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Abstract 

Nature offers most often the best model systems for technological revolutions, and it is true in 

photonics too. In the recent past, nature's expression of spatial order through the symmetric 

breakings is subject of intense research. Mimicking such a model in order to form artificial 

photonic lattice structures with periodic or transversely-quasicrystallographic spatial 

symmetry breakings resulted in channelling the core concepts of optics to concrete 

applications. The new generation miniaturized photonic integrated devices look forward to 

artificially-engineered functional photonic lattice building blocks, where the light could be 

generated, steered and controlled for all-optical information processing. In this backdrop, we 

investigate a dynamically reconfigurable optical phase engineering based programmable 

spatial light modulator (SLM)-assisted approach to sculpt diverse complex three dimensional 

(3D) interference patterns with periodic, transversely quasi-crystallographic or longitudinally 

helical photonic lattice structures with tunable features including those with artificial intrinsic 

functional defects by the tailored superposition of light fields. 

Unlike the conventional single step interference lithography, in the present approach, 

the interfering plane waves are generated in a scalable and reconfigurable manner with 

precise tunability in their relative phases by means of computed phase engineered patterns 

which are displayed on the SLM. The intended complex photonic structures are 

computationally simulated as well as experimentally realized and analyzed. The 

demonstrated controlled formation of simple periodic lattice structures to complex 

intertwined 3D helical lattice structures embedded with spiraling clusters of optical vortices 

and rings of darkness in such structured 3D light fields gives insight for diverse integrated 

photonic devices and microfluidic applications. We also demonstrate one of their proximate 

applications in controlled rotation or orientation of microparticles by realizing 3D helically- 

stacked multi-layered microrotors driven by dynamically tunable optical twister light 



interference patterns. The motivating factor behind the thesis is the projected challenge to 

formulate a fabrication approach for the generation of diverse geometries and symmetries of 

3D photonic lattices in large area where tunability and reconfigurability could be 

implemented in a single step and in a controlled manner. The ideas, designs, and 

methodology of practical implementation involved in the present thesis are sprouted and 

evolved to address these challenges. Apart from this, these designed and optimized complex 

photonic lattice structures can be recorded in appropriate photosensitive materials as 

templates to fabricate complex two dimensional (2D) and 3D photonic lattices to find 

multifaceted and interdisciplinary applications in improved light emitting diodes for display 

devices, all-optical tunable defect-embedded switches and routers, microcavities and micro 

resonators, efficiency-enhanced ultra thin solar cells, light-driven bio-micromachines and 

other microfluidic applications, etc. 

Organization of the Thesis 

The present thesis reports the results of computational as well as experimental investigation 

on the formation and analysis of diverse reconfigurable complex 3D photonic lattices which 

are scalable as well as tunable. The experimental implementation of the approach is based on 

optical phase engineering-assisted single step multiple plane wave interference by means of a 

programmable phase-only SLM. Further, the present thesis also makes the investigation on 

some of the very promising proximate applications of the generated complex 3D intensity 

structures in the field of dynamically tunable controlled microparticle manipulation. The 

thesis is organized as follows: 

Chapter 1 outlines the motivational background, historical overview, and the basic concepts 

on photonic crystals in general, and the fabrication of 3D photonic lattices by means of 

interference lithography. In the last part of the chapter, photorefractive effect with an 

emphasis on cerium doped strontium barium niobate (SBN:Ce) photorefractive crystal as 
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well as the LCOS (Liquid Crystal On Silicon) spatial light modulators are also discussed with 

needed explanation. 

Chapter 2 introduces the optical phase engineering based multiple plane wave interference 

where the primary focus is on periodic 3D photonic lattices. Beginning with the computation 

of diverse interference patterns for the formation of 3D photonic lattices, followed by the 

details of the phase engineered pattern-based experimental implementation is being 

described. The later part of the chapter deals with the generation of well-defined 

reconfigurable 3D photorefractive nonlinear photonic lattices in an externally biased SBN:Ce 

photorefractive crystal by our SLM-assisted versatile simplified single step multiple beam 

interference approach. The formation of these 3D photonic lattices in photorefractive 

nonlinear media is analyzed and verified using various experimental tools. 

Chapter 3 reports the fabrication of 3D-axial transversely quasicrystallographic complex 

photonic structures in large area by a single step phase only SLM-assisted IL approach. 

Quasicrystals (QCs) are materials that possess a long-range order with defined diffraction 

patterns, but lack the characteristic translational periodicity of crystals. By means of 

computer engineered reconfigurable phase patterns, lattice-forming beams are generated to 

fabricate 3D transversely quasicrystallographic lattices belonging to various rotational 

symmetries. Moreover, variants of a number of structures with different shapes and 

periodicities between similar structures could be realized in real time with flexibility in 

parameter control. The variation in basis structure by engineering the offset phase of 

interfering beams also demonstrated. Using this fabrication approach, well defined 

reconfigurable 3D quasi-crystallographic complex structures are realized in SBN:Ce 

photorefractive nonlinear material. The fabricated 3D-axial photonic quasicrystal (PQC) 

structures are analyzed by imaging the plane wave guided intensity distribution from different 

directions. Their respective far field diffraction patterns were also imaged, verifying the 

defining higher order rotational symmetry of generated PQCs. 



Chapter 4 presents a new route for tunable 3D photonic chiral lattices. From the 

technological point of view, this class of artificial material structures, which allows larger 

circular dichroism than their naturally occurring counterparts, finds promising applications in 

the fields of novel 3D PBG materials, metamaterials, polarization specific integrated devices 

etc. But the novel and flexible means for the large area fabrication of chiral structures or 

structural templates with tunable features raises still a technological challenge and motivates 

us to formulate a versatile approach to realize them. By our approach based on optical phase 

engineering, we computationally simulate as well as experimentally demonstrate large area 

scalable complex 3D photonic chiral lattice structures with tunable in-plane relative phase 

shift features. Through a programmable SLM-assisted real time reconfigurable phase 

engineered patterns, what we believe to be for the first time, both periodic photonic chiral 

structures as well as photonic transversely quasi-crystallographic chiral structures are 

realized. The flexibility to smoothly tune the in-plane phase shift of the adjacent spiral lattice 

units also is demonstrated. 

In chapter 5, a very flexible means for the realization of photonic vortex lattice (PVL) 3D 

structures, the tailored periodic as well as transversely quasicrystallographic 3D photonic 

lattices embedded with an array of vortices, by means of relatively phase engineered 

multiple noncoplanar plane wave interference is investigated. This part of the present thesis is 

motivated by the developments in the recent past, when a great deal of attention is captured 

by the optical vortices: the phenomenal structures of wave front screw dislocations where the 

amplitude experiences an absolute null while the phase is indeterminate. After a brief 

introduction to optical vortices and introducing our generalized approach for 3D PVL 

including those with transversely quasicrystallographic basis, then as a particular case 

perturbed multiples of phase engineered three plane waves is explored for the generation of 

complex 3D vortex lattices. The formation of complex gyrating lattice structures carrying 

designed vortices by means of relatively phase-engineered plane waves is investigated both 
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computationally and experimentally. Various computational and experimental analytical tools 

are used to verify the presence of engineered geometry of vortices in these complex 3D 

vortex-embedded photonic lattices. 

Chapter 6 reports our novel approach for the single step simultaneous incorporation of 

tunable intrinsic defects in the complex photonic lattice irrespective of the periodic or 

transversely quasicrystallographic geometries of the photonic lattices. By means of optimized 

computed reconfigurable as well as scalable phase engineered patterns, through SLM-assisted 

multiple beam interference approach we realize a single step generation of intrinsic tunable 

defects in large area scalable complex photonic structures belonging to 2D periodic, 

transversely quasicrystallographic lattices and even positive defects in photonic vortex lattice 

structures. 

Chapter 7 reports a very flexible means for the realization of 3D vortex lattices and tunable 

twister vortex superlattices (TVS) by means of multiple plane wave interference. More 

complex diverse spiraling 3D TVS in large area, centrally configured with tailored perturbed 

dark rings of diverse order threaded by vortex helices, by the designed interference of 

relatively phase engineered plane waves are presented. These real-time reconfigurable 

spiraling vortex superlattice structures are envisaged to find applications in advanced 3D 

particle manipulation and photonic twister clusters, chiral metamaterials, dense coded secure 

satellite communications, micro-rotors and micro-pumps in microfluidics etc. 

Chapter 8 is one of the next two chapters where very promising proximate applications of 

the generated complex 3D lattice structures in the field of microparticle manipulation. Real-

time controlled formation of 3D colloidal lattices and their controlled manipulation of silica 

beads/polystyrene spheres optically trapped in 3D arrays of interference patterns generated by 

dynamically reconfigurable umbrella-like n+l non-coplanar multiple plane wave interference 

is presented in this chapter. Dynamically controlled translation as well as rotation of trapped 

array of particles is also demonstrated through presented approach. The chapter ends 



demonstrating versatile means to tailor array of single-stranded 3D chiral traps envisaging 

applications in atom optics and bio-micromachining. 

Chapter 9 presents tunable helically stacked multi-layered microrotors realized in tailored 

3D intertwined optical twister patterns. We present the computational as well as experimental 

investigation on the generation of optical traps within individually tunable 3D helical 

intensity patterns by the designed superposition of relatively phase engineered multiple plane 

waves using a programmable SLM-assisted dynamically reconfigurable approach. Intensity-

tunable annular irradiance profiles with higher order vortex are generated as well as 

simultaneously unfolded by phase-engineered multiple plane wave interference. In the 

spatially-addressable 3D helical bright arms of these structures, 2µm silica beads are optically 

trapped as spiraling multilayered handles of multi-armed microrotors. We also present our 

observation on helical 3D stacking of micro-particles in these longitudinally gyrating multi-

armed rotor traps. 

Chapter 10 of the thesis outlines major conclusions drawn from the thesis with notes on the 

future scope for further investigations and studies in view of the reported research in the 

present thesis. 
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