proposed PCF structures by using the equation 1.29. 

First, the confinement loss of the guided mode has been calculated for PCF structure 

with same size of holes in the cladding and the results has been plotted in figure 

5.2(a). Figure 5.2(a) shows gradual decrease in confinement loss for increase in d/Λ 

value for undoped PCF with same size of air holes in the cladding. The lowest values 

of confinement loss for this symmetric PCF with same size of air holes in the cladding 
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for d/Λ equal to 0.43 at 1.55μm recorded as 2.24 X 10
-13 

dB/m. Further, the 

confinement loss of the guided mode has been calculated for both W-type-I and W-

type-II PCF structures without doping the cladding and doping with different 

concentration of fluorine in the second layer of rings of the cladding such that the 

refractive index of fluorine doped silica rods varies from 1.434 to 1.448.  

The confinement loss as a function of d/Λ graph has been plotted in figure 5.2(b) and 

5.2(c) for undoped W-type-I and W-type-II PCF structures. Figures 5.2(b) and 5.2(c) 

show gradual decrease in confinement loss for increase in d/Λ value for undoped W-

type-I PCF and W-type-II PCF structures.  

 

 

(a) 
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(b) 

 

 

(c) 

Fig.5.2:  Confinement loss as a function of d/Λ in: (a) Undoped PCF with same size of holes, 

(b)Undoped W-type-I PCF and (c) Undoped W-type-II PCF. 
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(a) 

 

 

(b) 

Fig.5.3:  Confinement loss as a function of d/Λ in: (a) Doped W-type-I PCF and (b) 

Doped W-type-II PCF when refractive index of doped rods 1.434. 
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The confinement loss for undoped W-type-II PCF structure has been found to be less as 

compared to undoped PCF structure with same size of holes in the cladding and 

undoped W-type-I PCF structures. The lowest values of confinement loss for undoped 

W-type-I and W-type-II PCF structures at 1.55μm recorded as 1.16 X 10
-10 

dB/m, and 

1.24 X 10
-13 

dB/m respectively. The increase in the cladding asymmetry in W-type PCF 

in turn increases the effective index of cladding. This further increases the effective 

index contrast between the core and cladding and decreases the confinement loss. 

In addition to this, the confinement loss of the W-type-I and II PCF structures with 

doped cladding has been calculated and the results have been plotted in figures 5.3(a) 

and 5.3(b) for doped cladding rod refractive index 1.434. 

The confinement loss decreases as we increase the d/Λ value for both the doped PCF 

structures. It has been found that the confinement loss in doped W-type-II PCF is less 

as compared to doped W-type-I PCF. The lowest values of confinement loss for 

doped W-type-I PCF at 1.55μm recorded as 9.24 X 10
-15 

dB/m when the refractive 

index of the doped rods 1.434 whereas the lowest values of confinement loss for 

doped W-type-II PCF at 1.55μm recorded as 1.64 X 10
-15 

dB/m when the refractive 

index of the doped rods 1.434 respectively. The increase in the doping level decreases 

the refractive index of the doped rods and that in turn reduces the effective index. This 

further reduces the effective index contrast between the core and cladding and 

increases the confinement loss.  

Further, we calculate the effective index (n-eff) of fundamental polarization mode of 

the proposed PCF structures by using finite element method (FEM). Variation of 

effective index of guided mode with wavelength in the proposed W-type-I PCF and 

W-type-II PCF has been shown in figure 5.4. The variation of effective index of 

guided mode shows a sharp decrease with wavelength depicts that the effective 

refractive index of the cladding region relative to the core is reduced due to the 

presence of the air holes in the higher wavelength range and effective index shows a 

strong wavelength dependency which is a measure of dispersion.   
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From figure 5.4 it has been found that W-type-II PCF is more dispersive compared to 

its counterpart W-type-II PCF.  

 

Fig.5.4: Variation of effective index (n-eff) of guided mode with wavelength in the proposed 

W-type-I PCF and W-type-II PCF. 
 

5.3.2. Bend loss calculation 

First, the bend loss of both the W-type-I and W-type-II PCF structures with d/Λ value 

equal to 0.43, without doping the cladding have been calculated for macro bending 

radii ranging from 2.5cm to 30cm at operating wavelength 1.55μm and applied in a 

circular loop with a single-turn of PCF and arbitrary angular orientation. Due to 

application of bend mode leaking across the PCF is observed which is the cause of 

bend loss and due to which the modal field in the core region shifts towards the bend. 

The bend loss is high and reaches it’s maximum at small bending radius. Bend loss in 

undoped W-type-I PCF is less as compared to undoped W-type-II PCF as shown in 

the figures 5.5(a) and 5.6(a). For W-type-I and W-type-II undoped PCF structures 
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minimum bending loss values of 7.15 X 10
-13

dB/m and 2.93 X 10
-7

dB/m have been 

obtained for a 30cm bend radius.  

To examine the effect of doping on bend loss of the PCF structures, the doping 

concentration of fluorine in the second layer of rings in the cladding of the proposed 

PCF structures varied such that the refractive index of fluorine doped silica rods 

varies from 1.434 to 1.448 at operating wavelength 1.55μm. Bends of different macro 

bending radii ranging from 2.5cm to 30cm have been applied on these proposed PCF 

structures. Figures 5.5(b), 5.5(c) and 5.5(d) and 5.6(b), 5.6(c) and 5.6(d) show the 

variation of bend loss with bend radius of the W-type-I PCF and W-type-II PCF for 

refractive index of the doped rods 1.434, 1.440 and 1.448 respectively. The bend loss 

of both the proposed W-type-I and W-type-II PCF structures increases as we increase 

the refractive index of the doped rods from 1.434 to 1.448 or decrease the doping 

level in the doped cladding rods. For W-type-I PCF, the minimum bending loss values 

of 1.35 X 10
-12

dB/m, 3.89 X 10
-10

dB/m and 6.68 X 10
-9

dB/m and for W-type-II PCF, 

the minimum bending loss values of 1.83 X 10
-10

dB/m, 1.28 X 10
-10

dB/m and 6. X 10
-

9
dB/m have been obtained for a 30cm bend radius for refractive index of the doped 

rods 1.434, 1.440 and 1.448 respectively. 

The low bending sensitivity for W-type-II PCF compared to the W-type-I PCF 

particularly at large bend radii can be clearly seen from these figures. The bend loss 

decreases as the doping level increases in the second layer of rings in the cladding of 

the proposed PCF structures. The increase in the doping level decreases the refractive 

index of the doped rods and that in turn increases the effective index contrast of core 

and cladding resulting in more confinement of guided mode and that in turn results in 

less bend loss. Thus, the proposed W-type PCF structures are found to be insensitive 

to macro bending. The results found are better compared to published results 

[147,185, 187, 207]. 
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(a) 

 

 

(b) 
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(c) 

  

 

(d) 

 
Fig.  5.5: Bend loss as a function of bend radius for: (a) Undoped W-type-I PCF, (b) 

Doped W-type-I PCF with RI of rods 1.434, (c) Doped W-type-I PCF with RI of 

rods 1.440, (d) Doped W-type-I PCF with RI of rods 1.448. 
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(a) 

 

 

(b) 
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(c) 

 

 

(d) 

Fig. 5.6: Bend loss as a function of bend radius for: (a) Undoped W-type-II  PCF, (b) Doped 

W-type-II PCF with RI of rods 1.434,(c) Doped W-type-II PCF with RI of rods 

1.440, (d) Doped W-type-II PCF with RI of rods 1.448. 
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5.3.3. Birefringence and relative sensitivity calculation 

The birefringence of the proposed PCF structures for a wavelength range of 0.6μm to 

2μm have been calculated changing the doping concentration of fluorine in the second 

layer of fluorine doped rods in the cladding such that the refractive index of fluorine 

doped silica rods varies from 1.434 to 1.448. Figure 5.7(a), 5.7(b) shows the variation 

of the birefringence with wavelength for a wavelength range of 0.6μm to 2μm.  

 
(a) 

 

(b) 

 Fig.5.7:  Birefringence as a function of wavelength in: (a) W-type-I PCF and (b) W-type-

II PCF. 
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Figure 5.7(a) shows that birefringence of the proposed W-type-I PCF structure for a 

wavelength range increases as we increase the refractive index of the doped rods or 

decrease the doping concentration of fluorine. Figure 5.7(b) shows that birefringence of 

the proposed W-type-II PCF structure increases for a wavelength range. The maximum 

birefringence for W-type-I PCF and W-type-II PCF found to be equal to 7.82 X 10
-8 

and
 

6.91 X 10
-7 

for refractive index of doped rods equal to 1.448 at 1.55μm.  Figures 5.8(a) 

and 5.8(b) show the variation of the relative sensitivity with wavelength for a 

wavelength range of 0.6μm to 2μm.  

 

 

Fig.5.8:  Relative sensitivity as a function of wavelength in: (a) W-type-I PCF and (b) 

W-type-II PCF. 

(b) 

(a) 
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Figure 5.8(a) and 5.8(b) shows that relative sensitivity of the proposed W-type-I PCF 

structure for a wavelength range increases as we increase the refractive index of the 

doped rods or decrease the doping concentration of fluorine in the doped rod. The W-

type-I PCF is found to be more sensitive compared to W-type-II PCF. The maximum 

relative sensitivity coefficient values for W-type-I PCF found to be 0.396 for 

operating wavelength 1.55μm with refractive index of doped rods 1.448. Similarly, 

the maximum relative sensitivity coefficient values for W-type-II PCF found to be 

0.015 for operating wavelength 1.55μm with refractive index of doped rods 1.448.  

The W-type-I PCF is found to be more birefringent and sensitive and can be a good 

candidate for applications in sensing [133, 204].  

 

5.3.4. Effective mode area and non linearity study 

The effective mode area (Aeff) and nonlinearity of the proposed PCF designs have 

been calculated. Figure 5.9 and 5.10 represents the effective mode area and the 

nonlinear coefficient as a function of wavelength graphs of the two proposed W-type-

I and W-type-II PCF designs.  

It has been found that the cladding doped defect-core large mode area W-type-I PCF 

has the highest effective mode area 1930μm
2
 whereas, cladding doped defect-core 

large mode area W-type-II PCF has highest effective mode area 901μm
2
 for operating 

wavelength of 1.55μm respectively when the doping concentration of fluorine in the 

second layer of rings namely the fluorine doped silica rods varied such that the 

refractive index of the holes or rods becomes equal to 1.434. The cladding doped 

defect-core large mode area W-type-I PCF has the lowest nonlinear coefficient value 

of γ(λ) = 0.015W
-1

Km
-1

, whereas, cladding doped defect-core large mode area W-

type-II PCF has lowest nonlinear coefficient value of γ(λ) = 0.013W
-1

Km
-1

 

respectively for operating wavelength of 1.55μm and when the doping concentration 

of fluorine in the second layer of rings namely the fluorine doped silica rods varied 

such that the refractive index of the holes or rods becomes equal to 1.434. 
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Fig. 5.9 Effective mode Area (Aeff) versus wavelength graphs of W-type-I and W-type-II 

PCF.  

 

 

Fig. 5.10: Non-linear coefficient (NLC) versus wavelength graphs of W-type-I and W-type-

II PCF.  

Low value of nonlinear coefficient implies that the proposed cladding doped defect-

core large mode area W-type PCF is free from non linear effects and most suitable for 

telecommunication and sensing.  
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5.4. Conclusion 

Cladding doped defect-core large mode area W-type-I and W-type-II PCF structures 

have been designed and propagation characteristics computed by extending the full 

vectorial finite element method. The W-type PCFs are found to have very low 

confinement loss. The lowest values of confinement loss for W-type-I PCF and W-type-

II PCF at 1.55μm recorded as 1.16 X 10
-10 

dB/m, and 1.24 X 10
-13 

dB/m respectively.  

It has been found that the W-type PCFs are insensitive to macro bending. The W-

type-I PCF and W-type-II PCF have the minimum bending loss value of 7.15 X 10
-

13
dB/m and 2.93 X 10

-7
dB/m respectively at operating wavelength 1.55μm for a 30cm 

bend radius.  

The W-type-I PCF is found to be more birefringent and more sensitive compared to 

W-type-II PCF. The maximum birefringence for W-type-I PCF and W-type-II PCF 

found to be equal to 7.82 X 10
-8 

and
 
6.91 X 10

-7 
for refractive index of doped rods 

equal to 1.448 at 1.55μm. The relative sensitivity coefficient of the W-type-I PCF and 

W-type-II PCF has been found to be equal to 0.4 and 0.01 respectively.  

The W-type-I and W-type-II PCF have the highest effective mode area value of 

1930μm
2
, and 901μm

2
 respectively for operating wavelength of 1.55μm. The cladding 

doped defect-core large mode area W-type-I and W-type-II PCF have the nonlinear 

coefficient value as low as 0.015W
-1

Km
-1

 and 0.013W
-1

Km
-1

 respectively for 

operating wavelength of 1.55μm for refractive index of doped rods equal to 1.434.   

The structure can thus be utilized for applications in telecommunication and sensing. 
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CHAPTER-VI 

LOW BEND LOSS PHOTONIC CRYSTAL FIBER IN GA-SB-S 

BASED CHALCOGENIDE GLASS FOR NONLINEAR 

APPLICATIONS: DESIGN AND ANALYSIS 

                

6.1. Introduction 

We have included in the chapter I, III and V about the  photonic crystal fiber (PCF) 

made of waveguiding parts with a solid core and cladding layers consisting of 

spatially periodic air holes around the core and running along throughout the length 

[10,63-65, 87]. In such PCFs, the effective refractive index of the cladding region is 

reduced due to the presence of these air holes. Nowadays, PCFs have been studied by 

the researchers with lot of attention due to its unusual and attractive optical properties 

like single mode operation in wide wavelength range, high non-linear coefficient 

[208], low bending loss characteristics [175], excitation of non-linear effects at small 

mode area [176], and manageable dispersion properties [177], endlessly single-mode 

operation [193], large mode area [178], and high birefringence [209]. Among these 

features, PCF with very high value of nonlinear coefficient is very desirable for the 

various applications in nonlinear optics. These highly nonlinear PCFs are regarded as 

candidates for realizing all-optical signal processing devices by means of the 

nonlinear optical effects. Large nonlinear coefficient in PCFs can be achieved by 

reducing the diameter of the fiber core and enlarging the air-hole size in cladding. 

However, the nonlinear coefficient is not the only key parameter affecting the 

efficiency of a nonlinear interaction, the group velocity dispersion and dispersion 

slope always strongly affect the nonlinear efficiency either. Recently, an equiangular 

spiral photonic crystal fiber structure in As2Se3 chalcogenide glass has been designed 

and analyzed to generate an all-normal and flat dispersion characteristic for the 

applications in supercontinuum generation [210]. A lot of research is being done to 

achieve highly nonlinearity in PCF structures [81]. Although, these PCFs have been 

reported to have nonlinear coefficient value less than 80 W
-1

km
-1 

at 1.55µm 

wavelength. To achieve larger nonlinear coefficient, some liquid-core PCFs [211] and 
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slot spiral PCFs [212] have been reported. The nonlinear coefficient at 1.55 µm is as 

high as 251W
-1

m
-1

, while, ultrahigh nonlinear coefficient up to 3.5 ×10
4 

W
-1

km
-1

 has 

been reported in [213]. In conventional silica PCFs, it is difficult to achieve ultrahigh 

nonlinearity of the order of 10
3 

W
-1

km
-1

.  

In order to overcome the above mentioned constraints, we here propose a 

conventional PCF design in a very recently reported novel Ga-Sb-S chalcogenide 

glass [214]. The novel Ga-Sb-S chalcogenide glass has a wide transparent window of 

0.8 µm to 14 µm, high third-order nonlinear refractive index of the order of 12.4 × 10
-

14
 cm

2 
W

-1
 at 1.55µm [215]. A design of PCF with such a novel material with above 

mentioned favourable properties makes them promising candidates for mid-infrared 

applications like nonlinear optics, and lasers with possible applications in free space 

communication windows (i.e. 5-8 µm and 13-15 µm), supercontinuum generation, 

applications in slow light and enhancement of optical forces. The confinement and 

guiding of light in this PCF with relatively high core index occur via total internal 

reflection and the single-mode propagation is dependent of the ratio between the core 

radius and wavelength [183,128,182]. Numerical calculations using finite element 

method have been carried out on the proposed PCF design to calculate parameters like 

effective area, nonlinear coefficient, and confinement loss and bend loss for different 

bend radius regime to judge its propagation characteristics. It has been found that in 

the proposed structure, the effective area decreases for increasing value of d/Λ 

whereas increases for increasing value of wavelengths and the nonlinear coefficient 

increases on increasing d/Λ whereas the nonlinear coefficient decreases for increasing 

value of wavelengths. The proposed PCF structure with novel Ga-Sb-S chalcogenide 

glass material is insensitive to macro bending. The structure can be utilized in free 

space communication windows of 5-8 µm and 13-15 µm, supercontinuum generation, 

applications in slow light and enhancement of optical forces.  

 

6.2. Method of analysis 

The refractive index of the Ga-Sb-S chalcogenide glass material has been calculated 

by extending the Sellmeier equation for the wavelength dependent refractive index of 

Ga-Sb-S Chalcogenide glass as given in Eq. 1.25 [214] and the values of the 

coefficients  
1a  = 6.2563, 

2a  = 2.9444, and  
1b  = 0.3425, 

2b  = 34.28.  
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The effective mode area of the propagating mode is a very essential feature to 

suppress the nonlinear effects and in the proposed PCF design, the effective area has 

been calculated by using the Eq. 1.27 [215]. 

The nonlinear coefficient (γ), offered by PCF structure related to the nonlinear refractive 

index of material of the PCF and represented by the equation 1.28 [216]. The third-order 

nonlinear nonlinear refractive index (n2) of Ga-Sb-S Chalcogenide glass material  has 

been considered of the order of 12.4 ×10
-14

 cm
2
W

-1
 at 1.55µm  [214 ]. 

The confinement loss arises due to the leakage of power between and through the 

holes of PCF. The PCF being a leaky structure has complex effective indices, neff of 

the modes. The confinement loss can be extracted from the imaginary part of the neff 

by using the relation at equation 1.29 [194] without the application of bend. While 

using the fiber for free space communications, bending of the PCF structure is 

inevitable. The PCF needs to be spooled at certain radius for this purpose and during 

this the fiber gets bent. Therefore, it is essential to study the bending performance of 

the design. In bent fibers the field profile deforms outwards in the direction of the 

bend. The presence of air holes around the core makes the design of effective 

refractive index more flexible.  Bending loss of the proposed PCF has been calculated 

by using the equivalent index model. In this method, in order to simulate the effects of 

bending, the bent PCF is transformed into a straight PCF with an equivalent refractive 

index [184,198,199] defined in equation 1.30.  

The bend loss of photonic crystal fiber can be calculated by applying perfectly 

matched layer (PML) boundary condition. A rectangular perfectly matched layer 

(PML) has been introduced at the surface of the Ga-Sb-S chalcogenide glass PCF to 

emulate the effect of an infinite domain in the finite element method. With the 

introduction of the PML the propagation constant of modes of the proposed PCF 

structure becomes complex [187,217,201]. The bending loss of the mode has been 

calculated by using the imaginary part of propagation constant or complex effective 

index of the bent fiber with the equivalent refractive index using equation 1.29.  

The group velocity dispersion 𝐷(𝜆)  of the reported PCF structure has been calculated 

from wavelength dependent effective indices of propagating mode by employing the 
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relation at equation 1.26 considering Sellmeier equation and both material and 

waveguide dispersion has been included while calculating neff. 

 

6.3. Design of Ga-Sb-S based chalcogenide glass PCF 

The transverse cross-sectional view of the reported PCF structure is illustrated in 

figure 6.1. A hexagonal lattice solid core PCF structure has been designed by 

considering Ga-Sb-S based chalcogenide glass as the PCF material.  The refractive 

index of material is equal to 2.75 for operating wavelength of 1.55 μm [214]. The 

center to center distance of the holes or the pitch is taken constant (i.e. Λ = 2.2 μm) 

for the proposed PCF structure. The diameter of the each air hole of the PCF structure 

is represented by d. To calculate the accurate bending loss of the structure, perfectly 

matched layer (PML) of the width of 2 μm has been applied surrounding the PCF 

structure. The central air hole has been removed to create the core in the photonic 

crystal geometry of the PCF.  

 
Fig.6.1: Transverse cross-sectional view of Ga-Sb-S based chalcogenide Photonic Crystal 

Fiber structure. 
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6.4. Numerical results and  analysis 

In our simulation, we have used the following parameters unless stated otherwise: d = 

880 nm, and Λ = 2.2 µm. To examine the possibility of large nonlinearity with 

smaller effective mode area of the propagating mode in the proposed structure, the 

effects of various structural parameters have been investigated. Full vectorial finite 

element method has been employed to investigate the modal properties of the 

proposed PCF structure. 

 

6.5. Effective mode area and dispersion characteristics 

In PCFs the effective mode area is controlled by tuning the ratio of the diameter of the 

air holes to the pitch of the air holes (i.e. d/Λ) of the PCF [132,133,120]. To study the 

influence of d/Λ on the effective mode area (Aeff) of propagating mode, the effective 

mode area of the proposed Ga-Sb-S chalcogenide glass PCF for different d/Λ values 

ranging from 0.2 to 0.7 have been calculated at the operating wavelength of 1.55 µm  

as illustrated in Fig.6.2. It is indication from the figure  6.2 that the effective mode 

area of the propagating mode decreases for increasing value of d/Λ. This is very 

obvious because on increasing the value of d (with fixed value of Λ) the confinement 

of the propagating mode in the core of the PCF structure increases and hence the 

spread of the mode towards the cladding region decreases. 

The effective mode area plays a very important role to enhance nonlinear effects in 

the PCF structures. Narrow core microstructured or photonic crystal fibers are suitable 

to geometries to get strong nonlinear effects.  Use of the different non-silica materials 

with large values of n2 such as silicates, chalcogenides, tellurite oxide, and bismuth 

oxide are also desirable for producing nonlinear effects.  The effective mode area 

plays very important role to enhance nonlinear effects in PCF structures. The spectral 

variation of the effective mode area has been illustrated in Fig.6.3 for various values 

of d/Λ. In general, when d/Λ increases from 0.2 to 0.7 the effective mode area 

decreases as shown in Fig. 6.2. It has been found that the Ga-Sb-S chalcogenide glass 

PCF has effective mode area of 6.98 μm
2
, 3.37 μm

2
, 1.49 μm

2
 and 0.86 μm

2
 for d/Λ 

values of 0.2, 0.4, 0.6 and 0.7 respectively at operating wavelength 1.55 μm. The 

maximum effective mode area of 133 μm
2 

and nonlinear coefficient of 4183 W
-1

Km
-1 
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has been found for operating wavelength of 14 μm at = 0.7. The effective mode area 

decreases on increasing d/Λ, because of reduction in the core size on increasing d/Λ.  

 

Fig. 6.2: Variation of the effective mode area with various d/Λ values of the PCF 

structure at the operating wavelength of 1.55 µm. 

 

Fig. 6.3: The spectral variation of the effective mode area of the propagating            

mode for various values of d/Λ at the operating wavelength of 1.55 µm. 
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The group velocity dispersion,  has been simulated using Eq.1.26 for d/Λ = 0.4 ( 

d/Λ = 0.4 has been considered to satisfy the single-mode condition of the PCF). As 

shown in Fig.6.4, the dispersion curve exhibit normal dispersion characteristic at 

lower wavelengths and anomalous dispersion for higher wavelengths with zero 

dispersion wavelength (ZDW) at 2.6 μm. The dispersion curve is almost flat between 

2.4 μm to 2.7 μm with dispersion variation of 20 ps/nm km. Such dispersion profile of 

the PCF structure is very suitable for mid-infrared supercontinuum generation. 

Therefore, one can choose the pump wavelength near about 2.6 μm wavelength for 

getting efficient broad supercontinuum generation in mid-infrared regime. 

 

 

Fig. 6.4: Dispersion characteristics of proposed Ga-Sb-S chalcogenide glass PCF 

structure when d/Λ = 0.4. 
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Table 6.1 shows the calculated refractive index values at different wavelengths using 

Sellmeier equation for Ga-Sb-S chalcogenide glass.  

Table 6.1:  Calculated refractive index values for Ga-Sb-S chalcogenide glass at different 

wavelengths.  

 

6.6. Nonlinear characteristic of the PCF Design  

The nonlinearity of the proposed PCF designs has been measured by calculating the 

nonlinear coefficient using the Eq. 1.27 [192,206,218,219]. A high nonlinearity value 

of PCF implies ability to confine high-intensity light. Many nonlinear effects inside 

the photonic crystal fiber depend on the nonlinear parameter [i.e. γ = 2πn2/(λAeff)], 

where, n2 is the nonlinear refractive index of the material of PCF, λ  represents the 

operating wavelength, and Aeff denotes the effective area of propagating mode in the 

core of the PCF. Therefore, in addition to the intensity of input pump the geometrical 

parameters of PCF are also play very important role to create the nonlinear effects. 

For better perfection of the nonlinear effects, the effective mode area of the 

propagating mode must be as small as possible and the PCF material must be highly 

nonlinear. Instantaneous nature of the nonlinear effects can be used for high speed 

switching and ultrafast signal processing. 

Wavelength 

(μm) 

Calculated refractive index values using Sellmeier 

equation for  Ga-Sb-S chalcogenide glass 

0.8 2.942579497 

1.55 2.751622005 

2 2.726767746 

4 2.69478467 

6 2.680242494 

8 2.664243226 

10 2.643819233 

12 2.617289232 

14 2.582757522 
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Fig. 6.5: The spectral dependence of the nonlinear coefficient along with the effective-    

mode-area of the propagating mode in the PCF structure at d/Λ = 0.4. 

The spectral variation of the nonlinear coefficient and effective mode area of the 

propagating mode have been depicted in Fig.6.5 for d/Λ =0.4. Fig.6.5 reveals that the 

nonlinear coefficient decreases with the increase in wavelength. Since, the nonlinearity is 

inversely proportional to the effective mode area, the effective mode area increases on 

increasing wavelength. The proposed Ga-Sb-S chalcogenide glass PCF structure possesses 

nonlinear coefficient as high as 14.92
 
W

-1
 m

-1
 with the effective mode of propagating 

mode of 3.37 μm
2
 at the operating wavelength of 1.55 μm. Such highly nonlinear PCF 

structure in Ga-Sb-S chalcogenide glass is suitable candidate for nonlinear applications 

such as mid-infrared supercontinuum generation, slow-light generation. Supercontinuum 

generation has attracted most attention because of its applications for Wavelength Division 

Multiplexer (WDM) sources, metrology, spectroscopy, and optical coherence tomography. 
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6.7. Bending Loss Performance of the proposed PCF structure  

Bends of different macro bending radii ranging from 2.5cm to 30cm have been 

applied on the proposed Ga-Sb-S Chalcogenide  PCF structure with different values 

of d/Λ ranging from 0.2 to 0.7 and bend loss of individual structures have been 

calculated and the results have been plotted in figures 6.6  and 6.7 respectively. The 

effect of bending on the proposed Ga-Sb-S Chalcogenide  PCF structure PCF can be 

observed by examining the cross-sectional view of transverse mode profile of electric 

field intensity or the modal field variations, which signifies that due to the application 

of various bend radii the modal field gets dispersed along the  direction of application 

of bend compared with the  modal field of the structure without bending and the shift 

in the modal field increases with decreasing bend radius from 30cm, 20cm, 15cm, 

10cm, 5cm and  2.5cm. The mode leaking across the PCF is the cause of bending 

losses and as a result of this the modal field in the core region shifted towards the 

bend.  It has been found that at small bending radius, the loss is high and reaches its 

maximum. However, by increasing the bending radius the bend loss can be dropped 

0.22dB/m at 30 cm bend radii for d/Λ value of 0.2 at 1.55μm, this is because at large 

bending radius, the scattering loss becomes small.  

Bending loss of the proposed PCF has been calculated. The output modal field 

variations for various bend radii, applied in a circular loop with a single-turn of PCF 

and arbitrary angular orientation has been investigated. Figure 6.6 shows the variation 

of bend loss with bend radius of the proposed PCF type for wavelength 1.55µm at d/Λ 

value of 0.2. The low bending sensitivity for the proposed PCF compared to the 

conventional silica PCF particularly at short wavelengths has been observed. It has 

been found that the PCF structure for d/Λ value equal to 0.4, 0.6, 0.7 are bend 

insensitive for bending radii regime of 2.5cm to 30cm. Instead of that the PCF is bend 

sensitive for a bend radii of 50 µm and less for d/Λ value 0.4 making the PCF a good 

candidate of bend insensitive PCF in the 1.55µm telecom window.   

 



Chapter VI           Low bend loss PCF in novel Ga-Sb-S chalcogenide glass  

101 

 

Fig. 6.6: Bend loss in Ga-Sb-S Chalcogenide glass PCF for d/Λ value of 0.2 at 

1.55μm for different bend radii. 

 

 

Fig. 6.7:   Bend loss in Ga-Sb-S chalcogenide glass
 

PCF for d/Λ value of 0.4 at           

1.55μm for different bend radii. 
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Figure 6.7 shows the variation of bend loss with bend radius of the proposed PCF type 

for wavelength 1.55µm at d/Λ value of 0.4 for a bend radii regime of 10µm to 50µm. 

At 50 µm bend radii minimum bend loss recorded as 0.0144dB/m for d/Λ value of 0.4 

at 1.55μm. The PCF structure for d/Λ value 0.6 is bending insensitive even for 

bending radii of 50µm and less depicting bend insensitive PCF design for the 1.55µm 

telecom window. The PCF is slightly sensitive to bending for a bend radius of 2.5µm 

and lower. For bend radii of 2µm the fundamental mode has zero bend loss. Again for 

PCF design with d/Λ value 0.7 the fundamental mode has zero bend loss even in the 

micrometer range bend radii. However, application of micrometer level bend radii or 

radius of curvature to the proposed PCF structure is impractical as that may lead to 

breakage of the fiber. Hence, the PCF may be depicted as bend insensitive for d/Λ 

value above 0.2 and is a good candidate for use in free space communication windows 

of 5-8 µm and 13-15 µm. 

  

6.8. Conclusion 

A photonic crystal fiber structure has been designed and analyzed for first time in 

recently reported Ga-Sb-S based chalcogenide glass material for nonlinear 

applications. The linear and nonlinear propagation characteristics have been 

investigated for the proposed PCF structure. The proposed Ga-Sb-S chalcogenide 

glass PCF has nonlinear coefficient as high as 14.92 W
-1

m
-1

 with effective mode area 

of 3.37 μm
2
 for d/Λ values of 0.4 at operating wavelength of 1.55μm. It has been 

found that the Ga-Sb-S chalcogenide glass PCF is insensitive to macro bending above 

d/Λ value equal to 0.2 at operating wavelength of 1.55μm. At 50 µm bend radii 

minimum bend loss recorded as 0.0144 dB/m for d/Λ value of 0.4 for operating 

wavelength of 1.55μm. The Ga-Sb-S chalcogenide glass PCF has minimum bending 

loss value of 0.22dB/m for d/Λ value equal to 0.2 at the operating wavelength of 

1.55μm for a 30cm bend radius. The structure is a promising candidate for mid-

infrared applications in nonlinear optics such as supercontinuum generation, slow-

light generation and mid-infrared fiber lasers. 
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CHAPTER-VII 

SUMMARY AND FUTURE SCOPE OF THE RESEARCH WORK 

 

In this thesis, the importance of photonic crystal and photonic crystal fiber based 

photonic devices for potential applications in telecommunication, sensing and 

photonic circuits has been discussed. In addition to this, detailed literature review on 

the advances in the area of photonic crystal and the photonic crystal fiber based 

photonic devices for potential applications and different methods of their fabrication 

have been discussed in chapter 1. The theory, analytical techniques and numerical 

methods used for the design of photonic crystal and the photonic crystal fiber based 

photonic devices also described. 

This is followed by designing of a 2D photonic crystal on temperature resilient silicon 

carbide (SiC) material and further creation of  point defect cavity structure in the SiC 

based PhC have been done. Effect of temperature on different parameters of the 

proposed PhC and cavity designs like band gap width, defect cavity mode dispersion, 

the resonance mode and quality factor of resonant mode using plane wave expansion 

(PWE) method and finite difference time domain (FDTD) method for 

telecommunication applications, are carried out in chapter II. The results obtained 

were found better compared to Si based PhC. The SiC PhC devices can be used for 

high temperature and power transmission which is difficult to achieve with Si or 

GaAs based photonic crystals and devices. Apart from applications in optical 

communication, various other SiC based devices such as optical filters, switches and 

lasers etc can be designed which are stable at high power and high temperature, at 

which the silicon photonics fails. This can lead to a future era of silicon carbide power 

photonics analogous to silicon carbide power electronics.  

The chapter III discussed about the design of fluoropolymer photonic crystal fiber and 

analyses of the same in terms of the parameters like effective refractive index of the 

guided mode and dispersion for wavelength range 10µm to 300µm using full vectorial 

FEM and found transmission characteristics of fluoropolymer photonic crystal fiber 
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comparable with the earlier published result. The proposed fluoropolymer PCF may 

find applications in long distance telecommunication and in mid-infrared region.  

Chapter IV included the design and analyses of W-type photonic crystal fibers (W-Type 

PCF) in terms of the parameters like effective refractive index of the guided mode and 

dispersion using full vectorial FEM. The transmission characteristics of W-Type PCF 

obtained with the simulation are found better compared with the earlier published 

results. The power coupling in W-type PCF is more compared to conventional PCF. 

The bend insensitive nature of the proposed W-type PCF structures makes them good 

candidate for large mode area fiber design and fit for fiber to home applications. 

In chapter V, the designing of large mode area W-type photonic crystal fibers with 

doped cladding and analyses of the proposed structures in terms of the parameters like 

effective refractive index of the guided mode, effective area, non-linear co-efficient, 

dispersion and sensitivity using full vectorial FEM for possible applications in high 

power delivery devices and sensing have been done. The proposed W-type PCF 

structures possesses very low confinement loss and W-type-I PCF structures are 

found to be less bend sensitive compared to W-type-II PCF. 

The chapter VI discusses about the design and analyses of novel Ga-Sb-S based 

chalcogenide glass photonic crystal fiber (Ga-Sb-S-PCF) in terms of the parameters like 

effective refractive index of the guided mode, dispersion, effective area, non-linear co-

efficient using full vectorial FEM. The transmission characteristics of Ga-Sb-S-PCF 

have been studied for wavelength range 0.8µm to 14µm. This novel Ga-Sb-S material 

PCF structure has been studied for the first time since the inception of novel material 

Ga-Sb-S and can be a promising candidate for nonlinear applications such as 

supercontinuum generation, slow light generation, and mid-infrared fiber lasers. 

This research is directed at achieving a higher level of understanding of the PhC and 

PCF based devices to predict and explain their behavior which eventually will help in 

finding more accurate and reliable devices that are made possible by PhC and PCF. 

The study has been undertaken by considering the most relevant principles supporting 

the application of PhC and PCF and also considering the present situation and trends. 

Different PhC and PCF structures for different applications have been explored 

looking for trends towards future developments and applications. Following possible 
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future works can be predicted further on the subject matters discussed in the previous 

chapters from chapter II to VI: 

1. The resonant PhC cavity in high temperature resilient SiC discussed in chapter II 

can further be used to: 

   Design of 2D and 3D SiC PhC waveguide micro cavity on air holes in SiC 

PhC  slab microstructures.  

   Design of 2D and 3D SiC PhC waveguide on air holes in SiC PhC slab 

microstructures which are more practical structures from fabrication point of 

view. 

 Design of coupled cavity waveguide in SiC for low dispersion applications. 

 Design of DWDM demultiplexer using resonance cavity in SIC. 

2. The Fluoropolymer PCF discussed in chapter III may further find use in the design of 

metal coated defect core PCF for THz propagation and sensing and imaging 

applications. The Fluoropolymer PCF structures can be a promising candidate for 

nonlinear applications such as supercontinuum generation. 

3. The proposed structures of W-type PCF discussed in chapter IV can be utilized in 

both telecommunication and macro-bend sensing. The W-type PCF structures can be 

a promising candidate for nonlinear applications such as supercontinuum generation. 

4. The proposed structures of cladding doped W-type PCF discussed in chapter V can be 

a good candidate for temperature and pressure sensor designing.  

5. The proposed structures of novel Ga-Sb-S chalcogenide glass PCF discussed in 

chapter VI can be a promising candidate for nonlinear applications such as 

supercontinuum generation, slow light generation, and mid-infrared fiber lasers. 

Moreover, the thesis has been written keeping in mind the requirement of a basic 

researcher in the field of PhC and PCF. Therefore, every details of theory of  PhC and PCF 

has been tried to be incorporated in this thesis work including the books, computational 

methods that can be utilized, along with latest topic references in the relevant field of PhC 

and PCF that may be helpful in future for all beginners in research in this field.  
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a  b  s  t  r  a  c  t

In this  paper,  photonic  crystal  (PhC)  based  on  two  dimensional  (2D)  square  and hexagonal  lattice  periodic
arrays  of  Silicon  Carbide  (SiC)  rods  in  air  structure  have  been  investigated  using plane  wave expansion
(PWE)  method.  The  PhC  designs  have been  optimized  for telecommunication  wavelength  (�  = 1.55  �m)
by  varying  the  radius  of the  rods  and  lattice  constant.  The  result  obtained  shows  that  a  photonic  band
gap  (PBG)  exists  for TE-mode  propagation.  First, the effect  of  temperature  on  the  width  of the photonic
band  gap  in  the  2D  SiC  PhC  structure  has been  investigated  and  compared  with  Silicon  (Si) PhC.  Further,
a  cavity  has  been  created  in  the proposed  SiC  PhC  and  carried out  temperature  resiliency  study  of  the
defect  modes.  The  dispersion  relation  for the TE  mode  of  a  point  defect  A1  cavity  for  both  SiC and  Si PhC
has  been  plotted.  Quality  factor  (Q)  for both  these  structures  have  been  calculated  using finite  difference
time  domain  (FDTD)  method  and  found  a maximum  Q value  of  224  for  SiC  and  213  for  Si PhC cavity
structures.  These  analyses  are  important  for  fabricating  novel  PhC  cavity  designs  that  may  find  application
in  temperature  resilient  devices.

© 2013 Elsevier GmbH. All rights reserved.

1. Introduction

Photonic Crystals exhibit photonic band gaps (PBG) in which
electromagnetic fields cannot propagate in given directions, if the
geometrical parameters and dielectric contrast of the photonic lat-
tices are chosen appropriately [1]. Photonic Crystals can be used
to control light propagation through it by using different geometry
and dielectric contrast. Because of the strong photon confinement
shown by these crystals they can be used in variety of applications.
A special attractive application of PhCs is to construct localized elec-
tromagnetic modes by introducing defects in the periodic structure.
These confined modes could be used in optical resonators, laser
cavities, etc.

Investigating photonic structures which are less sensitive to
environmental fluctuations is a valuable area of research, hence,
we here propose to design photonic crystals using silicon carbide
[2] and investigate the variation of width of photonic band gaps
in SiC photonic crystals with change in temperature and a com-
parison with Silicon (Si) photonic crystals [3,4]. Further, analysis
of the SiC photonic crystal cavity defect modes using plane wave
expansion (PWE) method and finite difference time domain (FDTD)
method has been done. However the most widely used materials

∗ Corresponding author. Tel.: +91 11 27871017; fax: +91 11 27871023.
E-mail addresses: jitenboruah1@rediffmail.com (J. Boruah),

dryogitakalra@gmail.com (Y. Kalra), dr rk sinha@yahoo.com (R.K. Sinha).

to design photonic crystal devices are silicon and gallium arsenide
because of the available and mature technology of fabrication and
optimum refractive index contrast offered by these materials for
the existence of the photonic band gaps. We  here propose to design
photonic crystals using silicon carbide which is one of the hardest
materials known and further the creation of photonic crystal cav-
ity in SiC photonic crystal. The reason for using silicon carbide is
its high mechanical strength, large thermal conductivity and small
thermo optic coefficient.

In this paper, a 2D SiC PhC composed of square lattice of SiC rods
in air is realized and the PhC structures are optimized by varying
different parameters like radius of the nanopillars, period of the
lattice etc. for telecommunication applications [5]. Further, defect
cavities have been created in the optimized PhC structures and
analysis of the cavity defect modes using plane wave expansion
(PWE) method and finite difference time domain (FDTD) method
has been done. The defect A1 cavity has been created in the peri-
odic lattice of photonic crystal by removing one central dielectric
rod completely from the unperturbed lattice structure that result
in localization of light in the specified defect space in the frequency
range lying within the PBG of the optimized PhC [6]. The local-
ized defect modes of these A1 defect cavity structures have been
extracted and the dispersion relations plotted to investigate the
temperature resilient property of the localized defect modes of
these structures. Also Quality factor (Q) for both these structures
have been calculated using finite difference time domain (FDTD)
method for different temperatures ranging from 25 to 200 ◦C

0030-4026/$ – see front matter ©  2013 Elsevier GmbH. All rights reserved.
http://dx.doi.org/10.1016/j.ijleo.2013.09.063
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Fig. 1. (a) TE band gap of square lattice of SiC rods in air. (b) TE band gap of square
lattice of Si rods in air. (c) TE band gap of hexagonal lattice of SiC rods in air. (d). TE
band gap of hexagonal lattice of Si rods in air.

Fig. 2. Variation of band gap width with temperature in square and hexagonal lattice
SiC  and Si PhC.

and studied resonant wavelength peak shift for the temperature
range.

2. Design of SiC photonic crystals

A 2D PhC composed of square lattice of SiC rods (n = 2.64) in
air with radius of dielectric nanopillars, r = 0.16 �m and lattice

Fig. 3. (a) Schematic diagram of SiC PhC A1 cavity having lattice constant, a = 0.55 �m.  (b) Dispersion graph of localized defect mode of SiC PhC A1 cavity at different
temperatures: the blue line is the dispersion curve. Inset: shift in the resonant wavelength of the A1 SiC rods in air PhC micro cavity structures for different temperatures. (c)
Dispersion graph of localized defect mode of Si PhC A1 cavity at different temperatures: the blue line is the dispersion curve. Inset: Shift in the resonant wavelength of the
A1  Si rods in air PhC micro cavity structures for different temperatures. (d)(i and ii). Localized defect modes of a square lattice of SiC and Si dielectric cylinders in air PhC A1
cavity:  Y – component of electric field (E) amplitude. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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constant, a = 0.55 �m has been considered, whose PBG for TE mode
lies in the range of 1.46–1.80 �m as shown in the Fig. 1(a). Simi-
larly, a 2D Si rods in air PhC with a square lattice is created with
r = 0.12 �m and a = 0.42 �m,  whose PBG for TE mode is in between
1.34 and 1.77 �m as shown in the Fig. 1(b). Further, point defect
is created in the proposed design of SiC and Si photonic crystal to
form PhC cavity.

Again, a 2D PhC composed of hexagonal lattice of SiC rods
(n = 2.64) in air with radius of dielectric nanopillars, r = 0.16 � m and
lattice constant, a = 0.55 �m has been considered, whose PBG for TE
mode lies in the range of 1.38–1.85 �m as shown in the Fig. 1(c).
Similarly, a 2D Si rods in air PhC with a hexagonal lattice is cre-
ated with r = 0.12 �m and a = 0.42 �m,  whose PBG for TE mode is
in between 1.28 and 1.81 �m as shown in the Fig. 1(d). Further,
point defect is created in the proposed design of SiC and Si photonic
crystal to form PhC cavity.

2.1. Temperature resiliency study of band gap of 2D SiC PhC

To study the effect of temperature on the photonic crystal struc-
tures, the temperature of the designed structures has been raised
from 25 to 200 ◦C [7–9] and the band gap width has been calculated
at various temperatures for both SiC PhC and Si PhC. The variation
of photonic band gap with temperature for both Si and SiC based
square and hexagonal lattice PhC has been shown in Fig. 2. Fig. 2
indicates that the SiC based photonic crystal exhibited a very small
variation or shallow shift in the width of the band gap with change
in temperature as compared to the Si based PhC. For the operational
wavelength of 1550 nm,  the SiC based square lattice PhC exhibited
a shift of around 2.2 nm in the operational range (band gap width)
while the temperature is varied from 25 ◦C to 200 ◦C, whereas the
Si based photonic crystal, exhibits a shift of around 5.5 nm in the
same operational window, which is around three times the varia-
tion observed with respect to the SiC based PhC. Also the SiC based
hexagonal lattice PhC exhibited a shift of 1 nm in the operational
range (band gap width) while the temperature is varied from 25
to 200 ◦C, whereas the Si based photonic crystal, exhibits a shift of
around 8.2 nm in the same operational window, which is around
eight times the variation observed with respect to the SiC based
PhC. Thus, the results indicate that the SiC based photonic crys-
tals are nearly three times more resilient than Si based photonic
crystals over a given temperature range and hexagonal lattice SiC
PhC structures are more resilient than its square counterpart. This
variation in the operational range of the SiC and Si PhC indicate the
difference in the thermo optic effect of SiC and Si photonic crystal.
Thus, the SiC PhCs are less susceptible to the temperature fluctu-
ations in comparison to Si PhCs that lead to the instability of the
optical properties of the opto-elctronic systems and hence SiC PhCs
find application in making photonic crystal nanophotonic devices
almost independent of the temperature of their environment.

3. Defect mode analysis of 2D SiC square lattice cavity

Photonic crystals have the potential of realizing nanoscale opti-
cal components and devices. Since the PBG structures strongly
control the flow of light, therefore various types of defect cavities
can be created in periodic lattice of PhC’s by changing the radius of
rods or holes or by removing them completely that result in con-
finement or localization of light in a specified defect space [10].
These cavities support localized modes in the frequency range lying
within the PBG of the PhC. These localized modes are horizontally
confined by PBG of the photonic crystal and vertically by total inter-
nal reflection because of the refractive index contrast between the
dielectric and the cladding [11,12].

Fig. 4. (a) Transmitted power versus wavelength graph for localized defect mode of
SiC  PhC A1 defect cavity at different temperatures. Inset: Shift in the resonant peak
of  the A1 SiC rods in air PhC micro cavity structures for different temperatures. (b)
Transmitted power versus wavelength graph for localized defect mode of Si PhC A1
defect cavity at different temperatures. Inset: Shift in the resonant peak of the A1 Si
rods in air PhC micro cavity structures for different temperatures.

3.1. Analysis of A1 defect cavity mode

A defect A1 cavity has been created by removing a silicon car-
bide dielectric rod from the square lattice of the proposed design as
shown in the Fig. 3(a). It has been found that the PWE  TE solutions
exhibit a band gap in the range between 1.49 and 1.81 �m. When a
point defect is created in a photonic crystal, the defect can pull light
mode into the band gap. As such a state is forbidden from propa-
gating in the bulk crystal, it is trapped. Localized defect modes have
been extracted from the structure by varying the temperature from
25◦C to 200◦C and plotted as shown in the dispersion diagram in
Fig. 3(b). Fig. 3(c) shows the dispersion diagram for Si 2D PhC cavity.
The corresponding defect mode profile of SiC and Si PhC cavity is
shown in Fig. 3 (d)(i and ii), which indicates that modes get localized
in both 2D SiC and Si PhC A1 cavity i.e. the modes are confined ver-
tically by total internal reflection and horizontally by the photonic
band gap of the PhC.

The dispersion graph of localized defect mode of SiC PhC A1
cavity in Fig. 3(b) shows a shift of around 3.6 nm for the temperature
range from 25 to 200 ◦C whereas the Si PhC A1 cavity in Fig. 3(c)
exhibits a shift of around 37 nm in the same operational window,
which is around ten times the variation observed with respect to
the SiC based PhC A1 cavity. The result depicts that the SiC cavity
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structures are more temperature resilient as compared to Si based
PhC cavity.

3.1.1. Q factor and its optimization
The Q factor or Q of the cavity is defined as the ratio of the cavity

resonance and is a measure of the ratio of the optical energy stored
in the micro cavity to the cycle average power radiated out of the
cavity. The resonant mode is strongly confined in the micro cavity.
Q can be calculated from relative power versus distance curve using
transmission function based on the point or transmission function
based on the area.

i.e. Q = �

��
= f0

f2 − f1

where, f0 is the center frequency or the resonant frequency and f2
and f1 are upper and lower cut off frequencies, (f2 − f1) is the band
width of the resonant system. Quality factor or Q factor is a mea-
sure of quality of performance of a resonant system. It indicates
the ability of the system to produce a large output at the resonant
frequency. Hence, the quality factor for the above mentioned struc-
tures has been found out and a maximum value of 224 is obtained
for SiC A1 PhC cavity and 213 for Si A1 PhC cavity. It has been found
that there is a shift of about 0.3 nm in the resonant wavelength
peak of the SiC A1 PhC cavity structures when the temperature
is varied from 25 to 200 ◦C as shown in Fig. 4(a). Whereas the Si
PhC A1 cavity in Fig. 4(b) exhibits a resonant wavelength peak shift
of around 2 nm in the same operational window, which is around
seven times the variation observed with respect to the SiC based
PhC A1 cavity. The result indicates that the SiC cavity structures
are more temperature resilient as compared to Si based PhC cavity
structures.

4. Conclusion

We  have designed an optimized cavity in temperature resilient
material (SiC) and analyzed its PBG and cavity mode characteris-
tics using PWE  and FDTD techniques. The SiC PhC devices can be
used for high temperature and power transmission which is diffi-
cult to achieve with Si or GaAs based photonic crystals and devices.
Apart from applications in optical communication, various other

SiC based devices such as optical filters, switches and lasers etc.
can be designed which are stable at high power and high temper-
ature, at which the silicon photonics fails, which can lead to the
era of silicon carbide power photonics analogous to silicon carbide
power electronics.
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1. Introduction
Photonic Crystal Fiber (PCF) [1–3] is a single material optical fiber with an array of periodic
air holes across the cross-section running down its entire length. By leaving a single lattice
site without an air hole, a localized region of higher refractive index is formed. This localized
region acts as a waveguide core in which light can be trapped along the axis of the fiber.
A considerable amount of interest has been generated in PCFs because of its unusual and
attractive optical properties like single mode operation in wide wavelength range, large mode
area, high birefringence, excitation of non-linear effects at small mode area, and manageable
dispersion properties [4, 5]. In optical communication, dispersion plays an important role as
it determines the information carrying capacity of the fiber. Therefore it becomes important
to study the dispersion properties of PCF. Many modeling techniques have been applied to
study its propagation characteristics, which include the effective index method, Plane wave
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Expansion Method, Finite Element Method etc. In recent past, different materials are used
for the formation of PCF like chalcogenide glass, Telluride and plastic or polymer due to their
unique optical properties.

Fluoropolymer or the fluorinated copolymer is a copolymer of 2, 2-bistrifluoromethyl-4,
5-difluoro-1, 3-dioxole (PDD) and tetrafluoroethylene (TFE) and amorphous in nature [6].
The PDD dioxole monomer in Fluoropolymers yields unexpected properties. Teflon or
polytetraflourethylene is the trademark brand name of fluoropolymer produced by Dupont.
Teflon has outstanding light transmission from the deep UV range including a significant
portion of the IR range. Also, as Teflon does not absorb light, it will not deteriorate with
exposure to light. These optical properties, over such a wide range of wavelength and possible
exposure conditions, are unmatched by any other polymer. The properties of Teflon, including
optical clarity, unusually low refractive index, high flexibility and exceptional UV stability and
UV transmission capability, make it an ideal material for optical devices.

Fluoropolymer PCF can be easily manufactured and has low loss characteristics to be used
as a waveguide for terahertz waves i.e. in the frequency regime of 100 GHz or 0.1 THz to 30 THz
[7]- [9]. Following these issues, we present the propagation characteristics of Fluoropolymer
PCFs exhibiting guiding properties in terahertz region. The variation of effective index of
guided mode and dispersion with wavelength in hexagonal lattice Fluoropolymer PCF are
investigated by using the fully-vectorial finite element method (FEM).

2. Design of Fluoropolymer PCF
A PCF is designed using the highly flexible plastic material Fluoropolymer: Teflon. Figure 1
shows the Cross-sectional view of floropolymer PCF; here the fiber cladding consists of a
hexagonal lattice of circular air hole with a missing air hole in the centre, in a fluoropolymer
background, whose refractive index is 1.44.

Figure 1. Cross-sectional view of Electric field intensity for designed Fluoropolymer PCF.

In the design, the pitch, Λ (i.e. the distance between the center’s of two consecutive air
holes or air hole spacing), is taken to be 750µm, and the diameter of symmetric air hole is

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 1, No. 2, pp. 57–61, 2014
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(a) (b)

Figure 2. (a) Mesh distribution applied on a quarter of the PCF and (b) Distribution of the electric field
of the fundamental mode into a PCF with λ= 750µm at λ= 10µm on a quarter of Fluoropolymer PCF
using Rsoft-FemSIM software tool.

varied (from d/Λ = 0.2µm to d/Λ = 0.5µm). Following this optimization, finally obtained an
optimized structure for our calculation having diameter (d/Λ= 0.3µm) of air hole in cladding
while diameter of core (dc = 1000µm) is larger than diameter of air hole in cladding. The mesh
diagram and distribution of electric field inside the PCF design is shown in Figure 2.

3. Results and Numerical Calculations
We calculate the effective index of fundamental polarization modes by using Finite element
method (FEM) which is highly suited for the analysis of our periodic structure. The chromatic
dispersion and the effective area are then deduced from the determination of the effective
index.

Chromatic dispersion is the main contribute to the optical pulse broadening. Chromatic
dispersion D(λ), includes both waveguide and material dispersion, and is proportional to the
second derivative of effective index of guided mode with respect to wavelength ‘λ’ and is given
as [5]

D(λ)=−λ
c

d2neff

dλ2 . (1)

Where, ‘neff’ represents the effective index of guided mode, c is the velocity of light in vacuum.
Figure 3, shows the variation of effective index of guided mode, chromatic dispersion with
wavelength in fluoropolymer PCF in wavelength range 10µm to 300µm.

The variation of effective index of guided mode shows a sharp decrease with wavelength
depicts that the effective refractive index of the cladding region relative to the core is reduced
due to the presence of the air holes in the higher wavelength range and effective index shows a
strong wavelength dependency. The variation of chromatic dispersion graph shows a flattened
dispersion thereby opening the door for dispersion flattened PCF.

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 1, No. 2, pp. 57–61, 2014



60 Characterization of Fluoropolymer Photonic Crystal Fiber for THz Regime: Jiten Boruah et al.

(a) (b)

Figure 3. Variation of (a) Effective index of guided mode, (b) Chromatic dispersion with wavelength in
Fluoropolymer PCF.

4. Conclusion
In this paper, we design a simplified PCF structure based on Fluoropolymer in the
wavelength range of 10µm to 300µm. The effective index and chromatic dispersion of
proposed Fluoropolymer PCF are reported by using full-vector finite element method. The
obtained results add remarkable contribution for the use of Fluoropolymer PCF in numerous
applications of sensing, imaging and spectroscopy.
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ABSTRACT
The temperature-dependent bending loss characteristics of two solid-core W-typephotonic crystal 
fibres have been reported by employing full-vectorial finite element method. The bending loss 
characteristics of W-type-I photonic crystal fibrestructure have been found better than that of 
the W-type-II photonic crystal fibre structure. The proposed photonic crystal fibrestructures show 
significant nonlinearity and hence can be used in telecommunication and nonlinear applications 
such as visible to near-infrared supercontinuum generation. Macro-bend insensitive nature of the 
proposed photonic crystal fibres makes them suitable candidates for fibre-to-the-home applications.

1. Introduction

Photonic crystal fibres (PCFs)or microstructured fibres 
(MFs) are the single-material specialty optical fibres 
in which arrays of air holes are arranged in a specific 
arrangement in the cladding region around the core and 
running along throughout the length (1–5). The effective 
refractive index of the cladding region relative to the core 
is reduced due to the presence of these air holes. The 
presence of the air holes around the core makes the design 
more flexible. A considerable amount of interest has been 
generated in PCFs because of its unusual and attractive 
optical properties like single-mode operation in wide 
wavelength range, bending loss characteristics, excitation 
of non-linear effects at small mode area and manageable 
dispersion properties (6–14). According to the shape, size, 
orientation and arrangement of the air holes in the cladding 
region various types of functionalities have been achieved 
using the PCF structures (6–9). Recently, a triangular core 
PCF structure has been reported for all-normal and flat 
dispersion profile (7). Large-mode-area PCF structure that 
supports effective mode-area of fundamental mode as large 
as 794 μm2 with nominal bend loss of propagating mode 
0.064 dB/m at the bend radius of 15 cm has been reported 
for high power applications (9). In W-type PCF design, the 
effective index of the cladding region is reduced by varying 
the diameter of the air holes of different layers to different 

extent, thereby producing a W-type index profile (11,12) 
and hence is called the W-type PCF (13). The confinement 
and guidance of the light in this PCF with relatively high 
core index occurs via total internal reflection. The single-
mode propagation depends on the core radius and the 
operating wavelength (14,15).

The study of bending in PCF is an important aspect 
as PCF-like conventional telecom-grade optical fibres are 
needed to be cabled or placed in the forms of coils for its 
application as transmission medium resulting in bend loss 
of optical signals in these fibres. In the bend state of the 
fibres, the field profiles of the propagating modes deform 
which cause a large bent loss.

In this paper, bending losses for different bend radii 
as well as the effect of thermo-optic coefficient on bend 
loss of W-type-I and W-type-II PCF have been investi-
gated. Mode field diameter (MFD), effective area (Aeff) 
(16) and nonlinearity (17) coefficient of both the proposed 
PCF structures have been simulated. The thermo-optic 
effect on bend loss of the proposed PCF structures have 
been studied and it has been found that the thermo-op-
tic effect overcomes the bend losses at high temperature 
and there is partial recovery of the fundamental mode, 
thereby making it a potential candidate to be used as 
temperature-tuned device. Least change in bending loss 
data has been observed for the proposed PCF designs for 
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been calculated using imaginary part of effective refrac-
tive index of the propagating mode using the following 
Equation (2)

 

where Im(neff ) is the imaginary part of the effective index 
of the guided mode and λ is the operating wavelength of 
light in metre.

The bends with different macro bending radii ranging 
from 2.5 to 30  cm have been applied on the proposed 
PCF structures in a circular loop with a single-turn and 
arbitrary angular orientation and bend loss of individual 

(2)
L [dB/m] = (40�∕ln(10) × �) Im(neff )

= 8.868k0Im(neff )

macro-bending which implies that the structure is mac-
ro-bend insensitive and can be used in fibre-to-the-home 
applications.

2. Designs of the proposed W-type PCFs

We have designed two PCF structures. There are three 
rings of the air holes in the cladding region of the PCF 
structures. d1, d2 and d3 are the diameters of the air holes 
in first, second and third ring, respectively. The material 
of the PCFs has been taken as silica.

2.1. W-type-I PCF structure

The cross-sectional view of the proposed W-type-I PCF 
structure is illustrated in Figure 1. In this structure, the 
values of the diameters of the air holes are taken as: 
d1 = 0.345 μm and d2 = d3 = 0.690 μm.

2.2. W-type-II PCF structure

The cross-sectional view of the proposed W-type-II PCF 
structure is illustrated in Figure 2. In this structure, the 
values of the diameters of the air holes are considered as: 
d1 = 0.690 μm and d2 = d3 = 0.345 μm.

In contrast to step-index fibres, the PCF is said to 
be in single-mode if the effective V number is less than 
approximately the value of the π (18). The PCF structures 
have been analysed for three wavelengths, 0.633, 1.33 and 
1.55 μm.

3. Bend loss calculation

The bending loss of the PCF structure plays a vital role in 
most of the fibre optic applications. Of late, several works 
have been reported on calculation of low bend losses in 
small mode area PCF (10,19). In order to simulate the 
effects of the bending, the bent PCF is transformed into 
a straight PCF with an equivalent refractive index profile 
(20) defined as:

where n(x,y) represents the refractive index profile of the 
straight PCF, x is the transverse distance from the centre of 
the fibre and R is the bend radius. A rectangular perfectly 
matched layer (PML) has been introduced at the surface 
of the W-type PCFs to simulate the accurate bend losses. 
At the bend state of the PCF structure, the propagation 
constant of the modes of the structure becomes complex. 
Effective index and the bending loss of the mode have 
been calculated using the real and imaginary part of the 
propagation constant, respectively. Bending losses have 

(1)neq = n(x, y) exp
(

x

R

)

Figure 1. the transverse cross-sectional view of the W-type-i pcf 
structure.

Figure 2. the transverse cross-sectional view of the W-type ii pcf 
structure.
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structures have been calculated. The effect of the bending 
radius on the bending loss of the propagating mode of 
proposed W-type-I PCF is illustrated in Figure 3. It is clear 
from this figure that the bending loss of the propagating 
mode decreases with the increase in bend radius. In other 
words, the shift in the modal field towards the bending 
direction increases with decreasing bend radius. It has 
been found that at small bending radius, the loss is high 
and reaches its maximum. However, upon increasing the 
bending radius, the bend loss can decrease to 0.01 dB/m, 

this is because at large bending radius the scattering loss 
becomes small.

3.1. Effect of bend radius on bend loss

To study the effect of bend radius on bending loss of the 
proposed W-type PCF structures, we have calculated 
bend loss of the propagating mode with different bend 
radii at 0.633, 1.33, and 1.55 μm wavelengths. This char-
acteristic of the W-type-I and W-type-II PCF structures 
is illustrated in Figures 4 and 5, respectively. Figure 4(a)–
(c) show the variation in bend loss with bend radius of 
W-type-I PCF for 0.633, 1.33 and 1.55 μm wavelengths 
respectively. Figure 5(a)–(c) elucidate the variation in the 
bend loss with bend radius of W-type-II PCF for 0.633, 
1.33 and 1.55 μm wavelengths, respectively.

It has been found that the W-type-I PCF is almost 
insensitive to macro bending. The W-type-I PCF has 
minimum bending loss of 0.01, 0.01 and 0.07  dB/m at 
wavelengths of 0.633, 1.33 1.55 μm, respectively, for a 30-
cm bend radius. Our simulated results indicate that the 
bending performances of the proposed PCF structures 
are better than that of the earlier reported structures in 
the Refs. (21–24).

3.2. Effect of temperature on bend loss

The temperature dependence of the refractive index is 
described by the thermo-optic coefficient (dn/dT), which 
is a measure of the shift in the value of the refractive index 
with temperature (25). To study the effect of thermo-optic 
coefficient on propagation characteristics of W-type-I 
and W-type-II PCF, a more practical temperature range 
of 25–200  °C has been considered. The background 
material, i.e. silica, used in the PCF design exhibits a 
highly linear, positive thermo-optic coefficient (TOC) 
equal to 8.3 × 10−6/°C (26).

Based on the change in refractive index with temper-
ature, the corresponding bend losses of the fundamental 
mode of the proposed PCF structures has been simulated 
for different temperatures. Further, bend loss calculations 
have been carried out for different bend radii ranging from 
2.5 to 30 cm applied on the two proposed PCF structures 
at 1.55 μm wavelength for different temperatures from 25 
to 200 °C. The variations in the bend loss with temperature 
for a bend radius of 30 cm at wavelength 1.55 μm for both 
W-type-I and W-type-II PCF structures have been found 
lowest and shown in Figures 6 and 7 respectively.

Figures 6 and 7 show the variation in bend loss with 
temperature in W-type-I PCF and W-type-II PCF that 
signifies that due to the positive thermo-optic coefficient 
(TOC) of Silica bend loss decreases with temperature in 
both W-type-I and W-type-II PCF structures.

Figure 3. Variation in electric field intensity profiles on different 
macro-bending radii in the proposed W-type-i pcf, from top to 
bottom: no Bend, 30, 20, 15, 10, 5 and 2.5 cm.
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fundamental mode for W-type-I PCF for wavelengths 
0.633, 1.33 and 1.55  μm and is limited for W-type-II 
PCF. Thus, the W-type-I PCF has the potential to be used 
for macro-bend sensing and due to the feature of power 
recovery with temperature the PCF has the ability to act 
as temperature-tuned device.

Due to increase in temperature, the refractive index 
contrast between cladding and core also increases and 
that in turn partially reconstructs back the fundamental 
guiding mode to the core of the fibre. At room tempera-
ture, the mode of the bent fibre is asymmetric in shape and 
shifts towards outside of the bend but as the temperature 
increases, the guiding mode starts accumulating at the 
core. The thermo-optic effect overcomes the bend loss 
at high temperature and there is partial recovery of the 

Figure 5. Variation in the bend loss on the bend radii at different 
wavelengths; (a) 0.633  μm, (b) 1.33  μm and (c) 1.55  μm for 
W-type-ii pcf structure.

Figure 4. Variation in the bend loss on the bend radii at different 
wavelengths; (a) 0.633  μm, (b) 1.33  μm and (c) 1.55  μm for 
W-type-i pcf structure.
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applications such as supercontinuum generation in vis-
ible and near infrared region.

6. Conclusion

The temperature-dependent bending loss characteris-
tics of the proposed W-type PCF structures have been 
computed by employing commercially available software 
‘COMSOL Multiphysics’ based on finite-element method. 
Bending performance of the proposed PCF structures have 
been reported. It has been found that the W-type-I PCF 
structure offers bend losses of 0.01, 0.018 and 0.07 dB/m 
at 0.633, 1.33 and 1.55 μm wavelengths, respectively, for 
a 30-cm bend radius. The effect of temperature on bend 
loss of the proposed structures has been studied and it has 
been found that the proposed PCF structures are sensitive 
to temperature variations when applied for a tempera-
ture range from 25 to 200  °C. Proposed structures can 
be utilized in both telecommunication and macro-bend 
sensing. Least change in bending loss data observed for 
the proposed PCF design for macro-bending imply that 
the structure is macro-bend insensitive and can be used 
in fibre-to-the-home-applications.

Acknowledgements

The authors gratefully acknowledge the initiatives and sup-
port towards establishment of the ‘TIFAC-center of Relevance 
of Excellence in Fiber Optics and Optical Communication’ at 
Delhi College of Engineering now Delhi Technological Univer-
sity, Delhi, through the ‘Mission REACH’ program of Technol-
ogy Vision-2020 of the Government of India.

Disclosure statement

No potential conflict of interest was reported by the authors.

4. Nonlinearity study of the PCF designs

The nonlinearity of the proposed PCF designs can be 
measured by calculating the nonlinear coefficient (27). A 
high nonlinearity value of PCF implies ability to confine 
high-intensity light.

Figure 8 represents the variation in the nonlinear 
coefficient as a function of wavelength for the two pro-
posed W-type-I and W-type-II PCF designs that shows 
the exponential decrease in nonlinear coefficient with the 
increase in wavelength for a wavelength ranging from 0.4 
to 2.4 μm. The W-type-I PCF has nonlinear coefficient 
value of γ(λ) = 29, 10, and 8 W−1 km−1 at a wavelength 
of 0.633, 1.33 and 1.55  μm, respectively. On the other 
hand, the W-type-II PCF has nonlinear coefficient value 
of γ(λ) = 49, 16 and 14 W−1 km−1 at a wavelength of 0.633, 
1.33 and 1.55 μm, respectively. So the proposed W-type 
PCF structures can also be applicable for nonlinear 

Figure 6. Variation in bend loss with temperature in W-type-i pcf 
for a bend radius of 30 cm at 1.55 μm.

Figure 7. Variation in bend loss with temperature in W-type-ii pcf 
for a bend radius of 30 cm at 1.55 μm.

Figure 8. Variation in the nonlinear coefficients with wavelength 
for W-type-i and W-type-ii pcf structures.
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Abstract. A photonic crystal fiber (PCF) structure in Ga–Sb–S-based chalcogenide glass has
been designed for nonlinear applications. The propagation characteristics of the designed struc-
ture have been investigated by employing COMSOL multiphysics software based on a full-
vectorial finite element method. The proposed PCF structure possesses a nonlinear coefficient
as high as 14.92 W−1 m−1 with the effective mode area of 3.37 μm2 at the operating wavelength
of 1.55 μm. The proposed structure exhibits a flat and low dispersion value between spectral
spanning 2.4 and 2.7 μm with a maximum dispersion variation of 20 ps∕nmkm. To the best of
our knowledge, the PCF design is investigated for first time in Ga–Sb–S-based chalcogenide
glass. The structure possesses a zero dispersion wavelength value at 2.6 μm. The structure
is a promising candidate for nonlinear applications, such as midinfrared supercontinuum gen-
eration, slow-light generation, and midinfrared fiber lasers. © 2017 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JNP.11.036002]

Keywords: photonic crystal fiber; nonlinearity; bending loss; dispersion.
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10, 2017.

1 Introduction

A photonic crystal fiber (PCF) is made of waveguiding parts with a solid core and cladding
layers consisting of spatially periodic airholes around the core and running along the length
of the fiber.1–5 The effective refractive index of the cladding region is reduced due to the presence
of these airholes. A considerable amount of interest has been generated in PCF because of its
unusual and attractive optical properties like single-mode operation in a wide wavelength range,
high nonlinear coefficient,6 low bending loss characteristics,7 excitation of nonlinear effects at
small mode area,8 manageable dispersion properties,9 endlessly single-mode operation,10 large
mode area,11 and high birefringence.12 Among these features, PCF with a very high value of
nonlinear coefficient is very desirable for the various applications in nonlinear optics. These
highly nonlinear PCFs are regarded as candidates for realizing all-optical signal processing devi-
ces by means of the nonlinear optical effects. Large nonlinear coefficient in PCFs can be
achieved by reducing the diameter of the fiber core and enlarging the airhole size in the cladding.
However, the nonlinear coefficient is not the only key parameter affecting the efficiency of a
nonlinear interaction; the group velocity dispersion and the dispersion slope always strongly
affect the nonlinear efficiency. Recently, an equiangular spiral PCF structure in As2Se3 chalco-
genide glass was designed and analyzed to generate an all-normal and flat dispersion character-
istic for the applications in supercontinuum generation.13 Much research is being done to achieve
high nonlinearity in PCF structures.14 However, these PCFs have been reported to obtain non-
linear coefficient values <80 W−1 km−1 at 1.55 μm; some liquid-core PCFs15 and slot spiral
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PCFs16 have been reported to achieve larger nonlinear coefficient. The nonlinear coefficient at
1.55 μm is as high as 251.19 W−1 m−1, while an ultrahigh nonlinear coefficient up to 3.5739 ×
104 W−1 km−1 has been reported in Ref. 16. In conventional silica PCFs, it is difficult to achieve
ultrahigh nonlinearity of the order of 103 W−1 km−1.

To overcome the above-mentioned constraints, a PCF design in a very recently reported
Ga–Sb–S-based chalcogenide glass is proposed here.17 To the best of our knowledge,
the PCF design is investigated for first time in Ga–Sb–S-based chalcogenide glass. The
Ga–Sb–S-based chalcogenide glass has a wide transparent window of 0.8 to 14 μm and a
high third-order nonlinear refractive index of the order of 12.4 × 10−14 cm2 W−1 at 1.55 μm.17

The design of PCF in such a material with the above-mentioned favorable properties makes them
promising candidates for midinfrared applications such as lasers with possible applications in
free space communication windows (i.e., 5 to 8 μm and 13 to 15 μm), supercontinuum gener-
ation, slow light, and enhancement of optical forces. The confinement and guiding of the light
in this PCF with a relatively high core index occur via modified total internal reflection, and
the single-mode propagation is dependent on the ratio between the core radius and the
wavelength.18–20 Numerical calculations using the finite element method were carried out for
the proposed PCF design to calculate parameters, such as effective mode area of the propagating
mode, nonlinear coefficient, confinement loss, and bend losses with different bend radius
regimes. It has been shown that the proposed PCF structure in Ga–Sb–S-based chalcogenide
glass material is insensitive to macrobending. The structure can be utilized in free space com-
munication windows of 5 to 8 μm and 13 to 15 μm, midinfrared supercontinuum generation,
slow-light generation, and enhancement of optical forces.

2 Method of Analysis

The wavelength-dependent refractive index of the Ga–Sb–S-based chalcogenide glass material is
calculated by employing the Sellmeier equation17 as described in Eq. (1):

EQ-TARGET;temp:intralink-;e001;116;405n2 ¼ 1þ a1λ2

λ2 − b21
þ a2λ2

λ2 − b22
; (1)

where λ represents the operating wavelength and the values of the Sellmeier coefficients for the
Ga–Sb–S-based chalcogenide glass are as follows: a1 ¼ 6.2563, a2 ¼ 2.9444, b1 ¼ 0.3425,
and b2 ¼ 34.28.

The effective mode area21 of the propagating mode, which is an essential feature for sup-
pressing the nonlinear effects in the proposed design, is calculated by

EQ-TARGET;temp:intralink-;e002;116;299Aeff ¼
�RR

E2dx dy
�
2RR

E4dx dy
; (2)

where E indicates the amplitude of the transverse electric field propagating inside the PCF
structure.

The nonlinear coefficient22 (γ) is offered by the PCF structure related to the nonlinear
refractive index of material of the PCF and is represented by the following equation:

EQ-TARGET;temp:intralink-;e003;116;204γ ¼ 2πn2
Aeffλ

; (3)

where n2 represents the nonlinear refractive index of material, Aeff is the effective mode area of
propagating mode, and λ is the operating wavelength of light in μm.

The confinement loss arises due to the leakage of power from the core of the PCF. The PCF,
being a leaky structure, has complex effective indices neff of the modes. The confinement loss23

is extracted from the imaginary part of the neff using the following relation:

EQ-TARGET;temp:intralink-;e004;116;101L

�
dB
m

�
¼ 40π

lnð10Þλ ImðneffÞ ¼ 8.686k0 ImðneffÞ; (4)
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where ImðneffÞ is the imaginary part of the mode effective index (neff ) and λ is the operating
wavelength of light in μm.

While using the fiber for free space communications, bending of the PCF structure is inevi-
table. The PCF needs to be spooled at a certain radius for this purpose, and, during this, the fiber
gets bent. Therefore, it is essential to study the bending performance of the design. In bent fibers,
the field profile deforms outward in the direction of the bend. The presence of airholes around the
core makes the design of effective refractive index more flexible. Bending loss of the proposed
PCF is calculated using the equivalent index model. In this method, to simulate the effects of
bending, the bent PCF is transformed into a straight PCF with an equivalent refractive index24–28

defined in the following equation:

EQ-TARGET;temp:intralink-;e005;116;616n2eq ¼ n2ðx; yÞ
�
1þ 2x

R

�
; (5)

where nðx; yÞ represents the refractive index profile of the straight PCF, x is the transverse dis-
tance from the center of the fiber in the direction of bending, and R is the bend radius. The bend
loss of the PCF is calculated by applying a perfectly matched layer (PML) boundary condition.
A rectangular PML is introduced at the surface of the Ga–Sb–S-based chalcogenide glass
PCF to simulate the effect of an infinite domain in the finite element method. With the intro-
duction of the PML, the propagation constant of modes of the proposed PCF structure becomes
complex.29–31 The bending loss of the mode is calculated using the imaginary part of the propa-
gation constant or complex effective index of the bent fiber using the equivalent refractive index.

The group velocity dispersion is a very important characteristic of any PCF structure. The
group velocity dispersion DðλÞ is calculated from wavelength-dependent effective indices of
the propagating mode by employing the following relation:

EQ-TARGET;temp:intralink-;e006;116;439DðλÞ ¼ −
λ

c

�
d2RðneffÞ

dλ2

�
; (6)

where c is the velocity of light in free space and RðneffÞ is the real part of the effective index of
mode. Both material and waveguide dispersion are included in Eq. (6) as the Sellmeier equation
is considered while calculating neff .

3 Design of Ga–Sb–S-Based Chalcogenide Glass Photonic Crystal Fiber

The transverse cross-sectional view of the reported PCF structure is shown in Fig. 1.
A hexagonal lattice solid-core PCF structure was designed by considering Ga–Sb–S-based
chalcogenide glass as the PCF material.

The refractive index of material is 2.75 for the operating wavelength of 1.55 μm.17 The
center-to-center distance of the holes or the pitch is taken as constant (i.e., Λ ¼ 2.2 μm) for
the proposed PCF structure. The diameter of each airhole of the PCF structure is represented
by d. To calculate the accurate bending loss of the structure, PML of the width of 2 μm is applied
surrounding the PCF structure. The central airhole is removed to create the core in the photonic
crystal geometry of the PCF.

4 Numerical Results and Analysis

In our simulation, we used the following parameters unless stated otherwise: d ¼ 880 nm and
Λ ¼ 2.2 μm. To examine the possibility of large nonlinearity with a smaller effective mode area
of the propagating mode in the proposed structure, the effects of various structural parameters
were investigated. The full-vectorial finite element method is used to investigate the modal
properties of the proposed PCF structure.
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4.1 Effective Mode Area and Dispersion Characteristic

In PCFs, the effective mode area is controlled by tuning the ratio of the diameter of the airholes to
the pitch of the airholes (i.e., d∕Λ) of the PCF.32–34 To study the influence of the d∕Λ on
the effective mode area (Aeff ) of the propagating mode, the effective mode area of the proposed
Ga–Sb–S-based chalcogenide glass PCF for different d∕Λ values ranging from 0.2 to 0.7 is
calculated at the operating wavelength of 1.55 μm. As shown in Fig. 2, the effective mode
area of the propagating mode decreases for increasing values of d∕Λ. This is obvious because,
when increasing the value of d (with fixed value of Λ), the confinement of the propagating
mode in the core of the PCF structure increases and hence the spread of the mode toward
the cladding region decreases. Consequently, the effective mode area decreases when increasing
d∕Λ.

The effective mode area plays a very important role in enhancing nonlinear effects in the PCF
structures. Narrow-core microstructured PCFs are suitable geometries for obtaining strong non-
linear effects. Use of the different nonsilica materials with large values of n2, such as silicates,

Fig. 2 The variations of the effective mode area with various d∕Λ values of the PCF structure at
the operating wavelength of 1.55 μm.

Fig. 1 Transverse cross-sectional view of Ga–Sb–S-based chalcogenide PCF structure.
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chalcogenides, tellurite oxide, and bismuth oxide, are also desirable for producing nonlinear
effects. For the various values of d∕Λ, the spectral variation of the effective mode area is
shown in Fig. 3. In general, when d∕Λ increases from 0.2 to 0.7, the effective mode area
decreases. As shown in Fig. 2, the Ga–Sb–S-based chalcogenide glass PCF has an effective
mode area of 6.98, 3.37, 1.49, and 0.86 μm2 for d∕Λ values of 0.2, 0.4, 0.6, and 0.7, respectively,
at the operating wavelength of 1.55 μm. For the operating wavelength of 14 μm, the maximum
effective mode area of 133 μm2 and the nonlinear coefficient of 4183 W−1 km−1 were found
with d∕Λ ¼ 0.7. The effective mode area decreases when increasing d∕Λ because of reduction
in the core size when increasing d∕Λ.

The group velocity dispersion, DðλÞ, is simulated using Eq. (6) for d∕Λ ¼ 0.4 (d∕Λ ¼ 0.4 is
considered to satisfy the single-mode condition of the PCF). As shown in Fig. 4, the dispersion
curve exhibits a normal dispersion characteristic at lower wavelengths and anomalous dispersion
for higher wavelengths with a zero dispersion wavelength at 2.6 μm. The dispersion curve is
almost flat in the spectral range of 2.4 to 2.7 μm with the dispersion variation of 20 ps∕nmkm.
Therefore, one can choose to pump the wavelength within this spectral range to generate
a supercontinuum spectrum. Such a dispersion profile of the PCF structure is very suitable for
midinfrared supercontinuum generation.

Fig. 3 The spectral variation of the effective mode area of the propagating mode for various values
of d∕Λ at the operating wavelength of 1.55 μm.

Fig. 4 Dispersion characteristics of proposed Ga–Sb–S-based chalcogenide glass PCF structure
when d∕Λ ¼ 0.4.
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4.2 Nonlinear Characteristic of the Reported Photonic Crystal Fiber Design

The nonlinearity of the proposed PCF designs is measured by calculating the nonlinear
coefficient35–37 using Eq. (3). A high nonlinearity of the PCF structure implies the ability to
confine high-intensity light. Many nonlinear effects inside the PCFs depend on the nonlinear
parameter [i.e., γ ¼ 2πn2∕ðλAeffÞ], where n2 is the nonlinear refractive index of the material
of PCF, λ represents the operating wavelength, and Aeff denotes the effective area of propagating
mode in the core of the PCF. Therefore, in addition to the intensity of the input pump, the geo-
metrical parameters of PCF also play a very important role in creating the nonlinear effects.
For better perfection of the nonlinear effects, the effective mode area of the propagating
mode must be as small as possible, and the PCF material must be highly nonlinear. The instanta-
neous nature of the nonlinear effects can be used for high-speed switching and ultrafast signal
processing. The spectral variations of the nonlinear coefficient and effective mode area of the
propagating mode are shown at d∕Λ ¼ 0.4 in Fig. 5. Figure 5 reveals that the nonlinear coef-
ficient decreases with the increase in wavelength. As the nonlinearity is inversely proportion to
the effective mode area, the effective mode area increases when increasing the wavelength. The
proposed Ga–Sb–S-based chalcogenide glass PCF structure possesses a nonlinear coefficient as
high as 14.92 W−1 m−1 with the effective mode of the propagating mode of 3.37 μm2 at the
operating wavelength of 1.55 μm. Such a highly nonlinear PCF structure in Ga–Sb–S-based
chalcogenide glass is a suitable candidate for nonlinear applications, such as midinfrared super-
continuum generation and slow-light generation in nonlinear optics. Supercontinuum generation
has attracted the most attention because of its applications for wavelength division multiplexing
sources, metrology, spectroscopy, and optical coherence tomography.

4.3 Bending Loss Performance of the Proposed Photonic Crystal Fiber
Structure

Bends of different macrobending radii ranging from 2.5 to 30 cm were applied on the proposed
Ga–Sb–S-based chalcogenide PCF structure with different values of d∕Λ ranging from 0.2 to
0.7, and bend loss of individual structures was obtained; the results are shown in Fig. 6. The
effect of bending on the proposed Ga–Sb–S-based chalcogenide PCF structure is observed by
examining the cross-sectional view of the transverse mode profile of electric field intensity or the
modal field variations. It indicates that, due to the application of various bend radii, the modal
field gets dispersed along the direction of bend compared with the modal field of the structure
without bending. The shift in the modal field decreases with increases in the bend radius from
2.5 to 30 cm. It has been found that at a small bending radius, the loss is high and reaches its
maximum. However, by increasing the bending radius, the bend loss is dropped to 0.22 dB∕m at
30-cm bend radii for d∕Λ value of 0.2 at the operating wavelength of 1.55 μm.

Fig. 5 The spectral dependence of the nonlinear coefficient along with the effective mode area of
the propagating mode in the PCF structure at d∕Λ ¼ 0.4.
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It has been found that the PCF structure, for d∕Λ ¼ 0.4, is bend insensitive for a bending
radii regime of 10 cm to 30 cm. However, the reported PCF structure is bend sensitive for the
bend radii of 50 μm and lower for d∕Λ ¼ 0.4. Figure 7 shows the bend loss performance of
the proposed PCF structure with a microbend radius for the wavelength of 1.55 μm at a
d∕Λ value of 0.4. At 50-μm bend radii, the minimum bend loss recorded was 0.0144 dB∕m
for a d∕Λ value of 0.4 at 1.55 μm. We expect that the proposed PCF structure is a good candidate
for the applications in which bend-insensitive PCF is required at a 1.55-μm telecom window.

5 Conclusions

A PCF structure has been designed and analyzed for the first time in recently reported Ga–Sb–S-
based chalcogenide glass material for nonlinear applications. The linear and nonlinear
propagation characteristics have been investigated for the proposed PCF structure. The proposed
Ga–Sb–S-based chalcogenide glass PCF has a nonlinear coefficient as high as 14.92 W−1 m−1

with the effective mode area of 3.37 μm2 for d∕Λ values of 0.4 at the operating wavelength of
1.55 μm. It has been found that the Ga–Sb–S-based chalcogenide glass PCF is insensitive to
macrobending above a d∕Λ value equal to 0.2 at the operating wavelength of 1.55 μm. At
50-μm bend radii, the minimum bend loss recorded was 0.0144 dB∕m for a d∕Λ value of

Fig. 6 Bend loss performance of the proposed Ga–Sb–S-based chalcogenide glass PCF at
d∕Λ ¼ 0.2.

Fig. 7 Bend loss performance of the proposed Ga–Sb–S-based chalcogenide glass PCF at
d∕Λ ¼ 0.4.
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0.4 for the operating wavelength of 1.55 μm. The Ga–Sb–S-based chalcogenide glass PCF has
a minimum bending loss value of 0.22 dB∕m for a d∕Λ value equal to 0.2 at the operating
wavelength of 1.55 μm for a 30-cm bend radius. The structure is a promising candidate for
midinfrared applications in nonlinear optics, such as supercontinuum generation, slow-light
generation, and midinfrared fiber lasers.
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Figure 6.7 shows the variation of bend loss with bend radius of the proposed PCF type 

for wavelength 1.55µm at d/Λ value of 0.4 for a bend radii regime of 10µm to 50µm. 

At 50 µm bend radii minimum bend loss recorded as 0.0144dB/m for d/Λ value of 0.4 

at 1.55μm. The PCF structure for d/Λ value 0.6 is bending insensitive even for 

bending radii of 50µm and less depicting bend insensitive PCF design for the 1.55µm 

telecom window. The PCF is slightly sensitive to bending for a bend radius of 2.5µm 

and lower. For bend radii of 2µm the fundamental mode has zero bend loss. Again for 

PCF design with d/Λ value 0.7 the fundamental mode has zero bend loss even in the 

micrometer range bend radii. However, application of micrometer level bend radii or 

radius of curvature to the proposed PCF structure is impractical as that may lead to 

breakage of the fiber. Hence, the PCF may be depicted as bend insensitive for d/Λ 

value above 0.2 and is a good candidate for use in free space communication windows 

of 5-8 µm and 13-15 µm. 

  

6.8. Conclusion 

A photonic crystal fiber structure has been designed and analyzed for first time in 

recently reported Ga-Sb-S based chalcogenide glass material for nonlinear 

applications. The linear and nonlinear propagation characteristics have been 

investigated for the proposed PCF structure. The proposed Ga-Sb-S chalcogenide 

glass PCF has nonlinear coefficient as high as 14.92 W
-1

m
-1

 with effective mode area 

of 3.37 μm
2
 for d/Λ values of 0.4 at operating wavelength of 1.55μm. It has been 

found that the Ga-Sb-S chalcogenide glass PCF is insensitive to macro bending above 

d/Λ value equal to 0.2 at operating wavelength of 1.55μm. At 50 µm bend radii 

minimum bend loss recorded as 0.0144 dB/m for d/Λ value of 0.4 for operating 

wavelength of 1.55μm. The Ga-Sb-S chalcogenide glass PCF has minimum bending 

loss value of 0.22dB/m for d/Λ value equal to 0.2 at the operating wavelength of 

1.55μm for a 30cm bend radius. The structure is a promising candidate for mid-

infrared applications in nonlinear optics such as supercontinuum generation, slow-

light generation and mid-infrared fiber lasers. 

 

 


