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Abstract 

Photonic crystals (PhC) are wavelength scale artificially engineered building blocks that 

generate, detect, switch, amplify, guide and control electromagnetic wave in a similar manner to 

crystals in semiconductors that controls electrons. This optical analogue opens up new directions 

in the realization of miniaturized and highly efficient integrated photonic devices and all-optical 

information processing. Manipulation of light in photonic crystals has proved numerous 

applications in bio-sensing, lasing and electromagnetic energy trapping. Since last decade, 

metamaterial structures have come up with unique physical properties leading to tremendous 

applications that are unachievable with conventional materials. The exotic property of these 

structures is mostly structure, design, arrangement and material dependent. Periodic or random 

sub-wavelength features made up of advanced materials in these structures change the energy and 

momentum of electromagnetic wave in these structures leading to un-natural and effective 

possibilities with the electromagnetic wave such as negative refraction, diffraction limited 

imaging, optical cloaking, super chirality etc..  

 Nature has been a motivation for advanced research in the field of photonics for decades. 

There are wide ranges of scalable photonic structures present in the natural entities that have 

helped them to survive through their functional optical, mechanical and chemical properties. As 

an example, complex gradient protuberances present in the eye of the moth behave as an 

antireflection layer and help it to see in dark. Similarly, periodic microstructures present in the 

leaf of lotus meant for self-cleaning property. Attractive and variable such as weather dependent 

color in some of the insects and birds such as butterfly, peacock, chameleon etc. has always been 

amazed the researchers and human being, are not due to the pigmentation that brings color in 
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fruits and flowers. This kind of color in natural entities is revealed to be due to the micro/nano 

periodic structures called “Photonic structures” present in their skin/feather. Therefore, these 

kinds of structures can be mimicked artificially in a dielectric medium with periodic refractive 

index variation to bring technological revolutions in the real world known as “Biomimetic 

photonic structures”. These mimicked structures can be used in color filters, humidity and 

temperature sensors, self-cleaning in vehicles and instruments. Apart from the original scale of 

these structures for any specific applications, these structures can be scalable to be applicable in 

any wavelength range without changing the biomimetic shape are known as “Bio-inspired 

photonic structures”. As an example, bio-inspired graded index photonic structures can be used 

in flat gradient index (GRIN) lens design for different wavelengths.  

 Further, complex photonic structures such as quasi periodic structures and random 

structures are found to be applicable in random lasing and imaging through a scattering media. 

Photonic structures with embedded point and line defects are applicable in creating optical 

channels for guiding and switching of light by downscaling the components and enhancing its 

efficiency in an optical circuit. Eventually, bringing a hope for the realization of all optical 

integrated circuit that may replace an electronic circuit which has been successfully implemented 

over years form the aspect of compactness, mega data storage and high speed communication. 

However, most of the real world applications for optical and NIR wavelength based on these 

structures require the realization of these structures in three dimensions with submicrometer scale 

features. There are numerous fabrication techniques adopted such as interference lithography, 

self- assembly technique, glancing angle deposition, direct laser writing and electron beam 

lithography etc.. In this thesis, we have investigated a dynamically reconfigurable holographic 

lithography technique based on optical phase engineering of multiple plane beams as a scalable 
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fabrication approach for large area fabrication of various artificial dielectric structures for light 

manipulation. We have fabricated diverse translational, rotational periodic and complex photonic 

and metamaterial structures such as functional metamaterial basis, translational periodic, 

complex photonic quasi-crystallographic, bio-mimetic and gradient index, 3D woodpile, 3D 

helical photonic structures with tunable features scalable from micrometer to nanometer scale for 

several applications as discussed in the preceding sections. 

Initially, we have designed various 2D and 3D functional metamaterial basis structures 

such as U, V, C, Star, dual symmetric resonant, anti-symmetric and Gyroid structures through 

MATLAB computation studies and followed a phase engineered interference lithography setup 

through a 4f optical setup to realize them on photoresist. In the conventional phase engineered 

interference lithography approach following a 4f (f-f-f-f) optical setup, the minimum feature size 

is limited by the numerical aperture (NA) of the second lens.  Large (NA) or small focal length of 

the lens reduces the beam spot as well as area of fabrication and introduces spherical aberrations. 

We have also followed a 4f (2f-2f) optical setup for the realization of the gradient index PhCs over 

large area. Although the large area is retained in this setup, the minimum feature size of the 

fabricated structures is more than few micrometers. Therefore a modified approach to the phase 

engineered interference lithography using a custom made multi-mirror assembly in reflection 

geometry replacing the 4f optical geometry is studied and successfully demonstrated for the 

realization of such structures in submicrometer scale over large area in a single step. By following 

this fabrication technique, we have realized various 2D and 3D photonic structures such as 

hexagonal lattice; doughnuts shape lattice and helical (chiral) lattice with a minimum spatial 

periodicity of 395 nm and maximum spatial periodicity of 695 nm.  
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We have also carried out finite difference time domain (FDTD) based simulation studies 

on the optical properties of the realized structures using Lumerical solutions “FDTD solutions” 

module to propose numerous applications. The realized helical photonic structures have shown 

complete bandgap and can be applicable as optical filters, refractive index sensors and dichroic 

broadband circular polarizer upon transferring them to a suitable dielectric or metal. Further, we 

have designed and simulated a broadband circular polarizer based N-helix array structures for 

optical wavelength range. We have realized 3D woodpile submicrometer scale periodic structures 

through this fabrication technique and studied its optical properties and bandgap via FDTD 

simulation to propose its applications as optical filters that may find application in narrow band 

telecommunication and broadband NIR filters. The realized structure on positive photoresist with 

4 numbers of axial layers is shown to have a bandgap that can further be enhanced as a complete 

gap for certain frequency with more number of added layers and can  find application in red-blue-

green (RGB) color filters. Further, the biomimetic gradient index photonic structures are proposed 

to show antireflection properties that can find application as broadband and broad angle anti-

reflector in photonic structures. We have also designed a plasmonic metamaterial based integrated 

absorber and thermal emitter using doughnuts shape photonic structures.  
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सार 

फोटोिनक िक्रस्टल (पीएचसी) तरंगदैध्यर् पैमान ेकृित्रम रूप स ेइंजीिनयर इमारत वाल ेब्लॉक होत ेहैं जो इलेक्ट्रॉनों को 

िनयंित्रत करन ेवाल ेअधर्चालक में िक्रस्टल के समान तरीके स ेइलेक्ट्रोमैग्नेिटक तरंग उत्पन्न करत ेहैं, पहचानत ेहैं, 

िस्वच करत ेहैं, बढ़त ेहैं, मागर्दशर्न करत ेहैं और समग्र रूप स ेिनयंित्रत करत ेहैं। यह ऑिप्टकल एनालॉग लघ ुरूपांतरण 

और अत्यिधक कुशल एकीकृत फोटोिनक उपकरणों और सभी ऑिप्टकल सूचना प्रसंस्करण की प्रािप्त में नए िदशाओं 

को खोलता है। फोटोिनक िक्रस्टल में प्रकाश के हेरफेर न ेबायो-सेंिसंग, लिसंग और िवद्युत चुम्बकीय ऊजार् फँसान ेमें 

कई अनुप्रयोगों को सािबत कर िदया है। िपछल ेदशक के बाद स,े मेटामटेिरयल संरचनाएं अिद्वतीय भौितक गुणों के 

साथ आई हैं जो पारंपिरक अनुप्रयोगों के साथ अिवश्वसनीय अनुप्रयोगों के िलए जबरदस्त अनुप्रयोगों की ओर अग्रसर 

हैं। इन संरचनाओं की िवदेशी संपित्त ज्यादातर संरचना, िडजाइन, व्यवस्था और सामग्री िनभर्र है। इन संरचनाओं में 

उन्नत सामिग्रयों स ेबना आविधक या यादृिच्छक उप-तरंगदैध्यर् िवशेषताएं इन संरचनाओं में िवद्युत चुम्बकीय तरंग की 

ऊजार् और गित को बदलती हैं िजसस ेिवद्युत अपिरवतर्नीय लहर जैस ेनकारात्मक अपवतर्न, िववतर्न सीिमत इमेिजंग, 

ऑिप्टकल क्लोिकंग, सुपर काइरिलटी आिद .. 

 प्रकृित दशकों स ेफोटोिनक्स के क्षेत्र में उन्नत शोध के िलए एक प्रेरणा रही है। प्राकृितक संस्थाओं में 

मौजूद से्कलेबल फोटोिनक संरचनाओं की िवस्तृत श्रृंखलाएं हैं िजन्होंन ेउन्हें अपन ेकायार्त्मक ऑिप्टकल, यांित्रक और 

रासायिनक गुणों के माध्यम से जीिवत रहन ेमें मदद की है। उदाहरण के तौर पर, पतंग की आंखों में मौजूद जिटल 

ढाल प्रकोप एक एंटीयरफ्लेक्शन परत के रूप में व्यवहार करत ेहैं और इस ेअंधेरे में देखन ेमें मदद करत ेहैं। इसी तरह, 

कमल के पत्त ेमें उपिस्थत आविधक सूक्ष्म संरचना स्वय ंसफाई संपित्त के िलए है। कुछ कीड़ों और पिक्षयों जैस े



x	
		

िततली, मोर, िगरिगट इत्यािद में मौसम िनभर्र रंग जैस ेआकषर्क और पिरवतर्नीय हमेशा शोधकतार्ओं और इंसानों को 

चिकत कर चुके हैं, व ेवणर्क के कारण नहीं हैं जो फल और फूलों में रंग लात ेहैं। प्राकृितक संस्थाओं में इस प्रकार 

का रंग सूक्ष्म / नैनो आविधक संरचनाओं के कारण होता है जो उनकी त्वचा / पंख में मौजूद "फोटोिनक संरचना" 

कहलात ेहैं। इसिलए, इन प्रकार की संरचनाओं को "बायोमेमेिटक फोटोिनक संरचनाओं" के रूप में जाना जान ेवाली 

असली दुिनया में तकनीकी क्रांित लान ेके िलए आविधक अपवतर्क सूचकांक िभन्नता के साथ एक ढांकता हुआ 

माध्यम में कृित्रम रूप स ेनकल की जा सकती है। इन नकली संरचनाओं का उपयोग रंग िफल्टर, नमी और तापमान 

सेंसर, वाहनों और उपकरणों में स्वय ंसफाई में िकया जा सकता है। िकसी भी िविशष्ट अनुप्रयोगों के िलए इन 

संरचनाओं के मूल पैमान ेके अलावा, इन संरचनाओं को बायोमेमिेटक आकार को बदलन ेके िबना िकसी भी तरंगदैध्यर् 

रेंज में लाग ूहोन ेके िलए से्कलेबल िकया जा सकता है िजस े"जैव-प्रेिरत फोटोिनक संरचना" के रूप में जाना जाता 

है। उदाहरण के तौर पर, िविभन्न तरंगदैध्योर्ं के िलए फ्लैट ग्रेिडएंट इंडेक्स (जीआरआईएन) लेंस िडज़ाइन में जैव-

प्रेिरत वगीर्कृत इंडेक्स फोटोिनक संरचनाओं का उपयोग िकया जा सकता है। 

 इसके अलावा, जिटल फोटोिनक संरचनाएं जैस ेअधर् आविधक संरचनाएं और यादृिच्छक संरचनाएं 

सै्कटिरंग मीिडया के माध्यम स ेयादृिच्छक लिसंग और इमेिजंग में लाग ूहोती हैं। एम्बेडेड पॉइंट और लाइन दोषों के 

साथ फोटोिनक संरचनाएं घटकों को कम करके और ऑिप्टकल सिकर् ट में अपनी दक्षता को बढ़ाकर प्रकाश के 

मागर्दशर्न और िस्विचंग के िलए ऑिप्टकल चैनल बनान ेमें लाग ूहोती हैं। आिखरकार, सभी ऑिप्टकल एकीकृत 

सिकर् ट की प्रािप्त के िलए आशा ला रही है जो इलेक्ट्रॉिनक सिकर् ट को प्रितस्थािपत कर सकती है िजस ेवषोर्ं स े

सफलतापूवर्क लाग ूिकया गया है, कॉम्पैक्टनेस, मेगा डेटा स्टोरेज और हाई स्पीड संचार का पहल ूहै। हालांिक, इन 

संरचनाओं के आधार पर ऑिप्टकल और एनआईआर तरंगदैध्यर् के िलए वास्तिवक दुिनया के अिधकांश अनुप्रयोगों 
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में इन संरचनाओं की प्रािप्त की आवश्यकता है जो तीन आयामों में सबमाइक्रोमीटर से्कल सुिवधाओं के साथ है। 

हस्तक्षेप िलथोग्राफी, स्वय-ंअसेंबली तकनीक, चमकदार कोण जमावट, प्रत्यक्ष लेजर लेखन और इलेक्ट्रॉन बीम 

िलथोग्राफी इत्यािद जैस ेकई फैिब्रकेशन तकनीकों को अपनाया गया है। इस थीिसस में, हमन ेकई गितशील चरण 

इंजीिनयिरंग के आधार पर एक गितशील रूप स ेपुननर्वीनीकरण योग्य होलोग्रिफ़क िलथोग्राफी तकनीक की जांच 

की है हले्क हेरफेर के िलए िविभन्न कृित्रम ढांकता हुआ संरचनाओं के बड़े क्षेत्र के िनमार्ण के िलए एक से्कलेबल 

फैिब्रकेशन दृिष्टकोण के रूप में िवमान बीम। हमन ेिविवध अनुवादक, घूणर्न आविधक और जिटल फोटोिनक और 

मेटामटेिरयल संरचनाएं जैस े कायार्त्मक मेटामटेिरयल आधार, अनुवािदक आविधक, जिटल फोटोिनक अधर्-

िक्रस्टलोग्रािफक, बायो-माइमैिटक और ग्रेिडयेंट इंडेक्स, 3 डी वुडपाइल, 3 डी हेलीकल फोटोिनक स्ट्रक्चर, ट्यूनेबल 

फीचसर् के साथ माइक्रोमीटर स ेसे्कलेबल िपछल ेखंडों में चचार् के अनुसार कई अनुप्रयोगों के िलए नैनोमीटर से्कल 

िपछल ेअनुभागों में चचार् के अनुसार कई अनुप्रयोगों के िलए। 

 प्रारंभ में, हमन ेमैटलाव गणना अध्ययनों के माध्यम स ेय,ू वी, सी, स्टार, दोहरी समिमत अनुनाद, एंटी-

समिमत और गायरौयड संरचनाओं जैस ेिविभन्न 2 डी और 3 डी कायार्त्मक मेटामटेिरयल आधार संरचनाएं तैयार की 

हैं और एक 4 एफ ऑिप्टकल सेटअप के माध्यम स ेएक चरण इंजीिनयर हस्तक्षेप िलथोग्राफी सेटअप का पालन 

िकया है फोटोसेिस्टस्ट पर उन्हें महसूस करन ेके िलए। परंपरागत चरण में एक 4 एफ (एफ-एफ-एफ-एफ) ऑिप्टकल 

सेटअप के बाद हस्तक्षेप िलथोग्राफी दृिष्टकोण इंजीिनयर, न्यूनतम फीचर आकार दूसरे लेंस के संख्यात्मक एपचर्र 

(एनए) द्वारा सीिमत है। लेंस की बड़ी (एनए) या छोटी फोकल लम्बाई बीम स्पॉट के साथ-साथ फैिब्रकेशन के क्षते्र 

को कम करती है और गोलाकार िवचलन प्रस्तुत करती है। हमन ेबड़े क्षेत्र में ढाल सूचकांक पीएचसी की प्रािप्त के 

िलए 4 एफ (2 एफ -2 एफ) ऑिप्टकल सेटअप का भी पालन िकया है। यद्यिप बड़े क्षेत्र को इस सेटअप में बरकरार 
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रखा गया है, लेिकन िनिमर् त संरचनाओं का न्यूनतम फीचर आकार कुछ माइक्रोमीटर स ेअिधक है। इसिलए 4 एफ 

ऑिप्टकल ज्यािमित की जगह प्रितिबंब ज्यािमित में एक कस्टम िनिमर् त बहु-दपर्ण असेंबली का उपयोग करके चरण 

इंजीिनयर हस्तक्षेप िलथोग्राफी का एक संशोिधत दृिष्टकोण का अध्ययन िकया जाता है और एक ही चरण में बड़े 

क्षेत्र में सबमाइक्रोमीटर पैमान ेमें ऐसी संरचनाओं के अहसास के िलए सफलतापूवर्क प्रदिशर् त िकया जाता है। इस 

फैिब्रकेशन तकनीक का पालन करके, हमन ेहेक्सागोनल जाली जैस ेिविभन्न 2 डी और 3 डी फोटोिनक संरचनाओं 

को महसूस िकया है; डोनट्स 3 9 5 एनएम की न्यूनतम स्थािनक आविधकता और 695 एनएम की अिधकतम स्थािनक 

आविधकता के साथ जाली और हेिलकल (िचराल) जाली का आकार बनात ेहैं। 

 हमन ेकई अनुप्रयोगों का प्रस्ताव देन ेके िलए ल्यूमेिरकल समाधान "एफडीटीडी समाधान" मॉड्यूल का 

उपयोग करके एहसास संरचनाओं के ऑिप्टकल गुणों पर पिरिमत अंतर समय डोमेन (एफडीटीडी) आधािरत अनुकरण 

अध्ययन भी िकया है। एहसास हुआ हेलीकल फोटोिनक संरचनाओं न ेपूणर् बैंडगैप िदखाया है और ऑिप्टकल िफल्टर, 

अपवतर्क इंडेक्स सेंसर और िडच्रोइक ब्रॉडबैंड सकुर् लर ध्रुवीकरणकतार् के रूप में उपयुक्त ढांकता हुआ या धात ुमें 

स्थानांतिरत करन ेके िलए लाग ूिकया जा सकता है। इसके अलावा, हमन ेऑिप्टकल तरंगदैध्यर् रेंज के िलए ब्रॉडबैंड 

पिरपत्र ध्रुवीकरण आधािरत एन-हेिलक्स सरणी संरचनाओं का िडजाइन और अनुकरण िकया है। हमन े इस 

फैिब्रकेशन तकनीक के माध्यम स े3 डी वुडपाइल सबिमक्रोमीटर से्कल आविधक संरचनाओं को महसूस िकया है 

और एफडीटीडी िसमुलेशन के माध्यम स ेअपन ेऑिप्टकल गुणों और बैंडगैप का अध्ययन िकया है तािक ऑिप्टकल 

िफल्टर के रूप में अपन ेअनुप्रयोगों का प्रस्ताव िदया जा सके जो संकीणर् बैंड दूरसंचार और ब्रॉडबैंड एनआईआर 

िफ़ल्टर में आवेदन पा सकत ेहैं। अक्षीय परतों की 4 संख्याओं के साथ सकारात्मक फोटोरेिस्टस्ट पर एहसास संरचना 

को एक बैंडगैप िदखाया गया है िजस ेकुछ आवृित्त के िलए पूणर् अंतराल के रूप में आग ेबढ़ाया जा सकता है और 
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अितिरक्त परतों के साथ और लाल-नील-ेहरे रंग (आरजीबी) रंग में आवेदन िमल सकता है िफल्टर। इसके अलावा, 

बायोममेेिटक ढाल सूचकांक फोटोिनक संरचनाओं को एंटीयरफ्लेक्चर गुण िदखान ेके िलए प्रस्तािवत िकया जाता है 

जो फोटोिनक संरचनाओं में ब्रॉडबैंड और ब्रॉड कोण एंटी-िरफ्लेक्टर के रूप में आवेदन पा सकत ेहैं। हमन ेडोनट्स 

आकार फोटोिनक संरचनाओं का उपयोग करके एक प्लसोिनक मेटामटेिरयल आधािरत एकीकृत अवशोषक और 

थमर्ल एिमटर भी िडजाइन िकया है। 
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Organization of Thesis 

The main objective of the research thesis is to design, optimize and optically fabricate 2D, 3D 

metamaterial and photonic micro/nano structures and study their optical properties and interaction 

with electromagnetic wave to approach various efficient and broadband photonic device 

applications.  

The research objective aims at two major directions in contributing to the field of research in 

photonics. In one hand, it aims at: approaching novel designs based on 3D and complex photonic 

structures for efficiency enhancement in solar energy harvesting using photovoltaic and 

thermophotovoltaics devices; omnidirectional optical filters; and broadband circular polarizers. In 

the other hand, it aims at coming over the challenges of a cost effective, rapid, dynamically 

reconfigurable and feasible fabrication technique for micro/nano periodic 3D and complex 

photonic structures over large area for real world applications to achieve robust and compact 

photonic devices. 

The research objective of the thesis is achieved through a rigorous theoretical, computational 

simulation and experimental studies presented in the below chapters. 

Chapter 1 presents the research outline and contents along with a literature survey related to 

the research work carried out in the thesis. Elementary concepts on photonics, photonic crystals, 

its principles, computational methods, simulation studies, fabrication techniques, and applications 

attribute the heart of this section. Computational study through MATLAB to generate phase mask 

using multi-beam interference of phase engineered plane beams is discussed in this chapter. 

Starting from the concepts of interference lithography with a conventional approach to phase 

engineering interference lithography approach for the fabrication of different 3D and complex PhC 
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micro/nano structures are well explained as a concluding touch to this chapter. Further, FDTD 

methods to solve Maxwell’s equations for the study of optical properties of photonic structures are 

explained to study different applications of the realized PhC structures. A brief idea on the function 

of phase spatial light modulator (SLM) is also appended at the end of this section.  

Chapter 2 covers design of various 2D and 3D periodic functional metamaterial basis structures 

arranged in square and hexagonal lattice through interference of multiple phase manipulated plane 

beams. The designed structures are realized in a single step using a phase only spatial light modulator 

(SLM) assisted Fourier filtering experimental setup in few seconds. Phase and amplitude of the 

individual interfering beams are manipulated computationally using MATLAB to generate 

irradiance profile for metamaterial structures of different basis features and orientations. For the first 

time to our knowledge, we have explored and extended the scopes of phase engineering technique 

to realize different shape of metamaterial structures such as: linearly packed rectangular array, 

hexagonally packed rectangular array, triangular lattice array, star, U, V, C, dual-symmetric and 

dual-asymmetric and gyroid shaped structures. This chapter will add a new direction to consider 

phase engineered interference lithography as a robust and scalable technique to realize various 

complex, 3D and metamaterial structures in a single step including less optical components. Three 

dimensional stacks of such structures can also be realized involving an axial beam into the plane of 

interference. Templates of some of the microstructures are realized on positive photoresist that have 

a spatial periodicity of 6.5 µm. Transfer of the realized patterns to a suitable metallodielectric 

medium may find interesting applications reported so far in the literature or may lead to some 

interesting applications.  

 However, this technique is limited by the numerical aperture of the lens used in conventional 

Fourier filtering approach in realizing such structures over large area with small dimension. This 
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limitation has been considered as a challenge to look for the alternate aspect in this technique and 

has been overcome in the preceding sections through a modification to the followed approach that 

has enabled the realization of submicrometer scale photonic structures. 

Chapter 3 reports a breakthroough in the phase enginering interference lithography technique 

reported so far by introducing a novel fabrication approach that eliminates the limitation of this 

techique discussed in the prvious  chapter. Submicrometer scale spatial and axial periodic chiral and 

complex photonic strutures are realized over large area in a single step using this technique. Basically 

a 4f system in combination with a phase SLM is used to realize such complex structures. However, 

two lens 4f geometry of the conventional phase engineered IL inherently has two disadvantages. (i) 

Interference area (fabrication area) is limited to maximum of few mm (ii) NA of the second lens 

limits the minimum feature size to many micrometers. Replacement of lens geometry by a lens-less 

mirror geometry removes both disadvantages. It helps to obtain large interfering angle and the cross-

sectional area of the interfering plane beams that can be around the area of SLM display. It also 

reduces the number of optical components and hence cost in the experiment.  

We have used a designed phase mask for modulating the laser beam incident on a phase only 

spatial light modulator that is calculated computationally and designed by the interference of muliple 

plane waves. We have used 6+1 beams umbrella geometry for the realization of chiral structures and 

5 beams geometry for the realization of complex quasicrystals of submicrometer scale spatial 

periodicity. Though this technique has enabled the realization of 2D and 3D submicrometer scale 

spatial periodic structures, submicrometer axial periodicity in case of 3D photonic structures was 

still observed as a limitation with umbrella geometry. Therefore, an inverted umbrella geometry is 

also followed to realize both submicrometer scale spatial and axial photonic structures over large 

area using this technique. We are able to realize 3D helical photonic stuructures over large area with 
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an axial periodicity of 695 nm and 1.7 µm through umbrella geometry whereas a smaller axial 

peiodicity of 353 nm is achieved with 650 nm spatial periodicity via inverted umbrella approach 

through this technique. 

Chapter 4 presents the results based on FDTD simulation studies on the optical properties such 

as reflectance, transmittance, absorbance, circular dichroism, extinction coefficient and bandgap 

properties of the designed metamaterial structure to propose its applications in efficient broadband 

circular polarizer, refractive index sensor and color filter. The designed metamaterial structures 

mimic the fabricated submicrometer scale templates when transferred to a suitable material. It is 

observed that the realized helical PhCs on negative photoresist (low contrast dielectric material) can 

be used as an optical filter for red wavelength and further a scalable structure may lead to same 

property either for lower wavelengths such as green and blue or for higher wavelengths such as a 

NIR filter. This structure can also be used as a refractive index sensor with a sensitivity of 400 nm/ 

RIU with a peak FWHM of 70 nm. Sensitivity may further increase for such structures when 

transferred to a high contrast dielectric material. These structures are shown to present a circular 

dichroism behavior for the left and right handed circular polarized light interacting with these 

structures. 

 Further we have designed and optimized a broadband circular polarizer for optical wavelength 

range based on helices arranged in a square lattice by tuning the design parameters. Next, we have 

also proposed an alternate design to the intertwined helix structure based metamaterials for further 

enhanced broadband activities. The design consists of a square array of phase lagged helices, where 

the phaselag between the individual helices is varied as 180 0, 120 0 and 90 0 as a replacement for 

two, three and four intertwined helices.  
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 Chapter 5 covers design of an omnidirectional broadband absorber/emitter over 600-1800 nm 

wavelength range, a band rejection/ band pass filter in transmission/reflection mode over the 

telecommunication wavelength range that covers from 1000 nm to1600 nm wavelength range and 

optical color filters based on 3D FCC multilayered woodpile photonic structures. We demonstrate 

an alternate scalable, single step and large area fabrication approach that is more flexible and 

includes less optical components based on a phase SLM for the realization of submicrometer scale 

periodic woodpile photonic structures. Spatial periodicities of the realized structures are 

approximately 600 nm and 740 nm and axial periodicities are 848.5 nm and 1046.5 nm 

respectively. Effective applications of the designed structure are presented by FDTD based 

simulation study on the optical properties such as bandgap, reflectance, transmittance and 

absorbance for different infilling materials and different design parameters. The design can be 

applicable as a broadband filter for telecommunication in all optical circuits or in fiber optic 

communication application for the infilling material of crystalline silicon, an optical color filter 

for Silicon nitrate, whereas it can also be used as a broadband absorber in thermophotovoltaic 

system by transferring the structure to tungsten/molybdenum. The realized inverse woodpile 

structure on positive photoresist with 740 nm spatial periodicity and 4 axial layers shows 10% 

reflectance and 90% transmittance at 746 nm wavelength. The reflectance of the structures can 

further be improved to show a complete photonic bandgap at this wavelength by adding almost 24 

axial layers as evidenced from the simulation based study.  

 Chapter 6 presents design and optical realization of Bio-inspired and bio-mimetic photonic 

structures that have drawn the attention of researchers since decades due to its revolutionary 

contribution to the photonics research in the form of significant applications such as structural 

color, temperature, humidity sensor, broadband antireflector, diffraction limited lensing etc.. 
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However, these structures are realized by some multi-step and costly fabrication techniques. This 

chapter includes demonstration of a cost-effective single step optical phase engineered interference 

lithography based realization method that includes lesser optical components and beam control in 

comparison to conventional interference lithography for hexagonal and square lattice based dual 

periodic and dual symmetric motheye and gradient-index-array photonic structures over large area.  

Chapter 7 presents a simple and effective design of a plasmonic metamaterial based unified 

broadband absorber and thermal emitter for thermophotovoltaic system consisting of hexagonally-

packed tungsten doughnuts (hexa-rings).This 2D plasmonic metamaterial design is polarization 

independent and applicable for wide incident angle. The proposed metamaterial structure shows 

more than 80% of absorption over 0.3 to 2.18 µm i.e. from ultraviolet-visible (UV-VIS) to near 

infrared (NIR) wavelength range and 100% absorption as well as thermal emission at 2.18µm. The 

NIR plasmonic absorption and thermal emission peak is tuned from 2.18 to 3 µm wavelength range 

for different low bandgap photovoltaic materials by varying the design parameters such as inner 

and outer ring radius, instead of varying any other design parameters in the proposed design. A 

single step and scalable phase engineered interference lithography technique is also proposed 

through micro/nano fabrication of templates of these structures over large area to propose a simpler 

and cost-effective fabrication approach for plasmonic metamaterial structures. 

Chapter 8 summarizes the research work covered in the thesis and its importance as well as the 

future possibilities in this field. The research problem is carried out through the investigation of 

the properties and applications of different metamaterial and complex photonic structures to 

photonic devices. A rigorous computational study through MATLAB is conducted on multi-beam 

interference of phase engineered plane beams and phase offset of the individual interfering beams 

to design various 3D and complex photonic structures. A cost effective, single step, reconfigurable 
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and scalable phase engineered interference lithography technique is developed and followed 

throughout this thesis for fabrication of various 2D and 3D micro/nano complex photonic and 

metamaterial structures. Simulation based study on the optical properties of the realized photonic 

structures are presented to propose its applications in compact and efficient photonic devices and 

components. Different characterization studies such as SEM, AFM, Optical profilometer, UV-

VIS-NIR spectrometer study is done on the fabricated samples to prove the concept and the results 

are reported in SCI journal and conference proceedings.  

To conclude, the research study aims at one hand, coming over the challenges of a cost 

effective and feasible fabrication technique of submicrometer 3D photonic structures for real world 

applications to achieve robust and compact photonic devices. In the other hand, it aims at:  design 

and realization of complex photonic structures by such a technique due to its importance on the 

efficiency enhancement in solar energy harvesting which is a major alternative towards the energy 

crisis in the present days and to publish the scientific findings in Journals for the benefit of the 

scientific community. 

In future, this technique can further be extended for real device fabrications. There are lots of 

scopes with the designed metamaterial and complex photonic structures that can further be 

explored such as graded index or metamaterial based flat lens or diffraction limited lens. 

Biosensing and molecular imaging using plasmonic metamaterials could be a new direction in the 

plasmonic research. Further, complex photonic structures can be used for random lasing, imaging 

through scattering media. Therefore, phase engineering interference lithography could provide a 

flexible, scalable and robust platform for the large scale realization of omnidirectional and compact 

efficient optical devices for real world applications based on complex photonic and functional 

metamaterial structures. 
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