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“Edited by a true thought leader in the field, this volume gives an authoritative and up-to-date

survey of both theory and applications of glass micro- and nanospheres. Topics include whispering-

gallery micro-resonators, photonic crystals, core—shell structures, biomedical sensing, nonlinear

optics, as well as microwave and millimeter-wave generation. It will be useful to both graduate
students and practicing researchers in mesophotonics.”

Prof. Glenn D. Boreman

University of North Carolina at Charlotte, USA

“This book will undoubtedly be of great interest to scientists and engineers working in the fields
of microphotonics and glass materials. The excellent review and in-depth analysis of results
described in this book (from very recent to those obtained long ago) will be useful for experienced
scientists and graduate students aspiring to work in the fields of physics, chemistry, and biology,
and looking for new applications in these research areas. It is a valuable resource for all those
working or interested in the emerging field of glass microresonators.”
Prof. Misha Sumetsky
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“What I loved about this book is the experimental pathways (with good references), the synthesis

dimension, and numerous examples the authors have found in illustrating various phenomena.

There are explanations, with clear color diagrams, on how various devices can be fabricated.

The book does an exceptional job in introducing the fundamentals and building on them towards
advanced concepts and applications.”

Prof. Safa Kasap

University of Saskatchewan, Canada

This book summarizes the recent research and development in the field of glass micro-
and nanospheres. With special focus on the physics of spherical whispering-gallery mode
resonators, it presents selected examples of application of glass microspheres in biosensing,
laser devices, and microwave engineering. Hollow microspheres also offer a perspective for
hydrogen transport and storage. On the other hand, glass nanospheres are fundamental for
a class of photonic crystals (e.g., direct and inverse opals), as well as for industrial composite
materials. Both micro- and nanospheres find important applications in biomedicine. The book
highlights examples of preparation techniques and applications, addresses recent challenges,
and examines potential solutions. It addresses physicists, chemists, materials scientists, and
engineers, working with glass materials on microcavities, on nanotechnologies, and on their
applications.

Giancarlo C. Righini is a physicist. He worked for almost 40 years at CNR, the
National Research Council of Italy, in Florence and Rome, becoming research
director of various organizations. After his retirement from CNR, he was director
of the Enrico Fermi Centre in Rome (2012-2016). His interests concern optical
holography, fiber and integrated optics, and glass materials. He has published
over 500 papers and has been chair of several committees of international
conferences. He was vice president of IUPAP and of ICO, cofounder and president of the Italian
Society of Optics and Photonics (SIOF), secretary of EOS, and member of the board of directors
of SPIE. He is chair of the Technical Committee on Glasses for Optoelectronics of the ICG, fellow
of EOS, OSA, SIOF, and SPIE, and a meritorious member of SIF.

V633
ISBN 978-981-4774-63-5

JENNY STANFORD

[[[ PUBLISHING




	Front Cover

	Contents

	1: Glass Microspheres as Optical Resonators

	1.1: Introduction

	1.2: Theory of WGMs in Glass Microspheres

	1.2.1: The Geometrical Optics Approach: A Qualitative Description of WGMs

	1.2.2: The Maxwell Equations Approach: An Analytic Model for a Glass Microsphere

	1.2.2.1: First step: determination of A_r and F_r expressions

	1.2.2.2: Second step: determination of TE and TM components

	1.2.2.3: Third step: characteristic equations for TE and TM modes


	1.2.3: The ``Quantum Theory'' of WGMs: A Short Reminder

	1.2.4: The Figures of Merit of a Glass Microsphere

	1.2.5: Light Coupling to a Spherical Microresonator: Principles and Strategies


	1.3: Conclusion


	2: Glass Nanospheres and Photonic Crystals

	2.1: Introduction and Survey

	2.2: Scattering of Light by Spherical Objects

	2.2.1: Scattering Theory in a Nutshell

	2.2.1.1: General elastic scattering scenario

	2.2.1.2: Dipole radiation and the local field

	2.2.1.3: Rayleigh scattering of light by a dielectric sphere



	2.3: Interference and Bragg Diffraction

	2.3.1: Interference

	2.3.1.1: Interference of two monochromatic waves

	2.3.1.2: Multiple-wave interference and Bragg gratings


	2.3.2: Bragg Diffraction

	2.3.2.1: The Bragg condition

	2.3.2.2: Lattices and planes


	2.3.3: Case Studies: Weevils and Opals

	2.3.3.1: Color of a weevil

	2.3.3.2: Natural and artificial opals



	2.4: Photonic Crystals

	2.4.1: About the Photonic Gap

	2.4.1.1: Brillouin zones and Bragg reflections


	2.4.2: Frequency Domain Methods

	2.4.2.1: The wave equation and Bloch states

	2.4.2.2: Plane-wave methods

	2.4.2.3: Band structure theory and Bragg diffraction


	2.4.3: Some Applications


	2.5: Summary and Outlook


	3: Glass Nanospheres and Artificial Opals

	3.1: Introduction

	3.2: Synthesis of Dielectric Nanospheres

	3.2.1: Polystyrene Nanospheres

	3.2.2: Silica Nanospheres

	3.2.3: RE-Activated Silica Core–Shell Particles 

	3.2.4: Gold-Silica Nanospheres


	3.3: Artificial Opals by Self-Assembly Approach

	3.4: Properties of Opals

	3.5: Heterostructures

	3.6: Infiltrated Opals

	3.7: Inverse Opals

	3.7.1: Fluorescent Aptamer Immobilization on Inverse Colloidal Crystals

	3.7.2: Metallo-Dielectric Colloidal Crystals


	3.8: Conclusions


	4: Coating of Glass Microspheres

	4.1: Introduction

	4.2: Coating Methods

	4.3: Low-Refractive-Index Coatings

	4.4: High-Refractive-Index Coating: General Consideration

	4.5: Modal Dispersion Tailoring

	4.6: Coating for Sensing Applications

	4.7: Fluorescent Layers for Lasing Application

	4.8: Optically Passive Layers for Thermal Effects

	4.9: Conclusion


	5: Biomedical Sensing Applications of Microspherical Resonators

	5.1: Introduction

	5.2: Optical Label-Free Biomedical Sensors

	5.2.1: Whispering-Gallery Mode Resonators

	5.2.1.1: Mode splitting and line broadening


	5.2.2: Experimental Setup


	5.3: Surface Functionalization

	5.4: Biochemical Sensing with Passive Microspheres

	5.5: Biochemical Sensing with Active Microspheres

	5.6: Labeled versus Label-Free WGM Resonators

	5.7: Conclusions and Outlook


	6: Optical Frequency Conversion in Microspheres

	6.1: Introduction

	6.2: Third-Harmonic and Third-Order Sum-Frequency Generation in WGMRs

	6.2.1: Third-Harmonic Generation: Energy Conservation, Phase Matching, and Dispersion


	6.3: Four-Wave Mixing

	6.4: Stimulated Raman Scattering (SRS)

	6.4.1: Cascaded Raman Scattering

	6.4.2: Raman-Assisted Third-Order Sum-Frequency Generation (TSFG)

	6.4.3: Stimulated Anti-Stokes Raman Scattering


	6.5: Conclusions


	7: Applications of Optical WGM Microresonators to Microwaves and Millimeter Waves

	7.1: Introduction: The Use of Optical Resonances in the Microwave Range

	7.2: Laser Stabilization on a Sphere Resonance

	7.2.1: Thermal Behavior of a Silica Microcavity}

	7.2.2: How to Get a Stable Operation for a Laser-Microcavity System

	7.2.2.1: Thermal locking and thermal compensation

	7.2.2.2: Phase locking system

	7.2.2.3: Mode splitting and optical locking



	7.3: Microwave and Millimeter-Wave Generation Using Optical Spheres

	7.3.1: Resonator-Based OEO Topologies and RF Phase Noise Optimization

	7.3.2: Optical Resonator Dimensions versus Applications

	7.3.3: Example of a Microwave OEO Based on a CaF_2 Minidisk Resonator

	7.3.4: Potential for Millimeter-Wave Generation

	7.3.5: Microwave Frequency Generation Using Mode-Locked Combs in Resonators


	7.4: Conclusions


	8: Applications of Glass Micro- and Nanospheres

	8.1: Introduction

	8.2: Microsphere Lasers

	8.2.1: Experimental Results

	8.2.2: Modeling of Rare-Earth-Doped Microsphere

	8.2.3: Simulation Results


	8.3: Glass Microspheres, Glass Beads, and Ball Lenses

	8.3.1: Fabrication of Glass Micro- and Nanospheres

	8.3.2: Glass Beads for Signals and Road Markings


	8.4: Fillers for Composite Materials

	8.5: Personal Care and Biomedical Applications

	8.6: Energy Applications

	8.6.1: Nuclear Fusion Targets

	8.6.2: Hydrogen Storage


	8.7: Conclusion


	Index




