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Foreword

The properties of bulk materials are understood and controlled by the chemical
elements and bonds in the material. The development in ab initio solid state science allows
the study of the electronic, optical, thermal and mechanical properties starting from the
atom-or molecule-level, and has helped expand the range of materials accessible to us.

In last few decades, advanced nanofabrication and computational techniques has
offered a new route to design material properties at will. Through controlled interactions
with electromagnetic (EM) waves, it became possible to produce fascinating physical
properties unavailable in naturally occurring or chemically synthesized materials. Photonic
crystals and metamaterials are good examples of employing structural design to manipulate
electromagnetic wave propagation in an unprecedented way.

Over last thirty years, Professor Naiben Min of Nanjing University, has developed the
novel concept of “dielectric superlattices”. Analogous to the superlattice for electrons in
semiconductors, (for instance, an array of coupled quantum wells that have controllable
electronic characteristics), dielectric superlattices are composited of a periodic of dielectric
media processing unprecedented optical properties. For example, electro-optic and acoustic-
optic modulation of optical suberlattices can be used for compact solid-state pulsed lasers.
Since optical superlattices have the advantage of high nonlinear gain and phase shift over
broad wavelengths, they can act as mode locking devices, generating high repetition rate
semiconductor laser pulses. In quantum optics, optical superlattices can exhibit higher
photon single photon yield, and entangled photon pair production compared with
conventional nonlinear crystals. Min’s scientific contributions have greatly influenced the
science of functional optical materials, and has shaped modern Optical Physics in China,

This book is based on representative publications on dielectric superlattices by Prof."
Min's research team in Nanjing University. His original work has had a profound impact in
science and technology. The team was honored by the First-Class State Natural Science
Award (the highest award in scientific research in China) in 2006, for their significant
achievements on the fundamental and applied nonlinear optics, laser physics, and
technology. Prof. Min has extended the optical superlattice concept from periodic structures
to quasi-periodical, multi-periodic, and even completely random structures, in 1D, 2D,
and 3D.

The phase matching techniques developed by Min were extended from the original
single quasi-phase matching; to multiple quasi-phase matching; local quasi-phase

matching; and., eventually the nonlinear “Huygens principle”, a generic rule for phase
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matching in complex nonlinear optical nanostructures.In 30 years of effort, three kinds of
dielectric superlattices have been systematically developed for different functionalities,
including, optical superlattices, acoustic superlattices. and ionic-type phononic crystals. It
is noteworthy that soon after 1 proposed the idea of photonic crystals in 1987, Professor
Min’s team had proposed and demonstrated phononic crystals for acoustic waves. The
acoustic forbidden band is similar to photonic bands. In addition, ionic-type phononic
crystals with superlattices of piezoelectric materials can efficiently couple acoustic waves
with electromagnetic wave. Such dielectric superlattices have now been used in microwave
electromagnetic devices and electronic devices.

As we enter the new age of “designer’'s materials”, this book provides a reference
source for scientists or engineers practicing in the field of optical materials and device
applications. I believe the readers in both academic and industrial sectors will find this book
helpful and beneficial to their understanding of the exciting research in material science and

photonics,

QW

Berkeley, August 2016
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Preface

Dielectric superlattice has been extensively explored by the research team from
Nanjing University for more than 30 years. With a series of breakthrough. it has been
developed into a variety of novel functional materials with significantly potential
applications in photo-electronics. acousto-electronics and quantum informatics. Meanwhile,
in order to designing and preparing the dielectric superlattice, a new research field, domain
engineering, has been developed. This book is a collection of original papers from more
than hundreds of works that we have published in peer reviewed journals. These papers are
classified into the first 8 chapters according to their contents, with a summary and outlook
provided in Chapter 9. With this organization, we try to provide a solid and detailed
description on the intrinsic characteristics and the scientific framework of dielectric
superlattice. We expect this book to be helpful to various audiences, including scientists,
engineers and graduates in physics, material science, optics and optical engineering, and
other related fields.

Electromagnetic waves and ultrasonic waves can be excited and propagate in a
dielectric crystal. The wavelengths of these waves are much larger than the lattice constants
of a dielectric crystal, i.e., their wave vectors are much smaller than the reciprocal lattice
vectors of a crystal. Thus their propagation in a dielectric crystal is completely equivalent
to in a continuous medium, not being affected by the lattice periodicity. Among the
dielectric crystals, ferroelectric crystals show excellent nonlinear optical, electro-optical.
piezoelectric properties, By artificial modulation of ferroelectric domains, that is,
introducing a periodicity comparable to the wavelength of the light or ultrasonic waves into
the dielectric crystals to create an artificial reciprocal lattice vector to compensate the
dispersion of wave vectors, a dielectric superlattice ( sometimes we also call it optical
superlattice or acoustic superlattice or ionic-type phononic crystal, depending on which
physical process is involved) can be fabricated. Thus the scenario of wave propagation in a
dielectric superlattice would be totally different from that in a homogeneous dielectric
crystal.

. Our study on dielectrie superlattices can be divided into two categories: one is known
as quasi-phase matching engineering, the other is the artificial energy band gap

engineering. Both of them can bring some novel physical effects those are not able to be
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produced in homogeneous dielectric crystals. We begin Chapter 1 in which two invited
review papers are included. The first one with the title of “4rHL &M A& I BF R was
published in a Chinese journal (“#¥”(Physics), 37, 1-10 (2008)). The other one titled
“Superlattices and Microstructures of Dielectric Materials” appeared in an international
journal (Adv. Mater, 11, 1079 - 1089 (1999)).

In a dielectric crystal, the refractive index dispersion usually causes a phase mismatch
and therefore breaks the momentum conservation (the wave vector conservation) in an
optical parametric process, which results in a destructive interference parametric waves,
therefore, low conversion efficiency. The reciprocal lattice vectors in dielectric superlattices
can provide a phase compensation for this mismatch process, converting the destructive
interference into a constructive interference (coherent superposition). This is called quasi-
phase matching (QPM) or quasi-wave vector conservation. An one-dimensional ( 1D)
periodic superlattice has a set of reciprocal lattice vectors in which the largest primary
reciprocal lattice vector can efficiently implement a QPM optical parametric proecess. An 1D
quasi-periodic superlattice has two or more sets of reciprocal lattice vectors, some of them
can efficiently support several independent or mutually coupled QPM optical parametric
processes. This process, involving the intervention of multiple reciprocal lattice vectors, is
called multiple quasi-phase-matching (MQPM). MQPM may also take place in a two-
dimensional ( 2D) ferroelectric optical superlattice. For example, we designed a 2D
superlattice with a hexagonal symmetry, in which three sets of reciprocal lattice vectors
simultaneously participate in the different nonlinear processes in some geometries. Using
such a 2D superlattice, we respectively demonstrated three kinds of novel nonlinear

effects: non-collinear QPM enhanced elastic scattering, QPM enhanced in elastic scattering

(Raman Scattering) and QPM enhanced Cerenkov radiations. These works above are
involved in Chapter 2 with title “Nonlinear Optical Phenomena in Optical Superlattice and
Some Concepts Extended”.

In Chapter 3, we describe another type of 2D superlattice with the periodic modulation
of dielectric constant (or refractive index). For example, a 2D superlattice with a square
symmetry offers two sets of reciprocal lattice vectors, leading to the excitation of four
Floquet-Bloch waves. The phenomenon was explained by the multi-wave dynamics theory
we developed. On this basis, with further consideration of nonlinear Kerr effect, we
proposed a new kind of optically bistable mechanism modulated by index. It leads to a
unique multi-beam optical bistability. This part of the work is introduced in Chapter 3,
with the title of “Kerr-type Nonlinear Optical Superlattices and Photonic Crystals”.

The dielectric superlattice that can excite ultrasonic waves by piezoelectric effect is

called as an acoustic superlattice.In an acoustical superlattice, there is an abrupt change for
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the sign of the piezoelectric constants of crystal at the boundary of two adjacent domains,
therefore, each domain’s boundary is equivalent to a § sound source. By appropriate
selection of the interval between the adjacent domains, one can effectively engineer all &
sound sources in-phase to generate constructive interference and coherent superposition for
ultrasonic exciting and propagating inside, The emergence of acoustic superlattices not only
promises novel ultrasound devices with high output power and low insertion losses, but
also unprecedentedly covers the ultrasonic frequency spectrum from several hundred MHz
to a few GHz. This part of the work is described in Chapter 4 with the title “ Acoustic
Superlattices and Sonic Crystals”.

In dielectric superlattices with 180° antiphase domain boundary, only there are two
different kinds of domain configurations: one with the domain boundaries parallel to the
spontaneous polarization, therefore, no charge bounded at the boundaries; the other with
the domain boundaries perpendicular to the spontaneous polarization, with bounded
charges of opposite signs accumulated alternately at the domain boundaries across the
superlattice. In this case, the 1D superlattice effectively serves as an ionic chain with
positive and negative ions. While electromagnetic waves propagating through the
superlattice induce the vibrations of the charged domain boundaries, 1. e., the
electromagnetic waves excite the superlattice vibrations. The vibrations of the domain
boundaries (bounded charges) also simultaneously excites and radiates electromagnetic
waves. Such superlattice vibrations and electromagnetic waves consequently couple with
each other, leading to the emergence of polaritons, which shares similar fundamentals with
the coupling of electromagnetic waves and lattice vibrations excited by polarization in an
ionic crystal proposed by Huang Kun in 1951. Therefore, we named it ionic-type phononic
crystal. In conventional ionic crystals, the polaritons are excited in the far-infrared regime.
However, they occur in the microwave regime in the ionic-type phononic crystals we
defined. Further studies demonstrated that, for the superlattices without the bound
charges at the domain boundaries, a transverse polarization still can be induced by a
longitudinal wave due to piezoelectric effect. This type of polariton does not exist in a real
ionic crystal, Furthermore, even negative permittivity or permeability could be achieved in
some frequency regimes by the couple of piezoelectric and piezomagnetic effects in a few
composite superlattices. These phenomena just coincide with the properties of
metamaterials in some extent. This part of the work is presented in Chapter 5 with the title
“Ionic-Phononic Crystals and Metamaterials”.

IFrom 1986 to 2006, the study on superlattices was limited to dielectric materials. The
fundamental principle depends mainly on the enhanced coherent superposition effects

originated from the conservation of quasi-wave vectoror quasi-phase-matching. Since 2006,
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two explorations on the study of superlattice have appeared: the first one is that the
superlattice structure has been extend to be used to metals and semiconductors, which
means that the study has penetrated into the fields of surface plasmonics and
metamaterials; the second one is that the artificial band gap engineering is used to various
superlattices. These two explorations have brought the study of superlattice many
intriguing effects and applications, For the research on the polariton band structure of
ionic-type phononic crystals, we found two types of polaritons: ordinary polaritons and
extraordinary polaritons. The band gap prohibits ordinary polaritons, but partially permits
to extraordinary polaritons. For another example, in an acoustic superlattice ( phonon
crystal), whose structural unit is composed of metallic cylinders in an air matrix or air
cylinders in a solid-state matrix, we developed the corresponding calculation and design
methodologies for effective manipulation of sound/ultrasound. In experiment, we observed
the negative refraction effects in the first and second energy bands and further proposed and
validated a negative birefraction effect caused by “band overlapping”. Related works on the
band structures of light, sound and polariton are introduced in Chapters 3, 4 and 5,
respectively.

In the modern information technology. the operation and processing of information
utilize the charges of electrons (charge flow density, current density), while the
information remote transfer relies on light or photon, relying on their wave properties,
such as frequency, amplitude, phase and polarization etc. This creates a significant barrier
due to the fact that different information carriers are utilized for information network. On
the other hand, currently the integrated circuits are eventually approaching its physical
limits. This suggests the end of the Moore era in which the electron charges serve as the
information carriers. We face an open question in fundamentals: what will become the
information carriers for the next round of information revolution? The intrinsic properties
of electrons at the quantum level include charge, spin, mass, energy and momentum, in
which electron spin is being frequently investigated as a potential information carrier.
Overall, the quantum states of particles (electron, photon) and quasi-particles (polariton,
phonon, plasmon, and so on) have drawn significant efforts in the exploration of quantum
information. By exploiting quantum states as information carriers, quantum information
technology can break through the bottleneck of classical information technology in several
aspects: increasing information transmission capacity, increasing the speed of the
information processing and computing, and enhancing the information security and so on.
It is compelling that the entangled photons serve as information carriers instead of classic
light. Benefiting from the well-developed solid-state photon chip and optical fiber

technologies, we may realize the generation and the remote transfer of entangled photons,
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respectively. The photonics-based quantum information technology can in further eliminate
the fundamental flaw of using two different carriers in information processing and remote
transfer in current information technology. Our work about quantum information based on
single or entangled photon is presented in Chapter 6 with the title “Review Article; Quasi-
phase-matching Engineering of Entangled Photons”.

The research strategy in basic sciences; such as in condensed matter physics, material
science, and chemistry, is divided into different layers, that is, the sample preparation or
compound synthesis, the identification of constituent and structure, the characterization of
physical and chemical properties and the clarification of the intrinsic links between them
and the objective laws, On the contrary, the engineering is originated from the application
goals, aiming at the performance and corresponding effects, thus designing and preparing
the useful materials and devices with the desired structures and properties. During this
process, one must obey the intrinsic links and objective laws among constituents,
structures, properties, and performances. At this moment, molecular design and assembly
as well as micro-structural design and preparation bear such essential characteristics of
engineering. As a branch of micro-structural engineering, domain engineering started from
the study on ferroelectric domains and extended later to the ferromagnetic and ferroelastic
domains. Due to the difficulty for accurately controlling the configuration and stability of
the ferromagnetic and ferroelastic domains, so far, only the ferroelectric domain
engineering is sophisticatedly developed. By ferroelectric domain engineering and other
modern state-of-the-art technologies, one can integrate various functions for the
manipulation of photon on a LiNbO; chip, which promises a new venue towards solid-state
integrated optical quantum chips. We emphatically describe domain engineering of
ferroelectrics in Chapter 7 with the title “Domain Engineering for Dielectric Superlattice”.

Chapter 8 deals with the synergy of QPM, MQPM and solid-state laser technology to
tremendously explore and advance the research of solid-state laser and other photo-
electronic devices. Using the MQPM scheme, we have developed novel solid-state lasers
with simultaneous output of the three-primary colors (RGB) and multi-wavelength output
on-demand. Based on QPM, we achieved highly efficiently optically parametric outputs,
which may almost cover the entire transparent region of the implemented nonlinear optical
crystals. Moreover, based on conventional technologies, for the nonlinear optical crystals
with 3m point group, such as LiNbQO; crystals, their largest nonlinear optical coefficient
d 33 cannot be used to realize conventional birefringence phase matching, but can be utilized
by QPM. This will increase the output power several tens of times more than that of the
widely used phase matching of d3;. By means of the optical superlattice and QPM, we have

developed high-power widely-tunable mid-infrared laser systems. We have also efficiently
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integrated multi-functional entangled photonic sources on the LiNbQO; chips by utilizing
domain engineering. This part of works is highlighted in Chapter 8 with the title
“Engineered Quasi-phase-matching for Laser Techniques”.

Chapter 9 is a summary and outlook for the whole book. It briefly looks back on the
history about the research of dielectric superlattice, and predicts possible applications and
intriguing development directions in future, Of course, these predictions are based on the
authors’ own opinionsand do not represent a formal recommendation.

Dr. Shi-Ning Zhu and Dr. Yong-Yuan Zhu conceived the editing and publishing of this
book. The editorial team also includes Dr. Zhen-Lin Wang, Dr. Yan-Feng Chen, and Dr.
Yan-Qing Lu. I very much appreciate their efforts as well as the contributions from many
others in editing and publishing of this book, such as Dr. Nan-Yan Wang and Dr. Ting
Wu, the executive editors of this book. This event gives me a chance to recall my scientific
career and my own life, as the old saying goes: it is a special time in which opportunity and
challenge coexist. I wish to sincerely thank my students and coauthors for their excellent
works presented in this book, and my colleagues and friends for their invaluable advices

and assistance as well.

Nai-Ben Ming
August 9, 2015, in Nanjing Bishu Park



