Optical Materials
and Applications

Edited by Moriaki Wakaki

EB & RIBE dry

MBE growth etching Wet etching
GaAs PC " GaAscore Pl F o =y
waveguide AlGaAs clad D
(a) GaAs sub.
GaAs-core —> T =EE AT
2 T
AlGaAs =—» - ﬂ . I f ﬂ
GaAs-sub —» [ e _
MBE growth EB lithography Cl,-RIBE HF wet etching
(b) (c) (d) (e)
CRC Press

Taylor & Francis Group



Optical Materials
and Applications

Edited by Hoiinics Wa%ah
ELASE

CRC Press
Taylor & Francis Group
Boca Raton London New York

C Press is an imprin! e
Taylor & Francis Group, an informa business




CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2013 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed and bound in Great Britain by T] International, Padstow, Cornwall
Version Date: 20120611

International Standard Book Number: 978-0-8247-2759-8 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the
validity of all materials or the consequences of their use. The authors and publishers have attempted to trace the
copyright holders of all material reproduced in this publication and apologize to copyright holders if permission to
publish in this form has not been obtained. If any copyright material has not been acknowledged please write and let
us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted,
or utilized in any form by any electronic, mechanical, or other means, now known or hereafter invented, includ-
ing photocopying, microfilming, and recording, or in any information storage or retrieval system, without written
permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com
(http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers,
MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety
of users. For organizations that have been granted a photocopy license by the CCC, a separate system of payment
has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Optical materials and applications / editor, Moriaki Wakaki.
p.cm. -- (Optical science and engineering)

Summary: “This book brings together and couples results from electromagnetic, mechanics,
thermodynamics, solid state physics, chemistry, optics, and materials science to provide
a coherent picture of materials science, in particular their optical properties. It discusses
the underlying physical basis of the each property, including constituents, bonding, and
structural order. The book also discusses units and unit conversions, provides simple models
for estimating properties or extrapolating data as well as examples of how to fit data using
these models. Two chapters are completely devoted to practical problems in optical systems”--
Provided by publisher.

Includes bibliographical references and index.

ISBN 978-0-8247-2759-8 (hardback)

1. Optical materials. 1. Wakaki, Moriaki.

QC374.0668 2012
621.36--dc23 2012017895

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Optical Materials
and Applications



OPTICAL SCIENCE AND ENGINEERING

Founding Editor
Brian J. Thompson
University of Rochester
Rochester, New York

RECENTLY PUBLISHED

Optical Materials and Applications, edited by Moriaki Wakaki
Lightwave Engineering, Yasuo Kokubun
Handbook of Optical and Laser Scanning, Second Edition, Gerald F. Marshall
and Glenn E. Stutz
Computational Methods for Electromagnetic and Optical Systems, Second Edition,
John M. Jarem and Partha P. Banerjee
Optical Methods of Measurement: Wholefield Techniques, Second Edition, Rajpal S. Sirohi
Optoelectronics: Infrared-Visible-Ultraviolet Devices and Applications, Second Edition,
edited by Dave Birtalan and William Nunley
Photoacoustic Imaging and Spectroscopy, edited by Lihong V. Wang
Polarimetric Radar Imaging: From Basics to Applications, Jong-Sen Lee and Eric Pottier
Near-Earth Laser Communications, edited by Hamid Hemmati
Laser Safety: Tools and Training, edited by Ken Barat
Slow Light: Science and Applications, edited by Jacob B. Khurgin and Rodney S. Tucker
Dynamic Laser Speckle and Applications, edited by Hector J. Rabal and Roberto A. Braga Jr.
Biochemical Applications of Nonlinear Optical Spectroscopy, edited by Vladislav Yakovlev
Tunable Laser Applications, Second Edition, edited by F. J. Duarte
Optical and Photonic MEMS Devices: Design, Fabrication and Control, edited by Ai-Qun Liu
The Nature of Light: What Is a Photon?, edited by Chandrasekhar Roychoudhuri,
A. F. Kracklauer, and Katherine Creath- * .
Introduction to Nonimaging Optics, Julio Chaves -
Introduction to Organic Electronic and Optoelectronic¢ Materials and Devices,
edited by Sam-Shajing Sun and Larry R. Dalton
Fiber Optic Sensors, Second Edition, edited by Shizhuo Yin, Paul B. Ruffin, and Francis T. S. Yu
Terahertz Spectroscopy: Principles and Applications, edited by Susan L. Dexheimer
Photonic Signal Processing: Techniques and Applications, Le Nguyen Binh
Smart CMOS Image Sensors and Applications, Jun Ohta
Organic Field-Effect Transistors, Zhenan Bao and Jason Locklin
Coarse Wavelength Division Multiplexing: Technologies and Applications,
edited by Hans Joerg Thiele and Marcus Nebeling
Microlithography: Science and Technology, Second Edition, edited by Kazuaki Suzuki
and Bruce W. Smith

Please visit our website www.crcpress.com for a full list of titles



Preface

Light propagates in free space with the velocity of 2.997925 m/s~! as a wave spa-
tially and a collection of photons with an energy of € = hv. Various kinds of optical
materials or media are developed to utilize the fundamental natural phenomena of
light. Many types of refractive and reflective optical systems consisting of lenses and
mirrors have been developed for the simple manipulation of the spatial distribution
of light. To design the optical system with a specific character, the materials to con-
form the system must have desired optical spectra for transmission and reflection.
Also to design a certain active element, desired absorption and emission spectra are
required. A fundamental review of typical active materials such as LASER is given
in Chapter 4, “Materials for Solid-State Laser,” by T. Itatani. These optical proper-
ties are realized by utilizing and designing the dielectric dispersion of each material.

As the first step, we should understand the basic optical properties of typical
materials. The definition of optical material has been expanded largely due to the
rapid expansion of optoelectronic applications caused by the progress of information
technology (IT). Various types of optical windows are the typical optical materials,
and these are classified as a passive element. Many types of optical components for
dispersion control such as prisms, gratings, and filters and for phase control such as
wave plates are needed to form advanced optical systems. A review of the funda-
mental optical properties of solids is given in Chapter 1, “Basic Theory on Optical
Properties of Solids,” by M. Wakaki and K. Kudo. A review of fundamental opti-
cal materials is given in Chapter 2, “Optical Materials for Ultraviolet, Visible, and
Infrared,” by T. Arai and M. Wakaki in the linear regime and a review extended to
the nonlinear regime is given in Chapter 3, “Materials for Nonlinear Optics,” by
T. Arai and M. Wakaki.

Bulk materials are the basic material and offer basic information on the mate-
rials for the design of various modifications. Optical thin films are the beginning
of artificial components. Artificial structures with subwavelength dimensions have
been recently formed with physical (vacuum evaporation) or chemical techniques to
control the phase of the light wave. A fundamental review of optical thin films is pre-
sented in Chapter 6, “Materials for Optical Thin Films,” by T. Shibuya. Starting from
a one-dimensional (1D) structure typically applied as an interference filter, nanopro-
cess to two-dimensional (2D) and three-dimensional (3D) structures to control the
dispersion of the material has been developed. A review of such typical systems is
presented in Chapter 7, “Materials for Nanophotonics,” by K. Asakawa. Finally, the
progress of IT greatly depends on the progress of the optical waveguide, which gives
the optical systems compact and high-efficiency characteristics. A review of such
an optical waveguide is given in Chapter 5, “Materials for Optical Waveguides,” by
B. P. Pal.

The editor of this book, M. Wakaki, appreciates each author’s contribution to the
basic ideas for beginners in this field and advanced topics for active researchers in the
field, and also expresses great thanks to T. Shibuya for assisting in the arrangement

vii
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of the manuscripts. The editor also expresses great thanks to the promotional and
management editors of CRC Press for encouraging authors to finish the manuscripts.

Finally, I feel indebted to my wife, T. Wakaki, and my sons for giving me the time
to do this work.

M. Wakaki
At old and stimulating city, Edinburgh
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The optical properties of solids are basically described using the dielectric functions of
the materials. The function depends on the symmetry of the medium—that is, the crys-
tal structure. The fundamental concept of the geometry of the crystal structure is given
in Section 1.1. The propagation of light through the medium or the interaction between
medium and light is described by the dispersion characteristics of the light in the medium.
The summary of the dispersion of light in the medium is given in Section 1.2. The
details of the dielectric properties are also described in Chapter 2 (“Optical Materials for
Ultraviolet, Visible, and Infrared”). The detailed behavior of the reflection and trans-
mission of the layers is treated in Chapter 2 and Chapter 6 (“Materials for Optical Thin
Films”). The dielectric properties are contributed by many types of elementary excita-
tions. Major excitations contributing to the optical excitations are caused by electrons
and phonons. The optical absorptions by electrons and lattice vibrations in solids are
reviewed in Sections 1.3 and 1.4, respectively. Light scattering effects like Raman and
Brillouin scatterings, which offer the complementary information to the absorption
spectra in solids are summarized in Section 1.5. The effects of external fields like mag-
netic and electric fields on optical properties are also reviewed in Chapter 2. The nonlin-
ear optical properties are also reviewed in Chapter 3 (“Materials for Nonlinear Optics™).

1.1 GEOMETRY OF CRYSTAL'-3

Materials are classified according to their degrees of aggregation: These are gas,
liquid, and solid in the order of increasing densities of molecules or atoms. Recent
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advanced applications of devices require high-density integration of elements, and
the device systems with a solid phase are dominant. Physical properties of solids are
the main interest of this text. The solid phase is classified into random arrangements
(glasses and amorphous) and regular arrangements (crystals) of molecules or atoms
according to their topological forms. Recently, complex materials that are not classi-
fied simply to one of the above categories have been actively fabricated and studied
for their interesting potentials.*-’

Crystalline solids offer the fundamental concepts of the material relating with
basic physical properties, and it is still important to learn the basic concept to develop
the advanced system of materials, like superlattices, ceramics, and composite mate-
rials including nanostructures.®-!° Recent topics relating to nanophotonics materials
are presented in Chapter 7 by K. Asakawa.

The physical properties of crystals are strongly correlated with the symmetry of
the lattice that composes the material. In the crystal, the lattice arranges regularly in
space and its minimum unit is called a primitive unit cell. The collection of primitive
unit cells also arranges regularly to form a crystal. The type of crystal is first classi-
fied by the symmetry of the primitive unit cell.

1.1.1  SYMMETRY OPERATIONS

The symmetry is featured by using the symmetry operations not to change the origi-
nal form by the operations. These operations are described as follows:

1. Identity (Einhelt): The rotation of 360 degrees around an axis does not
change the form of the lattice. The operation is usually expressed by the
symbol E.

2. Cyclic axis: The unit cell does not change its form by some rotation around
the proper axis. If the cell returns its original form n times through the
rotation of 360 degrees around the axis, the cell has the n-fold rotation axis.
These symmetries are expressed as C, (n = 1, 2, 3,4, and 6) by Schonflies (S)
expression and simply as n (1, 2, 3, 4, and 6) by Herman-Mauguin (H-M)
expression as shown in Figure 1.1."' If there are several cyclic axes, the axis
with largest number n is called a principal axis.

3. Symmetry plane (mirror or reflection plane): If the unit cell is symmetrical
with some plane within the cell, the plane is called the symmetry plane as
shown in Figure 1.2. The symmetry plane is expressed by the symbol o (S)
or m (H-M).

4. Rotatory reflection axis: If the cell does not change form after 2n/n rotation
and the reflection is not perpendicular to the axis, the operation is called the
rotatory reflection axis Sn (S) or n (H-M) as shown in Figure 1.3."!

5. Inversion: If the cell does not change form after the operation of the shift of
the position of lattice point r to —r referring to the point within the unit cell,
the operation is called inversion i (S) or 2 (H-M).

The unit cell has several symmetrical elements. For example, the square unit cell
C,,(4mm) has the symmetry elements, E 2C, C,? 20, 20, as shown in Figure 1.4(a),
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b
C%' 2n/3 -
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G G G Cs Ce
FIGURE 1.1 Rotation around the axis of symmetry. (See also K. Kudo: Fundamentals of

Optical Properties of Solids, Ohmsha (1977) (in Japanese).) The upper scheme is a stereo-
phonic description, and the lower is a projection description.

I

O @ O

o, (m) 20, (mm) oy (m) 20, (mm)

FIGURE 1.2 Reflection through a plane that contains the principal axis o, and is perpen-
dicular to the principal axis o,. The upper scheme is a stereophonic description, and the lower
is a projection description.

and order of 8, which is the total number of the symmetry elements. The cubic unit
cell O, (m3m) has the symmetry elements, E 8C; 3C’, 6C, 6C, I 85, 30, 65,6S,and
the order of 48.

1.1.2  PoiNT GrOUPS AND CRYSTALLINE GROUPS

If the symmetry elements of the unit cell are written as A,, A,, -, A,, these elements
constitute a group by satisfying the following four conditions:



