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Preface

Photonic crystals (PhCs) are, in general, periodic structures, wherein the
propagation of waves can be modulated with the variations in the refractive index
properties of the medium. The bang-gap characteristics of these have been very
attractive, and could be exploited to develop multitudes of integrated optic (IO)
devices. The present volume is primarily aimed at the discussions of some of

the features of PhCs of a few different types that can be used in certain areas of
application.

Within the context, apart from the introductory chapter on the fundamentals of
these specialized mediums, Aly and Mehaney present a comprehensive study of
one-dimensional PhCs, taking into account their perfect forms as well as those
with defects. They perform numerical simulations to investigate the angular effects
of the incidence wave, putting the emphasis on the role of ambient temperature

to determine the band-gap characteristics. The use of such mediums suggests
prominence in temperature sensing. Furthermore, PhCs may also be embedded
with engineered metallic structures to achieve certain band-gap characteristics, and
Li and Dou discuss such microstructures to manipulate the allowed and forbidden
regions so that wide complete band gaps may be achieved. Their results indicate
potentials of the developed structures in low-frequency vibration reduction-related
issues.

Certain PhC structures infiltrated with liquid crystals need special mention. Many
IO devices can be conceptualized exploiting these because liquid crystals are
functional materials, which alter their properties under the influence of external
parameters, such as electromagnetic fields and temperature. Hsiao touches on the
relevant features of liquid crystal-infiltrated PhCs to emphasize the structure as
prudent in realizing varieties of tuneable optical devices.

In yet another discussion, Hemati and Weng elaborate the gas-sensing technologies
in the mid-infrared region exploiting certain forms of PhC structures. This remains
important because the mid-infrared gas-sensing systems can exhibit significantly
high sensitivity. The authors review the advancements of research in this arena

and emphasize the potentials of the technique in the currently growing Internet of
Things technology.

Zain and De La Rue present finite difference time domain simulation results of
engineered PhC-based waveguides, wherein the PhC cavities are embedded in
narrow photonic wire silicon-on-insulator-type waveguides. The achieved high
reflectivity and possibilities of active tuning capability leave the investigators to
conceptualize multifunctional integrated circuits on a single chip.

The aforementioned cursory view of the themes encapsulated in Photonic
Crystals—A Glimpse of the Current Research Trends highlights some of the present-
day research in the PhC arena that remains of interest. Apart from these, many
other directions of PhC-based research have been reported in the literature, and the
editor hopes to take up these in a future volume. Finally, the editor is assured that



the current volume incorporating chapters by a number of leading scientists will be
significantly useful for the PhC research community.

Pankaj Kumar Choudhury

Professor,

Institute of Microengineering and Nanoelectronics (IMEN),
Universiti Kebangsaan Malaysia,

(The National University of Malaysia),

Bangi, Selangor, Malaysia
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Chapter1

Introductory Chapter: Photonic
Crystals—Revisited

Pankaj Kumar Choudhury

1. Introduction

Mirrors are important optical devices as these are greatly useful in applica-
tions, such as imaging, solar energy collection, and filtering. Also, these are
indispensable in lasers in which the cavities constitute one of the components of
prominence. Metallic and dielectric are the two common types of mirrors highly
used in optics. Metallic mirrors reflect electromagnetic waves over a broad range
of frequencies. But, these are not suitable for operations in the infrared (IR) and
optical frequency regimes due to high absorption of optical power, thereby causing
loss. As such, the bandwidth of operation of metallic mirrors (or guides) remains
limited. However, dielectric medium-coated metallic guides can be used in the
IR regime. Nevertheless, these have been proved to be inefficient for operations
in the optical regime owing to the absorption loss in metals. As such, the use of
conventional dielectric waveguides remains a preferred option for the transmission
of optical frequencies.

Within the context of confinement of light waves in a cavity, the invention of
photonic crystals (PhCs) opens up many possibilities of controlling the propagation
of light. This made PhCs as the objects of intensive theoretical and experimental
research. Properties of optical fibers having high-index core region surrounded
by silica or air fall into the class of PhC; various forms of these have been vastly
discussed in the literature [1]. It is interesting to note that PhCs having high-index
cores possess many features of conventional optical fibers. However, PhCs exhibit
photonic band-gap (PBG) effect, which relates to the forbidden regions in disper-
sion characteristics and transmission spectra—the feature that is distinct from the
properties of high-index core optical fibers.

As PhCs have been a research topic in the frontline for quite some time, empha-
sizing the avenues of such specialized microstructures, the present chapter aims at
throwing a glimpse of a few different forms of guides falling in the class of PhCs.
Some of the novel applications of PhC-based structures and the current research
trends in this specialized area are also touched upon.

2. Periodic band-gap structures

PhCs can be classified to be one-, two-, or three-dimensional (1D, 2D, and 3D)
periodic structures (depending on the kinds of periodic variation), comprised of
materials with different refractive indices and having the periods comparable with the
wavelengths of operation [2, 3]. Based on the configurations, there would be varieties
of structures that can be regarded to be in the class of PhCs. For example, materials
having periodic structures can exhibit the effect of PBG, provided the periodicity

1 IntechOpen
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Figure 1.

Periodic stratified mediums with (a) two-layer and (b) three-layer periodicity.

remains on the scale of operating wavelength. Though the concept of periodic layered
media had been put forward nearly over 40 years back [4, 5], varieties of new investi-
gations in this front add many promising applications of such mediums. Mathematical
formulations of symmetric periodic planar stratified mediums (Figure 1a and b) have
been reported by the investigators [4]. The study deals with the evolution of explicit
dispersion relations to determine the guided modes. In Figure 1, the periodicities in
structure are of the forms of two (Figure 1a) and three layers (Figure 1b), respec-
tively, which represent the variations in refractive index profiles. Apart from symmet-
ric structures, the asymmetric dielectric film on a substrate is also quite a useful model
among the more general types of optical waveguides.

The effects of PBG may be realized by the appropriate choice of periodic
configurations, which involves dimensional features as well as the properties of
constituent materials. This would result in forbidding the propagation of electro-
magnetic waves (through the structure) in certain frequency bands. It must be
mentioned at this point that, recalling the Kronig-Penney model, the propagation
of light waves in stratified periodic mediums can be compared with the situation of
the movement of electrons in a periodic potential well [6, 7]. As such, if electrons
can be diffracted by a periodic potential well, as evidenced by the theories of solid
state physics, photons could equally be well-diffracted by a periodic modulation
of the refractive index of medium. That is, such PBG mediums can be analyzed
by exploiting the quantum theory of electrons in solids. This is because the basis
for the guidance of light waves in dielectric mediums has a close analogy with the
propagation of electrons in solid crystals—the fact that caused tremendous interests
in PhCs and related research leading to the development of wide range of photonic
structures for many novel applications [8]. In fact, multi-layered structures can
reflect electromagnetic waves, if the frequency of operation lies within the gap. As
such, stratified periodic structures have been proved to be prudent in exhibiting the
property of spectral filtering.

3. Band-gap fibers

A PhC fiber (PCF) is a class of 2D periodic structure, wherein the periodic varia-
tion occurs in the plane perpendicular to the fiber axis and an invariant structure
along it. In PCFs, the core section has the refractive index above the effective index
of the surrounding medium. The guidance of light waves happens due to the total
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internal reflection (TIR). PCFs exhibit band-gap characteristics and present prom-
ising optical properties, such as lower and flat dispersion over a very large range of
wavelength and reduced optical nonlinearities. Apart from these, PCFs demonstrate
transparency in the far IR regime of electromagnetic spectrum [9-11].

In certain PhC configurations, the clad region may be a matrix of different
materials with high and low refractive index values, thereby forming a new hybrid
material that greatly enhances the core-clad index difference [12]. Within the
context, index-guiding and hollow-core are the two different kinds of PCF; the
former one consists of a doped-solid dielectric or pure silica core placed inside
an air-clad guide, whereas the latter kind confines light waves through the PBG
effect. The use of PBG kind of PCF greatly helps in reducing optical nonlinearity
and propagation loss.

Among the others, PCFs are highly advantageous in fiber-based device applica-
tions. The invention of fiber-based lasers remains of special mention in this context.
For example, continuous-wave fiber Brillouin lasers have been reported before
utilizing highly nonlinear PCFs [13], wherein simple Fabry-Perot resonator plays
the role of cavity. Apart from this, multi-wavelength Brillouin-erbium fiber lasers
based on exploiting PCF with a linear cavity Fabry-Perot design have also been
reported in the literature [14]. Many different schemes have been implemented to
achieve fiber lasers having varieties of features [15].

Tunability of lasing systems using PCFs may be achieved in different ways. For
example, one may use stimulated Brillouin scattering in the configurations [16, 17].
Within the context, the use of liquid crystals would also be greatly advantageous
as these mediums exhibit the property of birefringence. Being liquid crystals as
functional materials, one may recall the physical and/or chemical properties of
liquid crystal, which can be altered by externally applied fields [18]. Apart from this,
liquid crystals get affected due to the variations in temperature as well. As such, the
thermal and electrical tuning of liquid crystals would alter the spectral character-
istics—the feature that may be exploited in fabricating tunable PCFs. In fact, PCFs
may be infiltrated with liquid crystals, in order to achieve tunable band-gap features.

4. Omniguiding fibers

Omniguiding fibers generally assume structures having the core surrounded by
dielectric cylindrical Bragg mirrors comprised of alternating layers of high and low
refractive index values, thereby forming a 1D PBG configuration, as shown in Figure
2. These are also called as Bragg fibers. However, several forms of omniguiding fibers
have been reported in the literature. In certain kinds, the core section may be solid
dielectric (e.g., silica or Ge-doped silica). In the case of hollow-core Bragg fibers, the
core may be filled up with air or any other gaseous medium, as shown in Figure 3. In
these guides, light waves remain confined to the core region due to Bragg reflections
from the dielectric mirrors. This is because the mirrors reflect a narrow range of
wavelength within the angular range. As such, complete photonic band-gap regime
exists in phase space above the light cone of the surrounding mediums [19].

The design of omniguiding Bragg fibers requires adjustments of parametric
values, such as the core thickness and refractive index of the alternating high-
and low-index surrounding layered mediums. The number of layers also plays
important roles in determining the allowed and forbidden wavelengths, i.e.,
the band-gap conditions. Omniguiding fibers may be designed as single-mode
structure with no polarization degeneracy and without azimuthal dependence.
The core size and number of concentric layers in these fibers govern the guided
wavelengths, optical loss, and the effective single-mode operation [20]. As such,



Photonic Crystals - A Glimpse of the Curvent Research Trends

Figure 2.
Cross-sectional view of a typical omniguiding Bragg fiber comprised of periodic multi-layered dielectric mirrors.

Figure 3.
Cross-sectional view of a hollow-core omniguiding fiber.

these may replace polarization maintaining fibers (PMFs)—the components
that are used to eliminate the undesirable polarization dependent effects, such as
polarization mode dispersion [21].

5. PhCs with defect

In the periodic configuration of PhC, certain defect units may be deliberately
introduced that destroy the periodicity of medium. For example, if in the 1D PhC
structure of Figure 1a, a defect layer (or unit, in general) is introduced, the config-
uration would assume the form, as shown in Figure 4. In such a case, the transmis-
sion characteristics of spectra will be drastically altered. In such situations, defect
modes emerge inside the PBG, resulting into the presence of very narrow peaks
with large transmissivity. As such, the transmission spectra of PhCs with defect can
be controlled, provided the introduced defect is comprised of functional materials so
that the electromagnetic behavior of these may be externally controlled.
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Figure 4.
Periodic medium with a defect unit.

In general, the defect layer may be comprised of dielectric mediums or the mix-
ture of dielectric and other kinds of mediums to yield a complex defect unit. In such
situations, the transmission characteristics may be tailored in highly sophisticated
ways, as described in ref. [22]. Apart from the planar structures, PCFs in certain
forms may also have PhC cladding, wherein a central low-index structural defect
would also be able to sustain the propagation of light waves.

6. Analytical approach for omniguiding fibers

Various attempts have been made to analyze the modes in omniguiding Bragg
fibers. The most common approach remains as the use of transfer matrix theory that
can be applied to any cylindrically symmetric fiber structure surrounded with peri-
odically stacked Bragg cladding [23]. In this kind of formalism, the exact treatment
of arbitrary number of inner dielectric layers is taken into account, and the structure
of the outermost clad is approximated in the asymptotic limit. The exploitation of
transfer matrix theory can yield the confined modes in Bragg fibers by minimizing
the radiation loss in the radial direction. Apart from this technique, the asymptotic
analysis and finite difference time domain (FDTD) method may also be used [3].

The method of asymptotic analysis of omniguiding fibers involves dividing the
bulk of periodic multi-layered cylindrical dielectric mirrors into two groups, namely
the inner and outer ones. The former one is in close proximity of the core section,
whereas the latter group is assumed to be at relatively larger distance from the center of
fiber. In the analyses, however, both the kinds of groups involve several dielectric mir-
rors. Further, the field in the inner group is represented by Bessel functions, whereas
that in the outer group is treated asymptotically using the plane wave approximation. It
has been found that the results obtained in this formalism match very well with those
achieved by implementing the FDTD technique and/or the transfer matrix method [5].

In the analyses of omniguiding Bragg fibers, the propagation of Bloch waves is
of extreme importance to determine the nature of propagation. Within the context,
Bloch wave constant remains vital to evaluate as a complex value of it shows the
forbidden bands of the periodic structure, whereas a real-valued Bloch constant indi-
cates the propagation of waves. In the former case, however, the fields are evanescent.

Bragg fibers support modes that lie above the light line. These modes have the
wave vector that corresponds to a frequency situated at the band-gap of multi-
layered dielectric mirror. The imaginary part of wave vector indicates the radiative
loss of modes that decreases exponentially with the increasing number of layers.

As stated before, the light wave propagation in Bragg fibers can be investigated
in the analogy of electron flow in periodic lattice structures. This can be utilized in
order to determine the working principle of omniguiding optical fibers. As such, the
allowed and forbidden regions of these guides may be obtained by exploiting the
quantum theory of electrons in solids. This has been justified that the use of simple
Bloch formulation in omniguiding fibers exhibits continuous electric fields and power
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in dielectric boundaries [24, 25]. Furthermore, it has been found that, in the case of
omniguiding fibers, the number of allowed and forbidden bands increases with the
increase in the difference between the values of refractive index of different dielectric
layers. Furthermore, the widths of the allowed band remain larger in the case of fibers
having stacked layers of larger thickness values [26]. In the dispersion characteristics
of omniguiding fibers as well, it has been found that the width of allowed range
decrease with the increase in k/ko, k and & being the wave vector in the medium and
that in the free-space, respectively. This has been demonstrated through obtaining
thick curves [26] that represent the existence of allowed and forbidden bands of
wavelengths, instead of simple lined curves shown by conventional optical fibers.

7. Recent research trends

With time, the research on PhC gained enough maturity, thereby yielding excit-
ing results. R&D investigations report the possibilities of exploiting PhCs in many
different applications. However, the aim of these remains pivoted to the tailoring of
band-gap characteristics in the desired range of frequencies.

As stated in the preceding section, defects introduced in 1D PhC structures
modify the propagation of waves, because such modes are governed by the PBG
of medium [27, 28]. In this stream, the role of functional materials remains highly
demanding as the form of PhC allows the possibility of tuning the spectral charac-
teristics. The external effects, such as electromagnetic fields, temperature generating
elastic, and/or shear waves, would be varied to achieve the desirable optical (or elec-
tromagnetic, in general) features of PhC. Therefore, hybrid PhCs would be useful in
designing tunable optical filters, modulators, pulse compressors, and many others.

Apart from functional materials, metals may also be embedded in 1D PhCs to
modify the confinement of modes, thereby altering the band-gap characteristics
[29]. Interestingly, PhC structures embedded with metal-matrix arrangements
could be used to reduce the low-frequency vibration and noise related issues.

Since PhCs can be exploited to control the light-matter interactions within
micro/nano scales, these are advantageous for gas analyzing purpose [30-32]. In
particular, the mid-infrared region of electromagnetic spectrum can be utilized for
gas sensing applications, which would yield the development of such devices with
high sensitivity [33, 34]. Indeed, the variations of optical spectrum and/or measur-
ing the material properties are the techniques to determine the features of sensing.

PhC cavities can also be grown in nano-scaled photonic wire waveguides based
on silicon-on-insulator (SOI). Such structures are capable to exhibit high reflectiv-
ity, which make them sophisticated candidates for mirroring in PhC structures
[35-37]. These have been proved to be useful to realize active tuning—the feature
that makes these suitable as basic building blocks for high-density photonic inte-
grated circuits. Apart from this, the efficacy in designing filters and high-speed
optical switches for networking applications have also been conceptualized.

The aforementioned features of PhCs describe only a few of the research ven-
tures where these complex structures have been investigated. In reality, however,
there are many other novel areas of research pivoted to exploiting varieties of new
forms of PhCs to demonstrate fantastic electromagnetic features; all of those scopes
remain beyond the coverage of this volume.

8. Summary

In analogy to the propagation of electron waves in periodic lattice structures,
waves propagating in a structure that is periodically modulated with refractive
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index also exhibit photonic bands. Such periodic structures, comprised of high
refractive index difference materials, yield photonic bands separated by gaps,
thereby disallowing the propagation of waves. This triggers many novel approaches
to manipulate the electromagnetic fields, thereby opening up varieties of possible
technological applications.
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Chapter 2

Phononic Crystals and Thermal
Effects

Arafa H. Aly and Ahmed Mehaney

Abstract

In this work, we demonstrate a comprehensive theoretical study of one-
dimensional perfect and defect phononic crystals. In our study, we investigate the
elastic and shear waves with the influences of thermal effects. The numerical cal-
culations based on the transfer matrix method (TMM) and Bloch theory are
presented, where the TMM is obtained by applying the continuity conditions
between two consecutive sub-cells. Also, we show that by introducing a defect layer
in the perfect periodic structures (defect phononic crystals), we obtain localization
modes within the band structure. These localized modes can be implemented in
many applications such as impedance matching, collimation, and focusing in
acoustic imaging applications. Then, we investigate the influences of the incident
angle and material types on the number and intensity of the localized modes in both
cases of perfect/defect crystals. In addition, we have observed that the temperature
has a great effect on the wave localization phenomena in phononic band gap
structures. Such effects can change the thermal properties of the PnCs structure
such as thermal conductivity, and it can also control the thermal emission, which is
contributed by phonons in many engineering structures.

Keywords: thermal emission, dispersion relation, phononic band gap,
localized modes

1. Introduction

Phononic crystals (PnCs) are new composite materials which can interact,
manipulate, trap, prohibit, and transmit the propagation of mechanical waves.
Recently, great efforts have been dedicated to study these novel materials to be used
in many potential engineering applications. By reference to the meaning of idio-
matic, the term “phononic” was derived in analogy to the term “phonon,” which is
considered as a quantization of the lattice vibrations. In the previous conscious of
science, these vibrations are impossible to be controlled because the atoms in the
solid cannot move independently of each other because they are connected by
chemical bonds. By appearing PnCs, this assumption was changed and the mechan-
ical wave can be filtered, transmitted, stopped, and localized within specific
frequencies called phononic band gaps [1, 2].

Within the phononic band gaps, the mechanical waves of all types are greatly
blocked. Actually, the formation of the phononic band gaps is back to the variation
in the mechanical properties of the materials that build the PnC structure.
Therefore, Bragg interference at the interface between each two materials can be
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obtained. As a result, the phononic band gaps and transmission bands are formed.
Moreover, novel properties such as negative refraction and acoustic metamaterials
are presented in PnC structures [3-7]. These novel properties of PnCs can be
utilized in many industrial and engineering applications such as MEMS applica-
tions, filters, waveguides, clocking, multiplexers, and sensor applications [8-12].

As it is well-known, the physical origin of all crystal structures has the same idea
of the design. Photonic crystals and semiconductors devices could not develop such
types of the previous applications. From the scientific point of view, we should
mention that the physical nature of PnCs is different from one of photonic crystals,
as well as semiconductors. Generally, the various forms of waves are referred to as:
electron waves as scalar waves and optical waves as vector waves, while elastic
waves as tensor waves [13-19].

As a result, to design PnCs having a complete phononic band gap, the mechan-
ical properties must be changed not only in one direction (i.e. x- direction) but also
in all three directions of space (i.e., x, y, and g directions). Therefore, PnCs can be
classified according to the periodicity into three types, i.e., the one-dimensional
(1D), the two-dimensional (2D), and the three-dimensional (3D) PnCs [20-24].
PnCs can control the entire spectrum of phonons frequency from 1 Hz to THz
range. As it is well-known, the waves that propagate through solid media are called
elastic waves, while those that propagate through fluids are called acoustic waves.
Also, PnCs can control the different types of mechanical waves such as elastic
waves, acoustic waves, and surface waves. Therefore, unlike photonic crystals, not
all 3D PnCs possess complete phononic band gaps. PnCs must possess band gaps for
both elastic and acoustic waves at the same frequency region. Consequently, we
have to fabricate PnC structures for both solid and fluid media [25-28]. Hence after,
these different polarizations introduce more challenges to PnCs higher than other
crystal, which in turn makes the theoretical manipulation of PnCs more attractive
and perspective.

From the previous observations of PnCs structures, several methods were
developed to calculate the phononic band gaps such as Plane-Wave-expansion
Method (PWM), Bloch-Floquet Method (BFM), and finite different time-domain
method (FDTD) [29-33]. In this chapter, we will depend on the Transfer Matrix
Method (TMM) [34] for calculating the reflection coefficient and the transmission
coefficient of the one-dimensional PnC structure. Such method considered very
suitably for the 1D structure due to its recursive nature, since it allows the continu-
ity of the waveform at the interface between each two layers [35, 36]. Also, by using
the TMM, we can obtain the dispersion relations of the mechanical waves through
the periodic PnC structures. PnCs and temperature are in mutual influences in
several ways [37]. For example, at any temperature, mainly the huge contribution
in the thermal conductivity of many materials is dominant by phonon contribution,
which is a function of phonon mean free path and the Boltzmann distribution of
phonons of any material. Also, the thermal conductivity is depending on the thick-
ness of a material, where optical branches contribute with about 30% of the thermal
conductivity of any material. By inhibiting the acoustic phonon population, the
optical phonon relaxation is indirectly inhibited by up to 30% and hence limits their
contribution to thermal conductivity. Furthermore, in silicon PnC, the thermal
contribution of phonons has been reduced to less than 4% of the value for bulk
silicon at room temperature [38-40].

Moreover, the defected PnCs structures have wonderful application in wave
guiding and multiplexing. But the produced structures are different from the pro-
posed ideal structures due to the errors and defaults in manufacturing. By removing
some layers or materials from the ordered periodic structure in a PnC, we can create
a point or a waveguide defects that are able to localize and bend signals. Such
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mechanism has been implemented similarly in photonic crystals to slow light.
Consequently, the produced waveguides in PnCs structures can be used in focusing
and collimation of acoustic waves in medical ultrasound applications, sensors, and
MEMS applications [2, 41-44].

In the present work, we introduce the formation of phononic band gaps under
the influences of many physical parameters. First, the general case of SH-wave
propagation in arbitrary direction will be investigated by using TMM with calcula-
tion of the dispersion curves as well. Also, the influences of the incident angle on the
band gaps are analyzed and discussed. In addition, this work focuses on correlating
and comparing the results of SH-waves with in-plane waves propagating normally
to the structure. For the in-plane waves, the reflection coefficients for S- and P-
waves are plotted and compared with the dispersion relations curves. Furthermore,
we are demonstrating the wave localization phenomenon in PnCs and the effects of
the temperature on the band structure of PnCs and the localized modes for both
in-plane and SH-waves. Also, the numerical results are presented and discussed to
investigate the effect of the defect layer on the wave localization modes inside the
structures. Finally, the effects of the thickness and type of the defect layer material
on the band gap structure had been discussed.

2. Theoretical analysis and numerical models
2.1 Equation of wave propagation

Figure 1 shows the schematic diagram of the 1D PnC crystal structure. The
proposed crystal structure has an infinite number of the periodically arranged unit
cells. The unit cell may include two or more layers; here, we propose that it is made
by only two materials A and B, respectively. The two materials are labeled by the
subscriptj = 1, 2. Also, the thickness of the unit cell (the lattice constant) is
a = a1 + a,. The thickness, Lame’ constant, shearing modulus, Poisson’s ratios,
mass density, and Young’s modulus of the two layers are denoted by equation
%> s > v P By [ By = 41+ 1) (1 = 24) /1y, respectively.

The governing equation of anti-plane shear waves (SH-waves) polarized in the
z-direction propagated in the xy-plane can be written in the following form [45-47].

2
2 xa (’0]2<xj’yj’t) .. .
WV @; (xj,yj,t) + GJt B R 14 (xjvyjat> (=12), 1

where T is the temperature variation, ﬁ] is the thermal expansion coefficients,

®; (x]-, ¥ t) is the displacement components along the z-direction, ¢ is the time,

It
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Incident elastic wawve
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Figure 1.
A schematic diagram of a perfect 1D binary PnC structure.
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of = —E;;T/(1 — 2v;) is the thermal stress, and V? = 9/dx? + 9/dy; is the
Laplacian operator. The solution ¢; (x]-, Vs t) in the jth layer with time harmonic

dependence can be expressed as [48],
®; (xj,yj,t) =@ (x;) exp {ikyj sinfy — iwt|, (2)

Where, ¢ is the velocity component of the incident wave, ?=-1k= w/c is the
wave number, 0y is the angle of the incident wave,  is the angular frequency, and
¢; is the amplitude.

In many cases, it is more convenient to represent the thickness value by the
following dimensionless coordinates:

& =l ny =Yam (J=1,2), 3)

where 7 is the average thickness value of the material A. @ is equal to a; for the
periodic structures. By inserting Eq. (3) in Egs. (1) and (2), we can obtain the
following wave equations:

@; (gj,;yj,t) = ¢ (cfj) exp {i(mj sin g — ia)t}, 4)
2

a4, 2
(1+}G)%—a2<sin290—%> ¢; =0, (5)
J

where ¢; represents the wave velocity in each material, y; = o* /4 is the stress

and shearing modulus ratio, @ = ka; represents the SH-waves dimensionless wave
number, a; = k;a; is the dimensionless wave number and k; = @/c; is the wave
vector of materials A and B, respectively. Eq. (5) has a general dimensionless
solution, and it is given in the following form,

#(&) = 4yexp (—iaqg;) + Bjexp (+iaqgy),  (j=1.2), (6)

where A; and B; are unknown coefficient to be determined, and g; is a parameter

1

®; (51, nj, t) with time harmonic dependence is:

and has the value q; = c? /0]2 — sin20g. Therefore, the dimensionless solution

(@(@,nj,t) = (Aj exp (—iaqjcfj) + Bjexp <+iaqj:§j)) (exp [ianj sinfy — ia)t} )

@)
2.2 Transfer matrix method
The dimensionless shear stress component is given as follows:
o .
T"Zj:”ffa]g (j=1, 2). (8)
j

Assuming that the PnC consists of # unit cells, the boundary conditions at the
left and right sides of the two layers in the ith unit cell can be written in the
following form [45],
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b =40, o =4 (5),

B
O _ 0%
xz]L /’l] ﬂlaf

 og)” ©)

(i T (g}) (=12, ....n),

)
TxZ]R ,u]

—

(=)

—
S

where the subscripts L and R denote the left and right sides of the two layers,
and 0<¢ < =aj/ar (j=1,2) are the dimensionless thicknesses of materials A

and B. Substituting Egs. (7) and (8) into Eq. (9), the following matrix equation can
be obtained as follows:

,,]<R>, L (j=1,2i=12,..n), (10)

T ‘ T
where 1/ = {d)]R , an } and u;i) = {¢](L)’ a, chz)] } are the dimensionless

state wave vectors at right and left sides of each unit cell and TJ/ is the 2 x 2 transfer

matrix of each unit cell. The four elements of TJ, can be written in the following

forms,
) exp (iaqjé,'j) + exp (—iaqjé_,’j) ) exp (iaqjé’j) — exp (—iaqjéjj>
T,(1,1) = 3 » T5(1,2) = YT s
1aq;i/]
/ iaqdj | exp (iaq.(; ) — exp (—iaq.¢; , ,
T)(2,1) = — Rl ”Z ( ”)], T}(2,2) = T)(1,1).
(11)
2.3 Characteristic of the dispersion relation
At the interface between the layers, the following condition is satisfied:
Yip = Va1 (12)

Thus, the relationship between the right and left sides of the ith unit cell can be
obtained from Eq. (10) as follows:

l/(ZR T; V1L (i=12,..,n), (13)

where T; is the accumulative transfer matrix of the ith unit cell and can be
written in the following form:

T; = T,T,. (14)

At the interface between the right side of the unit cell and the left side of the ith
unit cell, the following condition is satisfied:

........ ). (15)

By equating Eqgs. (13) and (15), we can obtain the relationship between the state
vectors of the (i — 1)th unit cells and the ith unit cell in the following form:

M =TV (=2,....n), (16)

15



Photonic Crystals - A Glimpse of the Current Research Trends

Therefore, T; represents the transfer matrix between each two successive unit
cells.

By using Floquet and Bloch theories, we can obtain the displacement and stress
fields between each two neighboring unit cells (at the interface) by the following
relations [46-49]:

P = b exp (ika), 1l =10 exp (ika), (17)

where k is the wave number representing the direction of the traveled wave
across the structure. Combining the above two equations leads to the following
matrix equation:

yé’; = vgl) exp (tka) (i=2,...,n). (18)
By equating Egs. (16) and (18) which leads to the following eigenvalue problem:
IT; — e*I| = 0. (19)
Eq. (19) can be rewritten as follows:

Tl = 25, (20)

; 1
where 1 = e )

is a complex eigenvalue and Vg’Rf is a complex eigenvector.

2.4 Band structure formation

The wave number in Egs. (17) and (18) is a complex number, so it can be a
positive or negative number; in general, the wave number can be written in the
following form [50]:

k= kreal — ikimaginary: (21)

where krejjand Kimaginary are the real and imaginary wave numbers, respectively.
Therefore, we can deduce from this relation that the complex wave number has two
forms, so it can inhibit the incident waves within the phononic band gaps. Conse-
quently, we have two frequency ranges and they are organized as follows:

1.Ifk = kreal and kreal >0.

From Eq. (18),

eika’

(i) (i-1)
Ur = Ur
D — 1) Gilkyeala (22)

2R = U .

From Eq. (22), we can deduce that the displacement and stress at the successive

unit cells (i )th and (i — 1)th are differ only by a phase factor e'l*~ 1%, At this condi-
tion, the elastic waves are allowed to propagate freely through the PnC structure
with the corresponding frequencies and wave number, forming the so-called trans-
mission bands.

kn*al

2.1k = _ikimaginary and kimaginary <0
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From Eq. (18),

(i) _ D) gika

vZR - 2R e, (23)
1)(2) — v(i_l) e_|kimaginary|a
2R — "2R :

In contrast to the above case, we can deduce from Eq. (23) that the displacement
and stress at successive unit cells (i )th and (7 — 1)th are the same and do not have a
phase difference. Moreover, the incident wave has an exponential spatial attenua-
tion of strength magnitude proportional to the value ’kimaginary|. Hence after, at this
case, the waves are prohibited from propagation in the PnC structure, which in
turn, results in formation of the so-called phononic band gaps or stop bands.

2.5 Temperature influences on PnCs

When a mechanical wave propagates through a PnC structure, resultant vibra-
tions occur which may increase or decrease phonons motions. Therefore, it can heat
or cool the PnC structure. Also, the thermal expansion of the constituents materials
may change, which will affect the mechanical constants of the material as well.
Since the vibrations occur very rapidly, there is no big chance to thermal energies to
flow and the elastic constants measured by elastic waves propagation are changed
adiabatically. The elastic constants are connected to the isothermal constants by the
following relation [51-55],

u =, (24)

where the superscripts ¢ and 6 indicate adiabatic and isothermal constants, / is
the thermal expansion coefficient, B is the bulk modulus(B = 4 + 2/3u), C, is the
specific heat at constant volume, 0 is the absolute temperature, and p is the mass
density. From Eq. 24, we can deduce that 4°and 4’ are not the same and the differ-
ence between them should be considered.

In addition to the above relations, if the temperature is increased, not only the
wave velocities will increase but also the thickness of each layer will change by the
following relation [53]:

Aa = Ba;At, (25)

where Aa is the thickness difference of any layer, 4; is the original layer thick-
ness, and At is the temperature difference. Hence after, these two variables will
affect the longitudinal waves speed and the stress component in SH-waves equa-

tions. Since the P-wave velocity is cp = %, which, in turn leads to the variation

of the band structure and band gaps properties.

3. Numerical examples and discussions
3.1 SH-waves results
First, from a practical point of view, the number of layers in the 1D PnC

structure should take a finite number. Therefore, we consider the unit cell of the
PnC structure is made from two layers. The two layers are lead and epoxy materials

17



Photonic Crystals - A Glimpse of the Current Research Trends

and denoted by the symbols A and B, respectively. Second, dispersion relations are
plotted for an infinite number of unit cells because it depends on Bloch theory that
manipulates the propagation of waves through infinite periodic structures. There-
fore, the dispersive behavior of the periodic materials and structures with an arbi-
trary chosen unit cell configuration is considered as an example. The constants of
the materials used in the calculations can be found in Refs. [46, 49] and in Table 1.
Here, we consider the velocity ¢ of the incident wave is 800 m/s and the angle of the
incidence is 6y = 20°. Also, the ambient temperature is proposed to be T = 20°C.
The dispersive properties of the inhomogeneous structures are determined by the
properties ratios of the constituent materials, here we consider the two materials
thicknesses ratio as 1:1.

Figure 2 presents the dispersion relation of SH-waves in the first Brillouin zone,
and it is plotted between the nondimensional frequency ¢ = wa/cg and the
nondimensional wave number £ = k X a4, where cp is the wave velocity in the
second material (epoxy). We considered the range of the nondimensional fre-
quency is 0 <q <9. From this figure, we can conclude that, first, there are some

Materials Mass Lame’ Shearing  Young’s Poisson’s Thermal Specific
density constant modulus  modulus ratios v expansion heat
px103 Ax10* ux10'° E x 10*° coefficient C,x10%
(kg/ m®>) (N/m®)  (N/m?) (N/m?) Bx10°  (J/kg.'C)
@arcy
Lead 11.4 3.3 0.54 1.536 0.43 29.5 0.128
Epoxy 1.180 0.443 0.159 0.435 0.368 22.5 1.182
Aluminum  2.699 6.1 2.5 6.752 0.355 23.9 0.9
Gold 19.32 15.0 2.85 8.114 0.42 14.2 0.13
Nylon 111 0.511 0.122 0.357 0.4 50 1.70
Table 1.

Material constants.

o

P~

Freguency, q

- =z -1 0 1 z 3

Wavenumber, £

L=

Figure 2.
The dispersion curve of SH-waves incident on the face of the 1D binary perfect PnC structure. Each unit cell
consists of lead and epoxy materials (stop-bands shaded by the gray color).
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frequency regions that are plotted with the white color and represent the real valued
wave number and pass bands. Second, the other frequency regions corresponding to
the imaginary wave number represent the phononic band gaps.

3.1.1 Influence of the angle of incidence on the phononic band gap

Figure 3(a) and (b) show the effects of the incident angle 8y on the band
structures of the previous perfect structure. It can be seen that the wave propagation
behavior of the perfect PnC changes obviously for different incident angles. For
example, the stop bands for 6 = 15  become a pass band for 6 = 45". With increasing
value of the incident angle, the same stop bands became wider in the considered
frequency regions. However, in Figure 3(c), we can note a wonderful phenomenon
appeared when the angle 6 reached the value 85". The stop band increased to be
the entire band structure of the PnC, and no propagation bands were observed.

The explanation of such phenomenon is deduced from the parameter

q; = ++x c? /c]2 — sin?0y; if ¢ /cj become smaller than sin 6y, the displacement field
j

will decay. Therefore, a total reflection to the elastic waves will be occurred, where all
the incident wave energy is reflected back to the structure and no waves are allowed
to propagate through the PnC structure.

3.1.2 Defective mode effect on the band structure of the PnC

As shown in Figure 4, the dispersion relation of the perfect PnC structure will
differ than the defected ones. We consider a defect layer from aluminum (the defect
layer thickness a; = a4 i.e., 1/2 of any unit cell thickness) was immersed after the
second unit cell, and the material properties are mentioned in Table 1. From
Figure 5, it was indicated that elastic waves can be trapped within the phononic band
gap and the band structure changed significantly than the perfect ones. The width of
the band gaps increased due to the increment of mismatch between the constituent
materials, this back to the insertion of a second interface inside the PnC structure.
Moreover, the defect layer acts as a trap inside the PnC structure, so a special wave
frequency corresponding to that waveguide will propagate through the structure.

Additionally, in Figure 6(a) (a; = 22,4) and Figure 6(b) (4, = 4a,4), we studied
the effects of the defect layer thickness on the position and number of the localized
modes inside the band structure of the PnC. It was shown that the number and
width of the localized modes were increased by increasing the defect layer thick-
ness. Therefore, with increasing the thickness of the defect layer inside the periodic
PnC structure, the localized modes within the band gap are strongly confined
within the defect layer.

Frogusicy, §

——

—

—

1 p— L

W e

W irraiuimibar

Figure 3.
The calculated dispersion curves of SH-waves in a 1D binary perfect PuC at the incident angles (a) 0, =30
(b) 8, = 50° and (c) 6, = 70 .
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Figure 4.
A schematic diagram of a defect 1D binary PnC.
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Figure 5.
The dispersion curve of SH-waves propagating in the defected PnC. A defect layer from aluminum with
thickness a; = aa was immersed between the two periodic unit cells (stop-bands shaded with the gray color).

Not only the thickness of the defect layer has an obvious effect on wave locali-
zation but also the type of the defect layer has a significant effect on the localized
modes inside the band gaps. Although we introduced two different materials in
Figure 6(c) and (d) with the same thickness, the number and width of the localized
peaks had greatly changed. In Figure 6(c), we used Au which has mechanical
constants higher than the host materials, while in Figure 5(d), we used nylon which
has mechanical constants lower than the host materials. As a result, the width and
number of the transmission bands are larger in Figure 6(d) than in Figure 6(c).
Actually, the nylon is a very soft material like a spring and can introduce more
resonant modes inside the PnC structure.

3.1.3 Temperature effects on the band structure of PnC
Now we will investigate the effects of temperature elevation on the PnC

structure and phononic band gaps. Two temperature degrees (T = 35 and 180°C)
were considered. Figure 7 shows the response of the dispersion relations with
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The calculated dispersion curve of SH-waves propagating in a 1D binary defected PnC. (a) a, = 2a4 (Al),
(b) ay =4an (AD), (c) a4 = as (Au), and (d) a; = ay (Nylon) (stop-bands shaded with the gray color).

different temperatures at SH-waves propagation through PnCs. We can note in
Figure 7(a) and (b) that, with increasing the temperature from T = 35 to

T = 180°C, respectively, the pass/stop band width remains constant due to the
opposite increment in the thermal stress, which has a negative value and maintains
materials dimensions constant. Therefore, there is not any variation in the thickness
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Figure 7.

The dispersion curve of SH-waves propagates in a PnC from lead and epoxy materials. Different temperatures
are considered. (a) T =35 C and (b) T =180°C (stop-bands shaded in gray).
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of any material, which in turn keeps the width of the band gaps constant. Finally,
we can note only band edges changed slightly with increasing the temperatures.
Such small shift in the band gaps is related to the different thermal expansion
coefficients of the two materials. Based on this result, the effects of temperature on
the PnC structure are greatly related to the type of waves that propagate through
crystal structure. Hence, we will verify this result by studying the temperature
effects on PnCs at plane wave propagation as well.

3.2 Plane waves results

As depicted in Figure 1, we can calculate the reflection coefficient of S- and P-
waves in the x-direction through the PnC structure. The PnC structure is proposed
to be bonded between two semi-infinite materials (nylon material) at the two ends.
The subscripts “0” and “e” denote the left and the right of the PnC structure,
respectively.

The reflection coefficient of the displacement field through a PnC structure is

given by the form [39],

Ui Tu+EoTu —EoETn —ETx» (26)
Uo Eo(Tu—ETxn)— (T — ETn)’

where U is the reflected amplitude and T;; = T'(i,j) are the elements of the total
transfer matrix T = T, Ty—1...Tp...T1.

Figure 8 shows the relation between the reflectance R versus ®2/p;.,. (@ is
considered the angular frequency in this relation and c7 = cgp) for P-wave (red
dashed lines) and S-wave (black solid lines) [48]. From Figure 8, we can determine
the range of frequencies for which the phononic band gaps can be occurred (reflec-
tance of P- and S-waves is high R ~ 1). Such high reflectance within the different
frequency ranges represents the frequency band gaps of P- and S-waves inside the
PnC structure.

From Figure 8, it can be seen that the phononic band gaps described by the
reflection coefficient are agreed with those described by the dispersion relations.
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Figure 8.
The reflectance R versus wa /2ncy of P-wave (ved lines) and S-waves (blue lines) propagated normally through
a 1D PnC structure consist of four unit cells. Each unit cell consists of lead and epoxy materials.
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The frequency regions at R ~ 1 of P- and S-waves represent the complete band gaps
of the plane waves through the PnC structure. There is only a fine difference in the
band gaps edges between Figure 8 and those obtained by the dispersion relation. In
Figure 8, the relation is plotted between the reflectance and ®@4/5p;.,., and cr = cgp is
chosen for both P- and S-waves reflectance. Therefore, we will use the reflection
coefficient to describe the effects of the defect layer and temperature instead of
dispersion relations in order to plot both P- and S-waves in the same graph and for
the practical and industrial purpose as well.

3.2.1 Influences of the defect layer/temperature on the phononic band gaps “plane wave”

In this section, we will study the effects of the defect layer and temperatures on
the band structure of PnCs at the propagation of plane waves and compare with
those investigated for SH-waves.

3.2.1.1 Defect layer influences on band structure

First, we will use the same defected structure used in Section 3.1.2 with the same
materials and conditions, only the angle of incidence will be maintained at 6y = 0".
Figure 9 confirms the last results of the effects of the defect layer on the localization
modes through the PnC at the plane wave propagation. In Figure 9(b), a number of
the localized waves was generated inside the phononic band gaps and was increased
by increasing the defect layer thickness as well.

3.2.1.2 Temperature influences on band structure

In this section, the two temperatures T = 50°C and 190°C were considered in
order to illustrate the effects of temperature on the phonic band gaps. We noticed
that the phononic band gaps were affected slightly by temperatures at plane wave
propagation higher than SH-waves. Therefore, the propagation of elastic waves and
localized modes can be affected by temperature elevation. From Figure 10(a), we
can note that the reflectance of the P-wave (Red lines) is moved toward the higher
frequencies (i.e., band gap at wa/2zcr = 3.5). Such displacement in the band gap
edges is quite noticeable at T = 190°C in Figure 10(b).

These temperature effects on the band gaps can be explained by two reasons.
First, the P-wave velocity is increased according to Eq. (24) because the tempera-
ture has a direct effect on the elastic constants. Consequently, temperature makes a

()

Flefactance

Figure 9.
(a) Aluminum defect layer with a4 = aa, (b) Aluminum defect layer with a, = 4a,4.
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Figure 10.
The reflectance R versus wa /2zcy for P-wave (red lines) and S-waves (blue lines) at temperatures effects (a)
T =35Cand (b) T=180"C.

notable change in the edges of the phononic band gaps. Second, here in the plane
wave case, the thermal stress is absent, so the lattice constants will increase
according to Eq. (25) and can make change in the width of the phononic band gaps
as well.

4. Conclusions

In this chapter, we used the transfer matrix method and Bloch theory to com-
pute and study the propagation of mechanical waves through different 1D PnC
structures with thermal effects. We performed numerical simulations to calculate
the reflection coefficient and dispersion curves for the 1D PnC structure. We have
discussed and studied the effects of many parameters on the phononic band gaps.
The effects of temperature and defect mode on the properties of the PnC and on the
localized modes were studied for both SH-waves and in-plane waves. The output
results can be stated as follows:

1. The defect layer has a different and unique effect on the number of localized
modes inside the phononic band gaps for both plane and SH-waves. The effects
of the incident angle, thickness ratio on the propagation, and localization of
elastic waves were studied. The number of localized modes was increased with
increasing the defect layer thickness. Also, the material type of the defect layer
has an obvious effect on the width and number of resonant defect modes,
where the localized modes were increased by using a material with low elastic
constant. Inserting a defect layer inside the perfect structure facilitates the
process of localized modes generation inside the PnC structure. Also, it can be
utilized in many potential applications such as acoustic filter and waveguides
and can be applied to produce new types of laser called phonon laser with low
thermal effects especially in the hypersonic PnCs regime.

2. Results revealed that temperature increment has a significant effect on the
phononic band gaps and on the number of the localized modes inside the PnC
structure, especially for plane wave, where the P-waves velocity and lattice
constants are directly related to temperature increment. The contribution of
phonons in the thermal conductivity of a solid can be limited by the existence
of phononic band gaps, which could be very useful for the thermoelectric
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devices that convert thermal energy into electricity. Hence after, the
performance of many devices such as Peltier thermoelectric coolers,
thermocouples, sensors, and thermoelectric energy generators can be
enhanced. Moreover, the thermal conductivity of many structures could
experience great changes based on the temperature gradients of PnCs. When
temperature is increase in PnCs, the phononic band gap experiences a
significant change.
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Chapter 3

Metal-Matrix Embedded Phononic
Crystals

Suobin Li, Yihua Dou and Linka Niu

Abstract

Metal-matrix embedded phononic crystals (MMEPCs) can be applied for
noise and vibration reduction. Metal-matrix embedded phononic crystals
(MMEPCs) consisting of double-sided stubs (single “hard” stubs/composite
stubs) were introduced. The introduced MMEPCs are deposited on a two-
dimensional locally resonant phononic crystal plate that consists of an array of
rubber fillers embedded in a steel plate. The lower frequency complete bandgap
will be produced in the MMEPCs with composite stubs by decoupling the
spring-mass system of the resonator by means of the rubber filler. Then, the
out-of-plane bandgap and the in-plane bandgap can be adjusted into the same
lowest frequency range by the composite stubs. The broad complete bandgap will
be produced in the metal-matrix embedded phononic crystals with single “hard”
stubs by producing new kinds of resonance modes (in-plane and out-of-plane
analogous-rigid modes) by introducing the single “hard” stubs, and then the
out-of-plane bandgap and the in-plane bandgap can be broadened into the same
frequency range by the single “hard” stubs. The proposed MMEPCs can be used
for noise and vibration reduction.

Keywords: metal-matrix embedded phononic crystals, lower frequency complete
bandgap, broad complete bandgap, forming mechanisms of the bandgap, noise,
vibration reduction

1. Introduction

In the last two decades, the propagation of elastic waves in periodic composite
materials, known as phononic crystals, has attracted increased attention due to
their unique physical properties. These properties include phononic bandgaps
which define a frequency range where elastic wave propagation is forbidden [1]. The
existence of phononic bandgaps enables a variety of potential applications, such as
noise and vibration insulation. Two mechanisms cause the formation of bandgaps:
Bragg scattering [1] and local resonance [2]. In Bragg scattering, the associated
wavelength with the phononic bandgap is of the same order as the periodicity of the
structure. This means a huge lattice constant is needed to obtain phononic bandgaps
for the low frequency range, which limits applications. To achieve local resonance,
the associated wavelength needs to be two orders of magnitude smaller than the
Bragg bandgap. A locally resonant bandgap is related to the resonance frequency
associated with scattering units and depends less on the periodicity and symmetry
of the structure. Therefore, it overcomes the limitation of Bragg bandgaps and
permits bandgaps suitable for low frequencies.
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The existence of low-frequency locally resonant bandgaps (LRBGs) gives rise to
the application of locally resonant phononic crystals (LRPCs) in the reduction of
low-frequency vibration and noise [3]. However, it has been a challenging task due
to the long wavelength and weak attenuation of the low-frequency waves. In the past
years, many LRPCs were proposed to obtain bandgaps in low frequency range or
broaden bandgaps in the low frequency range [4-19]. More recently, the propagation
of Lamb waves (elastic waves) in phononic crystal plates, which is based on a local
resonance mechanism, has attracted attention due to their potential applications in
filters, resonators, waveguides, and for vibration insulation. In general, phononic-
crystal plates can be classified into two types according to their structural features:
flat plates and stubbed plates. The flat phononic-crystal plate consists of a periodical
array of holes or periodic inclusions of foreign material in a homogeneous plate [5].
Many previous studies focused on this type of phononic-crystal plates to investigate
the bandgap properties. It is not easy to obtain lower frequency phononic bandgaps
using a flat phononic-crystal plate. Stubbed phononic-crystal plates can be classified
into two types: the single-sided stubbed phononic-crystal plate and the double-
sided stubbed phononic-crystal plate. The single-sided stubbed phononic-crystal
plate [3] consists of a square array of stubs on one side of a homogeneous plate
[6]. Subsequently, many researchers investigated the effects of material properties
and geometric parameters on the BG of the single-sided stubbed phononic-crystal
plate and found that the mass and the geometric parameter effect can help tune the
bandgap into low frequencies [8]. Later, a novel single-sided stubbed phononic-
crystal plate was proposed. It consists of a square array of stubs on one side of
a two-dimensional binary locally resonant phononic plate. It can increase of the rela-
tive bandwidth over the classical single-sided stubbed plate [12]. The double-sided
stubbed phononic-crystal plate consists of a square array of stubs on both sides of a
homogeneous plate. It can reduce the bandgap compared to a single-sided stubbed
phononic-crystal plate [9]. Recently, a novel double-sided stubbed phononic-crystal
plate was proposed. Unlike the classical double-sided stubbed phononic-crystal
plate, it can shift the bandgap into the lower frequency range [13].

However, because there are three different modes for a plate, and they can
only be coupled separately to special resonating modes of the resonators, the gaps
for in-plane and out-of-plane plate modes can hardly be overlapped with each
other in lower frequencies due to the coupling of the spring-mass system of the
resonator, and thus the lower complete bandgaps (below 100 Hz) are difficult to
obtain. As a result, the BGs of these disused PC plates are usually located in the
frequency range above 300 Hz. However, the frequency of most of the ambient
vibration in practical cases is distributed over a wide frequency range from 20 to
250 Hz. Also, the broad bandgaps for in-plane and out-of-plane plate modes can
hardly be overlapped with each other in same frequency range due to the weak
coupling between the resonator mode and the plate mode, and thus the broad
complete bandgaps are difficult to obtain too. At the same time, a common feature
of phononic-crystal plates is matrix structures made of nonmetallic materials.
However, most mechanical structures typically consist of metals, and a phononic-
crystal plate with a nonmetallic material matrix can hardly be used for vibration
and noise reduction in mechanical engineering. Recently, a metal-matrix embed-
ded phononic crystal which consists of periodic double-sided stepped resonators
deposited on a two-dimensional phononic plate within a steel matrix was pro-
posed. It is found that the bandwidth is increased, but the opening location of the
bandgap is higher (1000 Hz) [19]. In other words, the extension of the bandwidth
into the lower frequency range remains a challenging task for a metal-matrix
embedded phononic crystal.
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Thus, how to adjust the in-plane and out-of-plane gaps overlapping with each
other in the lower frequencies (below 100 Hz) or increasing the in-plane and out-
of-plane gaps in the same range is an important issue for the control of the vibration
in a practical case.

In this chapter, two kinds of metal-matrix embedded phononic crystals are
introduced. The one is called the lower frequency complete bandgap metal-matrix
embedded phononic crystals [14] because it can produce lower frequency complete
bandgap, and the other is called the broad complete bandgap metal-matrix embed-
ded phononic crystals [20] because it can produce broad complete bandgap.

2. The method of calculation

In order to investigate the band properties of the metal-matrix embedded
phononic crystals, a series of calculations on dispersion relations and transmission
spectra are conducted with FEM based on the Bloch theorem. For the calculation of
the dispersion relations, the governing field equations for elastic wave propagation
in solids are given by

i%(ii Cijkl%> =P62ui (i=1,2,3) @

ot?

where p is the mass density, t is the time, u; is the displacement, c;q are the
elastic constants, and x; (j = 1, 2, 3) represents the coordinate variables x, y, and z,
respectively. According to the Bloch theorem, in the FEM formulation, the displace-
ment field can be expressed as

i(kr) uy(r) (2)

u(lr) =e
where u is the displacement at the nodes and r is the position vector located at

the boundary nodes. The Bloch wave vector k = (k, ky) is the wave vector limited to
the first Brillouin zone of the reciprocal lattice. Since the metal-matrix embedded
phononic crystal plate is periodic in the xy-direction and finite in the z-direction,
only the unit cell (shown as in Figure 1(b) or Figure 3(b)) needs to be considered
in the FEM calculation when the Bloch theorem is adopted on the boundaries
between the unit cell and its two adjacent cells, given by

i(kyathk,a

X +a,y+ay=e )u,»(x,y)(i =X,9,%) 3)

{h) c)

Rubber 4
filler M

Figure 1.

(a and b) Schematic of the part and the unit cell of the lower frequency complete bandgap metal-matrix
embedded phononic crystals, vespectively. (c) The corresponding first irreducible Brillouin zone (red region)
and the high-symmetry M, I, and X.
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where the elastic displacement vector is denoted by u; the position vectors
are denoted by x, y, and z; and k, and k, are the Bloch wave vectors limited in the
irreducible first Brillouin zone (shown as in Figure 1(c) or Figure 3(c)). The Bloch
calculation gives the eigenfrequencies and the corresponding eigenvectors, and then
the dispersion relationships can be obtained by changing the wave vector in the first
irreducible Brillouin zone.

To further demonstrate the existence of the bandgaps of the metal-matrix
embedded phononic crystals, the transmission spectra for a structure with finite
units along the x- or y-direction is calculated by using FEM. The acceleration excita-
tion source is incident from one side (left side) of the finite structure and propagates
along the x- or y-direction. The corresponding transmitted acceleration is recorded
on another side (right side) of the structure. The transmission spectrum is defined as

TL =10 log(52) 4)

where a, and q; are the output and input accelerations of the metal-matrix
embedded phononic crystals, respectively. Finally, the transmission spectra can be
obtained by changing the excitation frequency of the incident acceleration.

3. The model and the results
3.1 The lower frequency complete BG phononic crystals
3.1.1 The model of the phononic crystals

The lower frequency bandgap metal-matrix embedded phononic crystal [14]
was composed of a square array of composite taper stubs on both sides of a two-
dimensional binary locally resonant PC plate which composes an array of rubber
fillers embedded in the steel plate. Figure 1(a) and (b) shows part of the proposed
structure and its unit cell, respectively.

In the lower frequency bandgap metal-matrix embedded phononic crystals, the
taper stub is composed of the A taper cap and the B which is located on the taper A.
The geometrical parameters of the structure are defined as follows: the diameter of
the rubber filler, the steel plate thickness, and the lattice constant are denoted by
D, ¢, and a, respectively; the height and the diameter of the taper stub are denoted
by & (h, for taper A and kg for taper B) and d (the upper diameter of taper stub is
denoted by d,,,, and the lower diameter is denoted by dj,,,), respectively. The mate-
rial parameters used in the calculations are listed in Table 1. The taper A and the
taper B are rubber and steel, respectively.

3.1.2 The results of the phononic crystals

Through the use of the finite element method, the systems described in
Figure 1 were studied numerically. The band structures and displacement vector

Material Mass density (kg/m3) Young’s modulus (10°N/m?) Poisson’s ratio

Steel 7800 210,000 0.29

Rubber 1300 0.1175 047
Table 1.

Material parameters in calculations.
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fields were computed according to the Bloch theorem. The single-unit cell (as
shown in Figure 3(b)) is determined by the periodicity of the structure. The fol-
lowing structure parameters are used: D = 8 mm, e = 1 mm, a = 10 mm, h = 5 mm
(ha = hg = 2.5 mm), dy, = 9 mm, and dj,, = 5 mm, respectively.

It can be observed that there are 13 bands within 0-200 Hz in Figure 2(a).
Besides the traditional plate modes, which are the in-plane modes (mainly the
symmetric Lamb modes, such as modes S,) and the out-of-plane modes (mainly the
antisymmetric Lamb modes, such as mode A;), lots of flat modes (such as modes S;,
A, F»), which are the resonant modes of the composite taper stubs, can be found.
The bandgaps (one in-plane bandgap, one out-of-plane bandgap, and one complete
bandgap), as a result of the coupling of the two kinds of modes mentioned above,
appear. The in-plane bandgap (blue-dashed area: the frequency bands in which no
in-plane modes) is due to the coupling between the in-plane modes (modes S,) and
the corresponding flat modes (modes S;). It ranges from 53 to 93 Hz (between the
fifth and eighth bands). The absolute bandwidth of it is 40 Hz. The out-of-plane
bandgap (green-dashed area: the frequency bands in which no out-of-plane modes)
is due to the coupling between the out-of-plane modes (mode A,) and the corre-
sponding flat modes (mode A;). It ranges from 59 to 154 Hz (between the sixth and
ninth bands), and the absolute bandwidth is 95 Hz; the complete bandgap (red-
dashed area: the frequency bands in which neither in-plane modes nor out-of-plane
modes) is due to the overlap between the in-plane bandgap and the out-of-plane
bandgap. It ranges from 59 to 93 Hz (between the sixth and eighth bands). The
absolute bandwidth of it is 34 Hz. It can be observed that the location of the band-
gap shifts into lower frequency (below 100 Hz), but the bandwidth is very narrow.

As a comparison, we also calculated the band structures of the transition PC
plate composed of double-sided composite taper stubs deposited on a homogeneous
steel plate and the classical PC plate which was proposed by Assouar [9]. They are
shown in Figure 2(b) and (c), respectively. Their complete bandgaps (red-dashed
areas) are both due to the overlap between the second in-plane bandgap and the
first out-of-plane bandgap. It can be found clearly that the introduction of the
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Figure 2.

Band structures of (a) the lower frequency complete bandgap metal-matrix embedded PC plate, (b) the
transition PC plate, and (c) the classical PC plate. The insets are the schematic view of the unit cell of the
corresponding structure. The ved, blue, and yellow shadow regions denote the complete, in-plane, and out-of-
plane bandgaps, respectively.
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proposed structure gives rise to a significant lowering of the opening location of
the first complete bandgap by a factor of 5.5 compared with the classical PC plate.
Compared with the classical PC plate, introducing the double-sided composite
taper stubs, the locations of both the in-plane and out-of-plane bandgaps are low-
ered, but the out-of-plane bandgap is always overlapped with the second in-plane
bandgap; when introducing the rubber filler, the location of the in-plane bandgap is
kept stationary, and the out-of-plane bandgap is shifted to lower frequency (59 Hz)
overlapped with the first in-plane bandgap. Finally, a complete bandgap is gener-
ated in lower frequency (below 100 Hz). Therefore, the double-sided taper stub has
a direct effect on the lowering of the location of the in-plane bandgaps (53 Hz), and
the rubber filler has a direct effect on the lowering of the location of the out-of-
plane bandgaps (59 Hz). It makes the out-of-plane bandgaps overlap with the first
in-plane bandgap and leads to a complete bandgap in lower frequencies [14].

3.2 The broad complete BG phononic crystals
3.2.1 The model of the phononic crystals

The broad complete bandgap metal-matrix embedded phononic crystal [18] was
composed of a square array of single “hard” cylinder stubs on both sides of a two-
dimensional binary locally resonant PC plate which composes of an array of rubber
fillers embedded in the steel plate. Figure 3(a) and (b) shows part of the structure
and its unit cell, respectively.

The metal-matrix embedded phononic crystals with single “hard” cylinder
stubs which consist of “hard” stub such as steel stubs contact with rubber filler. The
geometrical parameters of the structure are defined as follows: the diameter of the
rubber filler, the steel plate thickness, and the lattice constant are denoted by D, e,
and a, respectively; the height and the diameter of the stub are denoted by /2 and d,
respectively. The material parameters used in the calculations are listed in Table 1.

3.2.2 The results of the phononic crystals

Through the use of the finite element method, the systems described in Figure 3
were studied numerically. The band structures and displacement vector fields were com-
puted according to the Bloch theorem. The single-unit cell (as shown in Figure 3(b)) is
determined by the periodicity of the structure. The following structure parameters
areused: D =8 mm, e =1mm, a2 =10 mm, 2 = 2.5 mm, and d = 7.5 mm.

There are 12 bands within 0-600 Hz (see Figure 4(a)). Besides the traditional
plate modes, which are the in-plane modes (such as mode S;) and the out-of-plane
modes (such as mode A,), many flat modes (such as modes S;, Ay, F), which are

(a) (b} e}

M

Figure 3.

(a and b) Schematic of the part and the unit cell of the broad complete bandgap metal-matrix embedded
phononic crystals, respectively. (c) The corresponding first ivreducible Brillouin zone (ved region) and the
high-symmetry M, I, and X.
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Figure 4.

Bagnd structuves of (a) the broad complete bandgap metal-matrix embedded phononic crystals, (b) the
transition PC plate, and (c) the classical PC plate. The insets are the schematic view of the unit cell of the
corvesponding structure. The ved, blue, and yellow shadow regions denote the complete, in-plane, and out-of-
plane bandgaps, respectively.

the resonant modes of the single “hard” cylinder stubs, can be found. The bandgaps
(one in-plane bandgap, one out-of-plane bandgap, and one complete bandgap)
appear due to coupling between the two modes. The in-plane bandgap (Figure 4(a):
blue-dashed area) is due to coupling between the in-plane modes S, and the cor-
responding flat mode S;. It ranges from 260 to 573 Hz (between the sixth and twelfth
bands). The absolute bandwidth is 313 Hz. The out-of-plane bandgap (Figure 4(a):
green-dashed area) is due to coupling between the out-of-plane mode A, and the cor-
responding flat modes A;. It ranges from 187 to 396 Hz (between the third and eighth
bands), and the absolute bandwidth is 209 Hz; the complete bandgap (Figure 4(a):
red-dashed area) is due to the overlap between the in-plane bandgap and the out-
of-plane bandgap. It ranges from 260 to 396 Hz (between the sixth and eighth
bands). The absolute bandwidth is 136 Hz.

As a comparison, we also calculated the band structures of the transition PC
plate composed of double-sided composite cylinder stubs deposited on a two-
dimensional locally resonant phononic crystal plate that consists of an array
of rubber fillers embedded in a steel plate and the classical PC plate which was
proposed by Assouar [9]. They are shown in Figure 4(b) and (c), respectively.

For the classical phononic-crystal plate, its first complete bandgap (red-dashed
area) is caused by the overlap between the second in-plane bandgap and the first
out-of-plane bandgap. The associated absolute bandwidth is 29 Hz. For the transi-
tion phononic-crystal plate, the bandgaps are lowered after introducing the rubber
filler, such that both the out-of-plane bandgap and in-plane bandgap were lowered.
However, the out-of-plane bandgap is lowered more and overlaps with two in-plane
bandgaps (the first and the second in-plane bandgaps). This causes the complete
bandgaps to be increased, but the absolute bandwidth is also narrow (78 Hz). These
phenomena confirm that the single “hard” cylinder stub has a special effect on

the bandwidth and the bandwidth can be increased by introducing it. This occurs
mainly because the in-plane bandgap is increased by introducing the single “hard”
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cylinder stub in the broad complete bandgap metal-matrix embedded phononic
crystals. The absolute bandwidth of the in-plane bandgap is increased by a factor of
3.37 compared with a classical phononic-crystal plate [18].

4. Forming mechanisms of the BGs of the phononic crystals
4.1 Forming mechanisms of the lower frequency complete BGs

In order to study the physical mechanism for the occurrence of the lower fre-
quency complete bandgap in the metal-matrix embedded phononic crystals [14, 18],
several specific resonance modes (mode A;, mode S;), which correspond to the lower
edge of the first bandgap (out-of-plane and in-plane bandgap), and several specific
traditional plate modes (mode A, mode S,), which correspond to the upper edge of
the first bandgap (in-plane and out-of-plane bandgaps), are extracted.

4.1.1 Forming mechanisms of the lower out-of-plane BGs

Figure 5 displays the magnitude of the total displacement vector of a unit cell of
the lower frequency complete bandgap metal-matrix embedded phononic crystals
(Figure 2(a)), the transition structure (Figure 2(b)), and the classical structure
(Figure 2(c)), respectively. They correspond to the upper and lower edge of the
out-of-plane bandgap of each structure. The mode A; is an antisymmetric Lamb
mode of the plate. The steel plate vibrates along the z-axis, while the stub remains
stationary. In the frequencies, the antisymmetric Lamb mode will be activated,
and the out-of-plane waves propagate through the PC plate in the antisymmetric
Lamb mode. When the frequency of the out-of-plane waves is near the first nature
frequency of the stub resonator, the resonant mode A; will be activated. The stub
vibrates along the z-direction, and it gives a reacting force to the plate against the
plate that vibrates along the z-direction. In that case, the out-of-plane waves are not
capable of propagating through the PC plate. As a result, an out-of-plane bandgap
is opened. Within the out-of-plane bandgap, the reacting force is still applied on the

Max [b:ll . _ () | A,
H

A

b=

Figures.
The total displacement vector fields of the modes (vesonant mode A, and antisymmetric Lamb mode A,) (a)
correspond to Figure 2(a), (b) correspond to Figure 2(b), and (c) correspond to Figure 2(c).
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plate and prevents the propagation of the out-of-plane waves. The frequency of the
out-of-plane waves deviates from the nature frequency of the mode A;, according to
the modal superposition principle which can be described as

Z='71A1+772A2+ +77nAn (5)

where z denotes the response of the plate and 7, denotes the modal participation
factor of the mode A,,. The modal participation factor #; of the mode A; becomes
small, leads the reacting force to becoming weak, and then disappears, and the
antisymmetric Lamb mode A, is released again. As a result, the out-of-plane band-
gap is closed. The formation mechanism of the bandgaps is shown in Figure 6. As
the frequency of the out-of-plane waves deviates from the nature frequency of the
resonator mode, the modal participation factors of it become small, lead the reacting
force to becoming weak, and then disappear; the out-of-plane bandgap is closed. It
can be concluded that the out-of-plane bandgap of the system is formed due to the
coupling between the flat mode A; and the antisymmetric Lamb mode A, which is
established based on the modal superposition principle.

The opening location of the out-of-plane bandgap is determined by the nature
frequency of the resonant mode A;. The vibration process of the resonant mode A; can
be understood as a mass-spring system whose frequency is determined by the formula

iz ©)

where K; is the spring stiffness and M is the lump mass. For the classical

structure, the rubber stub (denoted by A) acts as a spring, and the cap steel stub
(denoted by B) acts as a mass (M; = Mg, where Mg denotes the mass of stub B). For
the lower frequency complete bandgap metal-matrix embedded phononic crystals,
it can be found that the displacement fields are distributed in the whole stub and
manifest an “analogous-rigid mode” of the whole stub, since the whole stub bodily
moves along the z-axis with weak constrain, and the natural frequency is not zero.
In this case, the rubber filler acts as a spring, and the whole stub acts as a mass; thus,
the frequency is shifted to a lowest frequency range. It can be concluded that the
out-of-plane bandgap is adjusted into lower frequency range by the rubber filler.

n =

ny

Figure 6.
The formation mechanism of the out-of-plane bandgaps of the lower frequency complete bandgap metal-
matrix embedded phononic crystals.
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The total displacement vector fields of the modes (resonant mode S,, symmetric Lamb mode S,) (a) correspond
to Figure 2(a), (b) correspond to Figure 2(b), and (c) correspond to Figuve 2(c).

e

4.1.2 Forming mechanisms of the lower in-plane BGs

Figure 7 displays the magnitudes of the total displacement vectors of a unit
cell of the lower frequency complete bandgap metal-matrix embedded phononic
crystals (Figure 7(a)), the transition structure (Figure 7(b)), and the classical
structure (Figure 7(c)), respectively. They correspond to the upper and lower
edges of the first in-plane bandgap of each structure. The mode S, is a symmetric
Lamb mode of the plate. The steel plate vibrates along the xy-plane, while the
stubs “swing” in the opposite direction. In the frequencies, the symmetric Lamb
mode S, will be activated, and the in-plane waves propagate through the PC plate
in the symmetric Lamb mode. When the frequency of the in-plane waves is near
the first nature frequency of stub resonator, the resonant mode S; (flat mode) will
be activated. The stub “swings” along a plane which is vertical to the xy-plane, and
it gives a reacting force to the plate to prevent the plate to vibrate along the xy-
plane. In that case, the in-plane waves are not capable of propagating through the
PC plate. As a result, an in-plane bandgap is opened. Within the in-plane bandgap,
the reacting force is still applied on the plate and prevents in-plane waves that
propagate. The frequency of the in-plane waves deviates from the nature fre-
quency of the resonant mode S;, according to the modal superposition principle,
Which can be described as

xy =181+ 128y + -+ + 11,5, 7)

where xy denotes the response of the plate and 7, denotes the modal participation
factor of the mode S,,. The modal participation factor #; of the mode S; becomes small,
leads the reacting force to becoming weak, and then disappears, and then the symmet-
ric Lamb mode S, is released again. As a result, an in-plane bandgap is closed. It can be
concluded that the first in-plane bandgap of the system is formed due to the coupling
between the flat mode S; and the symmetric Lamb mode S, which is established
according to the modal superposition principle. The opening location is determined
by the nature frequency of the resonant mode S;. The resonant mode S; can also be
understood as a “mass-spring” system whose frequency is determined by the formula
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where K} is the tensional stiffness of the spring and M, is the lump mass. For the
three PC plates, the rubber stub A mainly acts as a spring, and the cap steel stub B
acts as amass (M, = Mg). As the stiffness of the taper rubber stub is weaker than
that of the cylinder stub, the location of the in-plane bandgap is adjusted into lower
frequency range.

4.1.3 Forming mechanisms of the lower complete BGs

We can conclude from the above investigations that the resonator in the metal-
matrix embedded phononic crystals can be considered as a spring-mass system, as
shown in Figures 6 and 7. The spring-mass system includes two subsystems. The first
one is the K;-M; subsystem (also refer to Figure 6). Its local resonance mode is coupled
with the antisymmetric Lamb mode of the plate according to the modal superposition
principle, and then the out-of-plane bandgap is generated. The other one is the K,-M,
subsystem (also Figure 7). Its local resonance mode is coupled with the symmetric
Lamb mode of the plate according to the modal superposition principle and is respon-
sible for the formation of the in-plane bandgaps. The opening locations of the in-plane
and out-of-plane BGs depend on the natural frequencies of the two subsystems.

As for the classical and the transition metal-matrix embedded phononic crystals,
the steel stub (stub B) acts as a mass, and the rubber stub (stub A) acts as a spring,
which leads to the coupling between the K;-M; subsystem and K,-M, subsystem.
Therefore, it is difficult to adjust the in-plane and out-of-plane bandgaps separately.
In the lower frequency bandgap metal-matrix embedded phononic crystals, the
rubber filler acts as the stiffness K, the stub A acts as the stiffness K, the whole
stub acts as the mass M;, and the stub B acts as the mass M. As a result, the cou-
pling between the K;-M; subsystem and the K,-M, subsystem can be decoupled.
Moreover, the mass M is magnified due to the “analogous-rigid mode” of the whole
stub. Therefore, the out-of-plane bandgap can be adjusted into the lowest frequency
range. Additionally, the stiffness K, can be reduced by introducing the taper stub,
and thus the in-plane bandgaps can be adjusted into the lowest frequency range. As
aresult, the two bandgaps can be overlapped with each other in the lowest fre-
quency, and finally a lowest complete bandgap is formed [14].

4.2 Forming mechanisms of the broad complete BGs

In order to study the physical mechanism for the occurrence of a broad complete
bandgap in the metal-matrix embedded phononic crystals, several specific reso-
nance modes (modes A; and S;), which correspond to the lower edge of the first
bandgap (out-of-plane and in-plane bandgap), and several specific traditional plate
modes (mode A; and S,), which correspond to the upper edge of the first bandgap
(in-plane and out-of-plane bandgaps), are extracted.

4.2.1 Forming mechanisms of the broad out-of-plane BGs

Figure 8 displays the magnitude of the total displacement vector of a unit
cell of the broad complete bandgap metal-matrix embedded phononic crystals
(Figure 8(a)), the transition PC plate (Figure 8(b)), and the classical PC plate
(Figure 8(c)), respectively. They correspond to the upper and lower edge of the
out-of-plane bandgap of each structure. The mode A, is an antisymmetric Lamb
mode of the plate. The steel plate vibrates along the z-axis, while the stub remains
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Figure 8.
The total displacement vector fields of the modes (resonant mode A1 and antisymmetric Lamb mode A2) (a)
corvespond to Figure 4(b), (b) correspond to Figure 4(b), and (c) correspond to Figure 4(c).

stationary. With regard to the frequencies, the antisymmetric Lamb mode will be
activated, and the out-of-plane waves propagate through the phononic-crystal plate
in the antisymmetric Lamb mode. When the frequency of the out-of-plane waves
is near the first nature frequency of the stub resonator, the resonant mode A, will
be activated. The stub vibrates along the z-direction and produces a reacting force
for the plate, and the plate vibrates along the z-direction. In this case, the out-of-
plane waves are not capable of propagating through the phononic-crystal plate. As
aresult, an out-of-plane bandgap is created. The bandwidth is determined by the
coupling between the resonance mode A; and the traditional plate A, mode.

The coupling strength between the resonance mode A; and the traditional plate
A, mode is determined by the formula

F = kosT (9)

where st is the vibration amplitude of the stub and k, is the spring stiffness.

For the classical structure, the formation mechanism of the out-of-plane band-
gap is shown in Figure 9(b). The hard stub (rigid body) vibrates along the z-direc-
tion and generates a reacting force through the soft stub (flexible body) to the plate
against the plate vibrating along the z-direction. The soft stub acts as a spring, while
the hard stub acts as a mass (k, = kg, m, = my, where my, denotes the mass of the hard
stub and k. denotes the compression stiffness of the soft stub) (see Figure 10(b)).

For both the broad complete bandgap metal-matrix embedded phononic crystals
and the transition PC plate, it can be found that the displacement fields are dis-
tributed in the whole stub (see Figure 8(a) and (b)), respectively. This results in
an “out-of-plane analogous-rigid mode” because the whole stub vibrates along the
z-axis (out-of-plane) with a weak constraint, while the frequency is non-zero. The
displacement fields of its eigenmodes are distributed throughout the whole stub.
This means that the whole stub body moves along the z-direction like a rigid body
moves in rigid mode. However, the natural frequency is not 0, and the whole stub is
constrained by the rubber filler. Therefore, we refer to the concept “rigid mode” and
call these types of vibration modes for the whole stub the “out-of-plane analogous-
rigid mode.” The formation mechanisms for the out-of-plane bandgap of the two
structures are shown in Figure 9(a) and (c), respectively.
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Figure 9.
Formation mechanism of the bandgap for the out-of-plane bandgap of (a) the transition PC plate, (b) the
classical PC plate, and (c) the broad complete bandgap metal-matrix embedded phononic crystals.

The whole stub vibrates in the z-direction (out-of-plane) and generates a react-
ing force. F; and F, respond to the broad complete bandgap metal-matrix embedded
phononic crystals and the transition PC plate, respectively. F; = k¢.s; = krr.51, where
kgr is the transverse stiffness of the rubber filler and s, is the vibration amplitude of
the whole single “hard” stub; F, = k.5, = krr$,, wheres, is the vibration amplitude of
the whole composite stub through rubber filler to the plate against the plate vibrates
along the z-direction (see Figure 9(a) and (c)).

In this case, the rubber filler acts as a spring, and the whole stub acts asa
mass. The broad complete bandgap metal-matrix embedded phononic crystals
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Figure 10.

The equivalent theovetical model of the resonator for formation mechanism of the out-of-plane bandgap of
(a) the transition PC plate, (b) the classical PC plate, and (c) the broad complete bandgap metal-matrix
embedded phononic crystals.

41



Photonic Crystals - A Glimpse of the Current Research Trends

includes m, = 2my, and m, = 2m, + 2my,, where m¢ denotes the mass of soft stub and
my, denotes the mass of hard stub. It is shown in Figures 9(c) and 10(c) that the
frequency is shifted to the lowest frequency range. Compared to the transition PC
plate, where the soft stub contacts the rubber filler such that it represents a flexible
constraint to the rubber filler (see Figure 9(a)), the hard stub contacts the rubber
filler in the broad complete bandgap metal-matrix embedded phononic crystals

to produce a rigid constraint for the rubber filler (see Figure 9(c)). This causes

the spring stiffness ko (ko = krr—the longitudinal stiffness of the rubber filler) to
increase, while the lump mass becomes smaller (2m; + 2my, > 2my,). This, in turn,
not only causes the opening location of the out-of-plane bandgap to shift to higher
frequencies but also makes the force F; larger than the force F,. As a result, the out-
of-plane bandwidth becomes wider. We conclude that, after introducing the rubber
filler, an out-of-plane analogous-rigid mode of the stub was produced, which can
reduce the location of the out-of-plane bandgap. Hence, the introduction of a single
“hard” stub increases the bandwidth of the out-of-plane bandgap by enhancing the
stiffness of the out-of-plane analogous-rigid mode of the stub.

4.2.2 Forming mechanisms of the broad in-plane BGs

Figure 11 displays the magnitudes of the total displacement vectors of a unit
cell of the broad complete bandgap metal-matrix embedded phononic crystals,
the transition PC plate, and the classical PC plate. The figures correspond to the
upper and lower edges of the first in-plane bandgap of each structure. The mode S,
is a symmetric Lamb mode of the plate. The steel plate vibrates along the xy-plane
(in-plane), while the stubs swing in the opposite direction. With respect to the
frequencies, the symmetric Lamb mode will be activated, and the in-plane waves
can propagate through the phononic-crystal plate in the symmetric Lamb mode.
When the frequency of the in-plane waves approaches the first natural frequency of
the stub resonator, the resonant mode S; will be activated. The stub vibrates in the
yz-plane and produces a reacting force to the plate while vibrating in the xy-direc-
tion. In that case, the in-plane waves are not able to propagate through the PCs. Asa
result, an in-plane bandgap opens up. The bandwidth is determined by the coupling
between the resonance mode S; and the traditional plate mode S,.
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Figure 11.
The total displacement vector fields for the modes (resonant mode S1, symmetric Lamb mode S2) (a)
corvespond to Figure 4(a), (b) corvespond to Figure 4(b), and (c) correspond to Figure 4(c).
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The coupling strength between the resonance mode S; and the traditional plate
mode S, is determined by the formula

F = kiSL (10)

where sy, is the vibration amplitude of the stub and k; is the tensional stiffness of
the spring.

For both the transition and the classical phononic-crystal plates, the formation
mechanism of the in-plane bandgap is shown in Figure 12(a) and (b), respectively.
It can be found that the stubs “swing” in the xy-plane and produce a reacting
force (F, = ky.sy, = kgr.51,, where kgr is the transverse stiffness of the soft stub and s, is

the vibration amplitude of the whole stub) through the soft stub (flexible body) to
the plate against the plate vibrating along the xy-plane. The soft stub (flexible) acts
as a spring (k; = k), while the hard stub (rigid body) acts as a mass (m; = my), as
shown in Figure 13(a) and (b), respectively. Hence, both location and bandwidth
of the first in-plane bandgap in these structures are the same.

For the broad complete bandgap metal-matrix embedded phononic crystals,
it can be found that the displacement fields are distributed across the entire stub
(Figure 11(a)) to cause an “in-plane analogous-rigid mode” because the whole stub
vibrates along the xy-plane (in-plane) with a weak constraint, while the frequency
is non-zero. It can be observed that the displacement fields of its eigenmodes
are distributed throughout the whole stub. This means that the whole stub body
moves in the xy-plane like a rigid body moves in rigid mode. However, the natural
frequency is not 0, and the whole stub is constrained by the rubber filler. Therefore,
we refer to the concept of rigid mode and call this type of vibration mode of a whole
stub the “in-plane analogous-rigid mode.” The formation mechanism of the band-
gap is shown in Figure 12(c). The whole stub vibrates in the xy-plane and produces
areacting force (F; = ky.sy, = kgp.sL, where kgy, is the longitudinal stiffness of the
rubber filler and sy is the vibration amplitude of the whole stub) through the rubber
filler to the plate against the plate vibrating in the xy-plane.

In this case, the “rubber filler” acts as a spring, where the longitudinal stiffness
of the rubber filler acts as the spring, while the whole stub acts as a mass, where

(a) (b)
Whole stub Vibration Rigid body Vibration
r ™

Bl ricidbody T
Flexible body — = - E . -"' Rigid body
Z z

L o T v,

e * - Clayihle ,
o =X i o =X Flexible body
Fubber filler - Flexible constraint
(c)
Whaole stub Vibration
- o
Rigid constraint Rigid body
= {hard stub)
7z a {har
Y oo BTN oo |
o =X - v Rubber filler
Figure 12.

Formation mechanism process of the bandgap for the in-plane bandgap of (a) the “transition” PC plate, (b)
the classical PC plate, and (c) the broad complete bandgap metal-matrix embedded phononic crystals.
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The equivalent theovetical model of the resonator for formation mechanism of the in-plane bandgap of (a) the
“transition” PC plate, (b) the classical PC plate, and (c) the broad complete bandgap metal-matrix embedded
phononic crystals.

m; = my, and my, denotes the mass of hard stub (see Figure 13(c)). Compared to the
transition PC plate, in which the soft stub contacts the rubber filler such that it gives
a flexible constraint to the rubber filler, this leads to the soft stub acting as a spring
(see Figure 13(c)). The hard stub contacts the rubber filler in the broad complete
bandgap metal-matrix embedded phononic crystals, which creates a rigid constraint
to the rubber filler that causes the rubber filler to act as a spring (see Figure 13(c)).
This causes the spring stiffness k; to increase in the broad complete bandgap metal-
matrix embedded phononic crystals such that the opening location of the in-plane
bandgap is shifted toward higher frequencies. However, it also makes the force

F; larger than force F, and causes the in-plane bandwidth to become broader. We
conclude that, after introducing the rubber filler and the single “hard” stub simul-
taneously, an “in-plane analogous-rigid mode” of the stub is produced, which can
increase the bandwidth of the in-plane bandgap.

4.2.3 Forming mechanisms of the broad complete BGs

When the broad out-of-plane bandgaps and broad in-plane bandgaps, which were
simultaneously increased by the single “hard” stub, overlap, a wider complete band-
gap, in which the out-of-plane and in-plane Lamb waves are prohibited, is created.

It can be concluded that the bandwidth of the bandgap is determined by the reso-
nator mode. After introducing the rubber filler and the single “hard” stub simultane-
ously, two new resonator modes are produced. One resonator mode is the in-plane
analogous-rigid mode, in which the whole stub vibrates along the in-plane plate. The
other resonator mode is the out-of-plane analogous-rigid mode, in which the stub
vibrates along the out-of-plane plate. They both increase the in-plane and out-of-
plane bandgaps, respectively. Two increased bandgaps overlap to produce a broad
complete bandgap, in which both the out-of-plane and in-plane Lamb waves are
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prohibited. The rubber filler shifts the two kinds of bandgaps simultaneously toward
low frequency such that a broad complete bandgap for low frequencies is obtained.

5. The effect of the stubs on the BGs

In order to investigate the effect of the stubs on the complete bandgaps of the
metal-matrix embedded phononic crystals [14, 18], we studied the influence of the
stub height on the first complete bandgap.

5.1 The effect of the stubs on the lower frequency complete BGs

Figure 14 displays the evolution of the first complete bandgap as a function
of the steel-stub height, hs. We can find that, with the increase of the steel-stub
height, both the lower and upper edges of the first complete shift to a lower fre-
quency range firstly and then move to higher frequency range. For example, when
the steel-stub height is less than or equal to 3 mm, with the increase of the steel-stub
height, the lower edge shifts to lower frequencies, but when the rubber stub height
is larger than 3 mm, the lower edge frequency shifts to higher frequencies as the
steel-stub height increases.

5.2 The effect of the stubs on the broad complete BGs

In order to investigate the effect of single “hard” stubs on the complete phononic
bandgaps of the novel metal-matrix PCs, we studied the effect of the steel-stub
height on the first complete bandgap. Figure 15 displays the evolution of the first
complete bandgap as a function of the steel-stub height /.

We find that, with the increase of the steel-stub height, the location of the first
complete bandgap shifts to a lower frequency range before it shifts to a higher
frequency range. Furthermore, the bandwidth of the bandgaps becomes broad.
For example, when the steel-stub height is below or equal to 3.5 mm, after increas-
ing the steel-stub height, the location of the bandgaps shifts to lower frequencies.
However, when the steel-stub height exceeds 3.5 mm, the location of the bandgaps
shifts to higher frequencies as the steel-stub height increases.

Frequency(He)

0 1 2 3 4 5
T}
Figure 14.
The evolution of the first complete BG in the lower frequency complete bandgap metal-matrix embedded

phononic crystals as a function of the steel-stub height with D = 8 mm, d,,, = 9 mm, d,,, = 5 mm, h = 5 mm,
e = 1 mm, and a = 10 mm, respectively.
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Figure 15.
The evolution of the first bandgap in the proposed phononic-crystal plate with “hard” stubs as a function of
steel-stub height with D = 8 mm, d = 7.5 mm, e = 1 mm, and a = 10 mm, respectively.

6. Conclusions

In this chapter, metal-matrix embedded phononic crystals consisting of
double-sided stubs (single stubs and composite stubs), which are deposited ona
two-dimensional locally resonant phononic crystal plate that consists of an array of
rubber fillers embedded in a steel plate, are introduced. The following summaries
were drawn [14, 18]:

The spring-mass system of the resonator can be decoupled by introducing the
rubber filler, and then the out-of-plane bandgap and the in-plane bandgap can be
adjusted into the same lowest frequency range. The out-of-plane bandgap and the
in-plane bandgap can be overlapped with each other. As a result, a lower frequency
complete bandgap which ranges from 59 to 93 Hz is obtained in the metal-matrix
embedded phononic crystals.

Both the out-of-plane and the in-plane phononic bandgap increase after intro-
ducing single “hard” cylinder stubs. When introducing the rubber filler and the
single “hard” stub simultaneously, two new kinds of resonance modes are produced:
an in-plane analogous-rigid modes, where the whole stub vibrates in-plane with
the plate, and the other new resonance mode is the out-of-plane analogous-rigid
mode, where the whole stub vibrates out-of-plane with respect to the plate. The
out-of-plane bandgap increases for the out-of-plane analogous-rigid mode, and the
in-plane bandgap increases for the in-plane analogous-rigid mode. Both the out-of-
plane and the in-plane analogous-rigid modes are mainly formed due to introducing
the single “hard” cylinder stub. The in-plane and out-of-plane bandgaps overlap
and produce a broad complete bandgap in the metal-matrix embedded phononic
crystals. Within this broad complete bandgap, both the in-plane and out-of-plane
Lamb waves are prohibited. The absolute bandwidth of the bandgap for the
proposed structure is five times higher than for the classic double-sided stubbed
metal-matrix phononic-crystal plate.

The effect of the stub on the bandgaps is investigated. Results show that the
location of the bandgaps can be modulated in a significant lower frequency range,
and the bandwidth can be expanded in a considerable large frequency range by
introducing different composite taper stubs, and the bandwidth can be expanded to
alarger frequency range by introducing different “hard” stubs.

The proposed structure provides an effective way for phononic crystals to obtain
wide complete bandgaps and lower frequency complete bandgaps (below 100 Hz),
which have a potential application in the low-frequency vibration reduction in a
practical case.
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Chapter 4

Hybrid Liquid-Crystal/Photonic-
Crystal Devices: Current Research
and Applications

Yu-Cheng Hsiao

Abstract

In this chapter, the current research and development of the liquid crystal-based
photonic crystals is introduced. This chapter will present the essential knowledge
of the new photonic crystal technology and applications in simple language. In the
recent year, liquid crystal-enabled photonic crystal technologies have attracted
broad attentions from scientists. Based on special optical properties of liquid
crystal-enabled photonic crystal device, many applications, such as tunable optical
filters, tunable optical modulators, optical pulse compressors, laser device, and
applications in multiphoton microscopy, have been developed in recent years. In
addition, the detailed optical properties, operation principles, and prospects are
discussed in this chapter.

Keywords: photonic crystals, liquid crystals, photonic band gap, electro-optic
device, optical properties

1. Introduction
1.1 Liquid crystal-based photonic crystal devices

Photonic crystals (PCs) are structural materials with periodically varying
dielectric permittivity. The term PC was coined three decades ago, and fascinating
properties of PCs have attracted numerous scientists to put in a great deal of effort.
PCs consist of dielectric materials. In PCs, the index of refraction varies periodically
in space. PCs were invented since 1987, when both Yablonovitch and John published
their results independently [1, 2]. The most important characteristic of PCs is the
photonic band gap (PBG). Furthermore, the PBG of PCs is an optical analog to
the electronic bandgap in semiconductor materials, which means photons will be
localized or forbidden in the PCs. Based on this characteristic, PCs can be used as
various photonic applications [3-7]. However, if a defect layer is introduced to a PC
structure, disrupting its periodicity, the transmission of photons at specific wave-
lengths will be induced within the PBG; these narrow transmission bands within
PBG are called defect modes. Based on this special design of PCs with defect layers,
many photonic device applications were proposed: PC lasers [8], PC optical fibers
[9], and other optical devices [10, 11]. In addition, the spectral properties of the
PCs can be controlled if the defect layer is tunable, for instance, liquid crystal (LC).
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LCs are anisotropic materials. The optic axis (or molecular orientation) can
be controlled by applying electric field, magnetic field, or temperature. Based on
optical anisotropy, LC can be used as a phase retarder or an optical polarization
rotator, of which the refractive indices can be tuned with external fields. LCs are
also used in many other applications such as displays, smart windows, and optical
fibers. Furthermore, by inserting a LC layer as a defect layer in PCs, the tunable
defect modes can be achieved. The first tunable LC-based PC hybrid structure was
developed by Ozaki et al. They employed a planar-aligned nematic LC as a central
defect layer sandwiched between two one-dimensional (1D) PCs [12]. Figure 1
shows the setup of the designed hybrid PC/LC cell. This idea was then extended to
PC/cholesteric LC (CLC) structures for tunable laser applications [13-17]. CLCs are
self-organized PCs, in which the molecular chirality forms helical structures with
the optic axis continuously twisted along the helical axis. The effects of angle of
incidence [18], temperature [19], and magnetic field [20] on the optical properties
of PC/LC devices are investigated.

Zyryanov et al. investigated the hybrid PC/LC device between the crossed
polarizers. Their experimental results show attractive features of the tunable
defect modes within the PBG. The wavelengths of defect modes are shifted by the
change in effective refractive index (n.g) [21]. Larger number of defect modes can
be induced by using high refractive index LC or by increasing the thickness of the
LC defect layer. Moreover, they experimentally and theoretically demonstrated
that the interference of defect modes can be achieved by placing the cell between
crossed polarizers. The orthogonal polarization components through vector sum in
the projection direction along the axis of the analyzer lead to shift of defect modes.
As aresult, the transmittance is increased when the defect mode wavelength of an
extraordinary component overlaps that of an ordinary one in PCs [20].

In addition, the next milestone is electrically tunable photonic device based on
PC/CLC and PC/polymer-stabilized CLC (PSCLC) hybrid structures [22-24]. With
the PC/PSCLC structure, not only the wavelength of defect mode is switchable
among multistable states by voltage pulses, but also the optical intensity of defect
modes can be electrically tuned through switching among different metastable
states. Figure 2 shows the sandwiched structure of the PC/PSCLCs in the three sta-
ble states. It is wavelength switchable and intensity tunable of defect modes among
three stable states. The unique optical tristability in the defect modes reduces power
consumption and enhances flexibility. From then on, the PC and CLC combined

X

L

Polarizer

/ Vo

Substrate LC layer Multilayer

Figure 1.
Schematic of the PC/LC hybrid device in an electro-optical setup.
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Schematic of the PC/CLC hybrid device in three stable states.

devices became a hot topic. Many types of PC/chiral LC hybrid devices are invented
such as PC/BHN, PC/THN, and PC/PSCT. Recently, many scientists employ hybrid
PC/CLC to achieve the lasing applications [25, 26].

1.2 Aim of this chapter

An overview of the development of PC/LC is presented. The optical proper-
ties, operation principles, and applications of liquid crystal-based photonic crystal
devices are discussed. In Section 1, I introduce the basic knowledge of LC and
PC physics to make the reader understand the next section. Section 2 details the
operation principles of nonchiral and chiral LC modes to help the understanding
of switching mechanisms described in two following sections. In addition, the
optical properties of defect modes in different LC states are reported in Section 2.
Section 2.1 is “Photonic crystals with a nonchiral nematic liquid crystal,” Section
2.2 is “Chiral-tilted homeotropic nematic liquid crystal-based photonic crystal
devices,” Section 2.3 is “Chiral nematic and cholesteric liquid crystal with pho-
tonic crystal devices,” and Section 2.4 is “Tristable photonic crystal devices with
polymer-stabilized cholesteric textures.” The configuration of many types of PC/
LC cell applications, including the design of PC multilayers for applications is
schematically depicted in Session 3. To realize the PC applications; Session 3.1
introduces “Electrically switchable liquid crystal-based photonic crystals for a white
light laser,” Session 3.2 shows “Liquid crystal-based photonic crystals for pulse
compression and signal enhancement in fluorescence applications,” and Session
3.3 demonstrates “Photo-manipulated photonic devices based on tristable chiral-
tilted homeotropic nematic liquid crystal.” Finally, I will summarize the results and
conclude about this chapter.

2. Operation method of liquid crystal-based photonic crystal devices
2.1 Photonic crystals with a nonchiral nematic liquid crystal

Nowadays, available LC materials can be classified into two categories: non-
chiral and chiral system, according to their different operation functions on their
molecule arrangement. The nonchiral LC owns only one stable arrangement state,
which is determined by the use of the alignment layer. In addition, nonchiral LC
molecule is continuously oriented, when the voltage is applied. On the contrary,
two or multistable states are exhibited in the chiral LC system. Moreover, the
multistable states can be switched and controlled from one to another based on
the condition of applied voltage pulse. Based on the properties of the nonchiral
LC system, it can serve as a phase retarder or optical rotator tuned by electrically
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controlled birefringence (ECB) effect. Combined with the PC cells from Prof.
Ozaki introduced in Section 1.1, the LC defect layers used are nonchiral LCs, and
it can be operated like phase retarders. In order to understand the PC/nonchiral
LC, operation method of PC/LC devices is most important. The operation method
of the PC/LC in nonchiral type as tunable defect can be described in terms of two
effects: ordinary and extraordinary refractive indices effects [12, 20, 27]. From
Figure 1 in Section 1.1, the positive dielectric anisotropy of the nonchiral LC is
aligned along the x-axis as well as the light propagates along the z-axis. In addition,
the PC structure consists of two dielectric materials: high and low refractive index
materials, which are stacked alternatively. When the light is incident to the hybrid
PC/LC device normally as well as the light polarization direction parallel to the

LC molecule along the x-axis, the extraordinary refractive index (n.) contributed
the optical path length (OPL) is exhibited. Thus, the appearance of defect modes
in the PBG represents extraordinary defect modes. When the electric field is
applied across the PC/LC device to make LC molecule along the z-axis, the OPL is
only contributed by the sole ordinary refractive index (n,). The sole n, makes the
OPL decreasing, and the ordinary defect modes shift to the shorter wavelength.
However, the wavelength of defect modes in PBG remains unchanged, when the
field-on and field-off are applied, because the polarization direction of the incom-
ing light is in the y-axis and the same n, contribution of the OPL is unchanged. We
can conclude that the tunability of the defect modes is attributed to the change in
refractive index (n. or n,) and its corresponding OPL.

In addition, the other nonchiral type is the twisted-nematic (TN) LC, in which
the molecular orientation only exhibits 90° twist, acts like the optical polarization
rotator, so that the incoming light passing through the TN LC is characterized by the
rotation of polarization. The hybrid PC/TN LC structure was first demonstrated in
2010 [28]. The optical phenomena attributable to the PC/TN LC structure are quite
different from the mechanism mentioned in the preceding paragraph. The 90° TN
LC modes are divided into three groups based on the polarization angle § between
the axis of the first polarizer and the director axis lying in the front substrate. They
are classified as the ordinary-mode (O-mode), extraordinary-mode (E-mode),
and mixed-mode (M-mode), and then TN satisfies the conditions of §§ = 90, 0,
and 45°, respectively. The M-mode TN (abbreviated as MTN) combines both the
polarization-rotation effect and birefringence effect. Figure 3 shows the phenom-
enon of the wavelength shift of defect modes in two PC/TN cells impregnated with
two different nematic LC materials. The defect modes of PC/TN for the ordinary
ray are independent of the applied electric field. However, the wavelengths of defect
modes in PBG with both E-mode and O-mode in PC/TN device are also shown as the
blueshift, when we increase the applied voltage. This effect is unlike the ECB-based
defect modes of PC/LC in the preceding paragraph. Compared with the O-mode
and the E-mode in PC/TN, ECB-based PC exhibits more blueshift in wavelength
because of the decrease in effective refractive index of defect layer significantly. This
PC/TN result can be explained by Mauguin parameters [29]. A perfect adiabatic
following in the TN LC makes the linearly polarized light to traverse the LC with
the rotation of the LC molecular twist, makes the effective refractive index with the
incident light nearly equal to n. in E-mode and n, in O-mode. The n. is no longer a
constant in the O-mode TN LC cell, but becomes a weak dependence with applied
voltage. Thus, the small shifts for the defect modes are demonstrated in the O-mode
PC/TN cells. The most important is the integrated effect (M-mode) of defect modes
in PC/TN device. The wavelengths of defect peaks in the M-mode are located at the
same wavelength positions of the E-mode and O-mode because the defect peaks
of the M-mode in PC/TN are contributed by two effects: the adiabatic following
and birefringence effects of LC. Moreover, the intensity of the transmittance of

54



Hybrid Liquid-Crystal/Photonic-Crystal Devices: Current Research and Applications
DOI: http://dx.doi.org/10.5772/intechopen.82833

D
. TFa0l w% —a— E-modde, ET i — M-mode
E 8 — —Oumode, E7 ) E-made
E. ® —&—E-mods, CYLC42 = - - - Chmade
£ 7T0r % o omedecvicss | 8
=] [ I
% - _\_k E 1
D yoof ' 1 E
2 0. &
i) = Fo-0—0 o & o % ;
= 880 & aalh 1 & . 'ilqu[l
.-..-_".-_'-,._‘._\_‘_ st | hﬁ
ool aEtaaa : Aty
a 2 4 & 8 10 oo 550 &0 B0 oo
Applied voltage (V) Wavalangth (nm)
Figure 3.

The blueshift of defect modes for both E- and O-modes in PC/TN system, and transmittance of the PC/TN in
the photonic bandgap with thvee different modes (adapted from [28]).

defect mode in E- or O-mode spreads to the other, making the intensity of the
transmittance of the defect modes in the M-mode almost the same as both in E- or
O-mode. Thus, we can observe that the M-mode is a superposition of both E-mode
and O-mode. In addition, we observe carefully the spectra of E- and O-mode, small
defect peaks accompanying the main defect modes are observed. This phenomenon
is very different comparing with other types of PC/LC cells. Finally, no matter PC/
LC or PC/TN, the PC-based nonchiral LC is the useful tool for optical devices or
photonic applications.

2.2 Chiral-tilted homeotropic nematic liquid crystal-based photonic
crystal devices

We introduce one of the chiral-type LC called bistable homeotropic nematic
LC (BHN). Recently, the green energy concept is concerned with not only how to
generate clean energy, but also how to save energy. Following this trend, PC devices
with low energy consumption are highly desired. The novel device: a PC infiltrated
with a BHN to achieve both the tunability of defect modes and the low energy
consumption. The BHN bistable switching mechanisms involve the backflow and
the frequency revertible dielectric anisotropy effect [30]. The PC/BHN can perform
in two stable states, the tilted homeotropic (tH) and tilted twist (tT) states with
nonvoltage. In addition, the two voltage-sustained states: the biased homeotropic
(bH) and biased twist (bT) states at frequency 1 and 100 kHz, respectively, are pro-
posed. Figure 4 shows the LC configurations of the PC/BHN device in both tH state
and tT state at 0 V; bH state and bT state at 10 V and 1 kHz. In addition, the switch-
ing between the bistable tH and tT states can be achieved by applying short voltage
pulses to permit the BHN to pass through the intermediate states (bH and bT)
[30]. In this BHN, the voltage-sustained states are necessary pathways for bistable
operation served as the transient states. However, no voltage has to be applied to
sustain the bistable tH and tT states, making PC device with green energy. The
spectra of defect modes in the PC/BHN are interesting. The four states (tT, tH, bT,
and bH) have different spectral profiles. The bH state at 10 Vs exhibits the defect
modes attributed to the ordinary refractive index, all the other states tT, tH, and bT
have more peaks spectra caused by the effective refractive index. In addition, the
intensity of the extraordinary defect modes in the tH state can be tuned by switch-
ing between the tH and bH states as intensity modulator. In the condition, the
defect modes will diminish when the stable tH state transforms to the bH state at
high voltages. This finding makes PC/BHN device with light-on and light-off states
without any polarizers. In addition, Figure 5 demonstrates the experimental spectra
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tH bH T bT

Figure 4.
LC configurations of the PC/BHN device. The tH state and tT state ave at 0 V; bH and bT state ave at 10 V and
1 kHz (adapted from [30]).

of a PC/BHN cell in the four bH, tH, bT, and tT states under the parallel polarizer.
We can observe that the different spectra of bH, tH, bT, and tT are shown under the
parallel polarizer.

Therefore, the PC/BHN device placed between a pair of linear polarizers has been
proposed recently [30], and the axes of the two polarizers were parallel or perpen-
dicular to each other in the new PC/BHN system. Figure 5 demonstrates the bH state
exhibited the defect modes corresponding to the sole ordinary refractive index n,,.
From Figure 5, we can see that the defect modes of the bH state did not change with
¢ because of the LC molecules oriented vertically. In addition, the stable tT state was
obtained from the bT state by turning off the high applied frequency. Comparing
with the bT state, the tT state possessed a higher tilt angle, implying that the birefrin-
gence effect became more significant. Thus, both the ordinary and extraordinary com-
ponents were conspicuous. Moreover, from Figure 5, the complementary in terms of
defect mode wavelengths between the conditions of ¢ = 0 and 90° in the tT state was
clearly shown. Furthermore, Figure 6 shows the simulated spectra for the two tH and
bH states under the parallel polarizer scheme with various polarization angles. We
can observe that the differently distributed defect modes are shown. The calculation
of the optical responses for both the bH and tH states by the transfer matrix method
is also proposed [30]. The perfect agreement is satisfied between the simulated
spectra and the experimental data (Figure 6). The profile width at half-maximum
(FWHM) of the simulated defect mode peaks is narrower than the experimental one.
This is attributable to minor experimental uncertainties like interface roughness and
imperfect dielectric materials. Based on tunable optical properties of defect modes in
PC/BHN, many photonic applications can be achieved.
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Transmission spectra within the PBG of a PC/BHN device in four different states (bH, tH, b'T; and tT)
(adapted from [30]).
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Figure 6.
Simulations of the transmission spectra of a PC/BHN device under the parallel polarizer at various
polarization angles in (a) bH and (b) tH states (adapted from [30]).

In conclusion, a novel photonic structure PC/BHN with stopband, defect mode
tunability and optical bistability have been shown. The BHN as a defect layer
infiltrated within a PC was investigated recently. With the rich optical properties in
the PC/BHN system and its association with the polarization effect, PC/BHN device
further opens up new possible applications for the low-power consumption pho-
tonic devices in tunable spectral bandwidth and optical multichannel technologies.

2.3 Chiral nematic and cholesteric liquid crystal with photonic crystal devices

Comparing with the nematic LCs, the configuration of a cholesteric LC (CLC)
or chiral LC with stacked layers shows a periodic helix of LC molecule. CLC charac-
terized by a specific pitch length makes the structure regarded as 1D PC material by
itself. The optical Bragg reflection or photonic band is the most important property
in CLCs. Utilizing the special properties of periodic helix-induced photonic band in
CLCs, many optic applications such as low-threshold single-mode laser with band
edge excitation has been proposed. In addition, the special type of CLC is a dual
frequency CLC (DFCLC). And DFCLC owns many special properties such as fast
switching. Typical CLCs own bistable states, namely, the planar (P) and focal conic
(FC) states. And then CLCs cannot directly switch from the FC state to the P state.
Typically, this transition must be passing through an intermediate state: homeo-
tropic (H) state or the transient P state [22-24]. However, the DFCLCs made of a
DF nematic LC mixed with a chiral dopant could achieve fast and direct FC-to-P
switching (~10 ms) [30]. In DFCLC, the dielectric anisotropy is positive and the
LC director tends to be paralleled to the electrical field direction (tend to H state)
when applied frequency below the crossover frequency. In contrast, the dielectric
anisotropy is negative when the applying frequency is higher than the crossover
frequency. And the DFLC director tends to be vertical to the field direction (tend
to FC and P states). Therefore, we can use frequency-modulated voltage to switch
between the bistable P and FC states reversibly, making the PC/CLC device with
more tunable and switchable properties. Based on PC/CLC device, many applica-
tions such as intensity tunable and fast switching in the defect mode PC device. The
detail structure of the PC/CLC device has been depicted in Figure 7. In addition,
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Figure 7.
The sandwich structure of the 1D PC/DFCLC device (adapted from [22—24]).

Figure 8 shows the transmission spectra of the PC/DFCLC device in three distinc-
tive states (P, FC, and H states) at a various voltages. Among the three states, the
P and FC states are optical stable states except the H state. Moreover, the stable
P state can be achieved from the unstable H state by fast turning off the applied
voltage or from the stable FC state by applying high frequency pulse [22-24]. In
addition, Figure 8 also shows that the hybrid PC/CLC device in the P state, which
demonstrates a number of defect modes. Furthermore, the FC state of the hybrid
PC device is exhibited when we apply voltage pulse of 20 V,,,s. The optical intensity
of the defect modes is very low in the FC state, and the spectra of defect modes in
FC are shown in Figure 8. The light scattering properties of FC state make all defect
modes turn off. This optical effect has the potential to expand as a fast switching
light shutter application. Furthermore, the PC/CLC device will be in the H state
when the voltage increases to 35V, ;. And the most intense defect modes of H state
are generated. Figure 8 also shows the comparison of the spectra of defect modes
between the P and H states in the PC/CLC device. We can observe that the blueshift
of the defect modes of H state is shown and caused by the reduced effective index of
refraction in the PC defect layer. It is interesting to observe the special phenomenon
“complementary” in wavelengths of defect modes. This property can make the PC/
CLC device as a tunable shutter in specific wavelengths of defect modes.

The interesting optical characteristics of PC/CLC devices have been investi-
gated. By using the electrically controllable DFCLC materials as defect layer in the
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Figure 8.

Spectra of the PC/DFCLC device in the photonic bandgap in P, FC, and H states. The PC/DFCLC device is
driven by various voltages. In addition, the PC/DFCLC in the photonic bandgap with two different sets of
defect modes in both P and H states (adapted from [22-24]).
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PC structure, PC/CLC device owns more powerful properties. Based on the three
distinctive states of the CLC defect layer (stable P and FC states, and the voltage-
sustained H state), the PC/CLC device exhibits different spectra in different LC
states. In addition, the strength and wavelengths of the defect modes can be tuned
by applying voltage and frequency. Moreover, the novel PC/CLC device is char-
acterized by its fast switching between P and FC states. In the past research, the
FC-to-P transition time is as short as 10 ms [22-24]. The wavelength and intensity
tunability in the defect modes are more obvious comparing with other PC device.
In addition, it requires no polarizers and is of low-power consumption because

of bistability in P and FC states. This PC/CLC device is useful tool for photonic
applications such as filter, light shutter, and optical modulator.

2.4 Tristable photonic crystal devices with polymer-stabilized
cholesteric textures

In comparison with the typical CLC materials, with inclusion of a photo-polym-
erizable monomer into CLCs, which make CLC more powerful. The CLC/monomer
composites own polymer networks to stabilize the CLC molecule, and we call the
composite material as polymer-stabilized cholesteric texture (PSCT). The PSCTs
can be employed in green energy devices due to the new stable state in the polymer-
stabilized H state. This allows the bistable switching between the FC and P states in
CLC become tristable P, FC, and H states potentially [22-24]. In the past, bistable
PSCT shutters can also be switched between the H and FC states [31]. However,
PSCTs are possible to own more than two stable modes. Recently, Hsiao et al. pro-
posed the first tristable PSCT as a new PC device. Figure 9 shows three photographs
of P, FC, and H states and the corresponding micrographs of the PC/PSCT devices.
In addition, the PC/PSCT is placed between two crossed polarizers in the tristable P,
FC, and H states. We can discover that the colors are distinctive in the three different
stable states. Firstly, the P state shows that the purple color due to the transmittance
of defect modes are higher in red wavelength range. In addition, the light scattering
FC state shows the multidomains of the PSCT and is presented in Figure 9.
Moreover, the stable H state with the light leakage under crossed polarizers is also
demonstrated in Figure 9. In addition, Figure 10 demonstrates the spectra of defect
modes in PC/PSCT device in three distinctive states (P, FC, and H states) at null
voltage. The number of defect modes will increase with the increasing defect layer
thickness [22-24]. Haiso et al. apply a fixed voltage (50 V,ns) at various frequencies
to show the tristable states in PC/PSCT. From Figure 10a, we can observe the most

Planar state Focal conic state  Homeotropic state

Figure 9.
Photographs and micrographs of the PC/PSCT device placed between crossed polarizers in P, FC, and H states
at zero voltage (adapted from [22-24]).
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Figure 10.

(a) Transmission spectra of the empty PC cell and the PC/PSCT structure in three diffevent states B, FC, and
H states. In addition, (b) transmittance of the defect modes from H to FC in the PBG induced by a 100-kHz
various voltage amplitudes. (c) Transmittance of the defect modes from P to FC in PC/PSCT induced by
various voltage at a fixed frequency of 1 kHz (adapted from [22-24]).

intense defect modes in the empty PC cell because of the transparent air defect.
With a PSCT defect layer embedded in the PC device, the PC/PSCT device initially
in the H state and the more spectral defect windows in the PBG due to the higher
(ordinary) refractive index n, in the LC layer. And the FC state is demonstrated
when a 30-kHz voltage pulse is applied. The lower transmission of the defect modes
in the PBG is also shown in Figure 10a. We can employ the defect modes of FC to
switch off the PC device by the light scattering property. When the frequency still
increases to 100 kHz, the PC/PSCT will be in the P state. The redshifted defect
modes is shown and the increasing defect mode number is exhibited (Figure 10a).
Moreover, Figure 10b illustrates the spectra of the PC/PSCT device in the H and FC
states induced by various voltage amplitudes at a fixed high frequency of 100 kHz.
We can observe that the H state of the cell is the initial state. The intensity strength
of the defect modes can be tuned by increasing the voltage. Figure 10c demon-
strates the transmission spectra of the defect modes by applying various voltage of
0, 10, 25, 40 V,ps at a low frequency of 1 kHz. We can easily modulate the strength
of defect modes between FC and P states. This powerful photonic device has the
potential to expand optics applications, making it use as an electrically tunable
device and optically tristable filter based on these special properties.

To conclude, the electrically tunable PC/PSCT devices have been investigated.
In addition, the tunability is caused by the incorporation of a PSCT material as a
new defect layer in PC structure. This hybrid PC/PSCT owns three stable P, FC,
and H states. The electrically tunable PC device has been investigated, and it can be
directly switched from one to another stable state by just applying a voltage pulse.
Due to the tristability, the optical defect modes of PC/PSCT remain at zero voltages.
This PC/PSCT composite device exhibits many different defect mode transmission
spectra when we switch among P, FC, and H states. In addition, the intensity of the
defect modes can be tuned by the amplitude of voltage as well as the wavelengths
can be switched by the frequency in the H and P states. Based on the properties of
tristable switching, wavelength controlling, and intensity tunability in the defect
modes, the novel PC/PSCT device can be used as a low-power consumption optical
filter, light shutter or an electrically intensity modulator without any polarizers,
which let the PC/PSCT device more potential for applications.
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3. Applications in liquid crystal-based photonic crystals

3.1 Electrically switchable liquid crystal-based photonic crystals
for a white light laser

Laser source is the most unique light source with many special optical proper-
ties such as coherence and collimation. The laser emission needs both the elements:
stimulating source and the gain media. Today, various solid and gas materials have
been employed as gain media for lasing. However, white light lasers that span the
visible spectrum (red, green, and blue colors) are important for lighting, imaging,
and communication applications. Recently, the organic white light laser source was
successfully demonstrated [32]. Recently, an inorganic semiconductor laser source
has also been proposed with a monolithic multi-segment semiconductor nanostruc-
ture [33]. Huang et al. also shows that PC/CLC hybrid structure (Figure 11a)
is a new way to achieve white light laser [34]. In addition, the complex stack-
ing PC/CLC structure is designed (see Figure 11a) and can be simply coded as
[GI(HL)4HH(LH)3]-P(D)P-[(HL)3HH(LH)4IG], where D means the dye-doped
CLC (DDCLC); P is the polyimide alignment layer; H and L are the high and low
refractive indices of dielectrics; G represents the glass substrate; and I is the ITO. In
addition, the high and low refractive indices of dielectric materials are Ta,0s
(ng = 2.18) and SiO; (ny, = 1.47). The configurations of the CLCs in three states
(P, FC, and H states) are shown in Figure 11b. Note that the voltage V; leads to the
FC state exhibiting an optical scattering property, and a larger voltage V; induces
the H state. The transmission spectra of CLC and a PC substrate are also displayed
in Figure 12a. In addition, the PBG is divided by a defect mode peak at the 640 nm
of PBG. The Bragg reflection of DDCLC is located at right half of PBG in hybrid
PC cell. The dye composition (C540A, PM580, and LD688) in the PC/DDCLC
device was adjusted to fluoresce in three wavelengths (red, green, and blue lasing
emissions). However, the artificial defect mode peak in the PC is at 446 nm, which
allowed the pumping light to penetrate the PC cell. An organo-inorganic white light
laser from PC/DDCLC composed of three colors red, green, and blue lasing emis-
sions is therefore achieved, as displayed in Figure 12b. A genuine photo of the PC/
DDCLC laser is shown in Figure 12c, which is accompanied by the CIE1931 chroma-
ticity diagram. In addition, the color of red, green, and blue are mixed as the discrete

lass Si0, lAlgnment Il Ta0, ITo
Dye-daped CLC
(b) Planar Focal conic Homeotropic

Figure 11.
Schematics of (a) the hybrid phonic structure and (b) the configurations of the three CLC states in the
multilayers device (adapted from [32]).

61



Photonic Crystals - A Glimpse of the Current Research Trends

Transmittance (%)
g2
¥

sl

= CLE Plana]

Segin PCE o
Floreiosl smissen
’%I'ﬂ- -4I 00 ---ﬁ.---d-. a0 e ]
Wavelength (nm)
) 18.8 [rSTRrS—Y 1o !
- Rt s
B b)) . | w00
@ ol 0z 2 | {d) S
2 | —crt'm ||||I| | = i | > 4
2 el | P amission ” d g £ i | 4
a ¥ CLC (Plarar) | g . ..!
] — - |t | = g |
10000 ¢ I L 40 £ -
s s ' i g ; — -
& - 2 £ o000 -
-y - | -
f | ; y

wo f L 4§ I

400 450 500 550 800 850 T 4 [ [ [] [F]

Wavele ngth :nmj Lasang Wimshols | uijuiee)

Figure 12.

Spectra of PC/DDCLC. (b) The white-light lasing spectrum and the spectra of PC and the CLC in the planar
state. (c) Photograph of a tricolor laser device and the color space coordinates of the PC laser on the CIE 1931
chromaticity diagram. (d) the pumping energy-dependent the lasing emitted from PC/DDCLC device.

white light laser and depicted in Figure 12c. One can tell that the novel PC/DDCLC
structure can be really lasing in white light. Figure 12d shows the relation between
lasing intensity of PC device with the pumping energy. The threshold is about 7.4 pJ/
pulse in this PC lasing device.

This is the first demonstration of a discrete white light source (three-colors:
red, green, and blue) lasing. The organo-inorganic PC/DDCLC cannot only
generate three colors in lasers with a single pump, but also be electrically switched
among the three modes lasing. With such properties, lasing wavelength can be
altered back and forth in a wavelength range and in a very short response time.

In addition, PC/DDCLC lasing device is also cost effective, color tunable, and

can be fabricated easily. Moreover, it has been shown that the PC device can be
pumped using a simple CW laser. The ability to generate a single-color, two-color,
three-color or white-light laser makes a new way to full color display, lighting, and
other optics applications. By employing PC/DDCLC lasing device, a small size
laser system can be achieved to make the proposed PC/DDCLC applications more
feasible and potential.

3.2 Liquid crystal-based photonic crystals for pulse compression and signal
enhancement in fluorescence applications

Multiphoton fluorescence microscopy, devised in 1990, has become an
important technology for bio-applications. The improved axial depth and image
penetration depth can reduce the bio-sample damage. This approach demonstrates
potential applications in bio-imaging iz vivo [35]. However, the high intensity of
the excitation pulsed laser used in multiphoton fluorescence microscopy inducing
the photo-damaging in specimens [36]. In the past, the method to reduce the photo
damage in the bio-sample with strengthened multiphoton signal employs
the excitation laser with narrower pulse widths. Recently, researchers found that the
multiphoton fluorescence can be strengthened with the fluorescence signal, which
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is being proportional to the laser pulse widths. In 2001, both scientists McConnell
and Riis [37] observed a seven-fold enhancement in two-photon fluorescence by the
excitation-compressed laser pulses (~35 fs) [36]. However, by using this laser pulse
compression techniques, a dispersion compensator is needed. Thus, the different
microscope objectives contribute to different degrees of laser pulse broadening.
Recently, Hsiao et al. propose the first PC device enabling on-specimen compres-
sion of excited laser pulse. The compression effect occurs after the laser light
passing through the objective and photonic components. This will be significant to
enhance the multiphoton fluorescence signal. In addition, the PC devices combin-
ing with LC materials as defect layer can make the device with the tunable property.
From now on, the LC-based PCs for the pulse compression and signal enhancement
in multiphoton fluorescence have been proposed.

Moreover, in order to measure the pulse widths through the PC device on-
specimen, an optical autocorrelator was employed in the multiphoton fluores-
cence microscopy. This new approach allows us to detect the autocorrelation signal
at the focal plane of the objective, which are shown in Figure 13a. In addition,
the Ti:sapphire laser is sent through a 50% beam splitter, and one of the optical
beams passes through a variable delay line system. Moreover, the multiphoton
fluorescence signals can be detected by a photomultiplier tube (PMT). The
autocorrelation signal traces with a peak-to-background ratio of the interferences
are 8:1 and shown in Figure 13b and c. We can observe that the envelope of the
interferences is fitted to the function of Gaussian. The original pulse width of
the commercial Ti-Sapphire laser is about 100 fs. However, the laser pulse width
was broadened to be 270 fs after passing through the optical components and
objective, (Figure 13b). In addition, the laser pulse width decreases in a nonlinear
fashion when we increase the power. The most important is the shortest pulse
duration is 30 fs (Figure 13d). Figure 14a shows the images of the red channel at
different exposure time under the operating power 40 mW with device and 150
mW without device. If the PC/LC device was not used, the photo damage becomes
apparent when the exposure time beyond 1.5 h. If the proposed PC device was
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Figure 13.

( a% The system design of optical autocorrector in multiphoton fluorescence microscopy. HW is half-wave
plates, LP stands for linear polarizers, QW is quarter-wave plates, M means mirrors, B is a beam splitter,

L is lenses, O stands for the objective, D means dichvoic mirvors, and F stands for filters; (b) and (c) are the
autocorrection traces without and with the PC devices; (d) pulse duration time versus the applied laser powers
(adapted from [38]).
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Figure 14.
The photo images of (a) the red and (b) the green fluorescent balls at different illumination time with and
without the PC/LC device (adapted from [38]).

used, the photo damage effect can be easily reduce and lower the excitation power,
which is applied to achieve the same signal intensity. We can observe that PC/

LC device can efficiently reduce the both operation power and photo damage. In
addition, Figure 14b shows the same effect of photo damage reducing in the green
fluorescent balls under applied voltage 10 V. Thus, this novel PC/LC device is
much more powerful for bio-imaging in photo damage reducing. In addition, this
PC/LC device for laser pulse compression does not need any dispersion correction,
making the biologists easy to use the PC/LC device.

In conclusion, Dr. Hsiao used a PC/LC to compress the laser pulse, exhibiting a
15-fold enhancement of the fluorescence. Without any dispersion compensator, the
PC/LC device can be more convenient for nonphotonic researchers. By using the
both pulse compression effect of PCs and the tunability of LCs, the PC/LC device
shows a new way to enhance the multiphoton fluorescence microscopy with lower
photo damage.

3.3 Photo-manipulated photonic devices based on tristable chiral-tilted
homeotropic nematic liquid crystal

In recent years, energy saving materials have attracted much attention from
scientists. The energy saving materials need to own excellent optical stability
and do not require constantly applied energy. Based on the stable state natural
properties, bistable LC devices are shown and can be used as e-books or e-papers.
Recently, compared with the bistable in LC modes, tristable or multi-stable LCs
have been scarcely proposed. Historically, the tristable LC mode was first exhibited
in a ferroelectric LC system in 1988, and then the first tristable CLC device was
later proposed by Hsiao et al. [22-24]. However, the stability of a LC state is very
pressure-sensitive of the LCs to be bistable or tristable. Hsiao et al. demonstrate
a new tristable optical composite—dye-doped tristable chiral-tilted homeotropic
nematic (TCHN). This TCHN mode is extended from the technique of BHN mode.
In comparison with BHN, TCHN adopts a common nematic LC material instead
of DFLC material; it possesses an additional stable state and is stress-insensitive in
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stable states. Recently, Huang et al. proposed the spectral properties of an optically
switchable TCHN incorporated as a tunable defect layer in PC structure. By control-
ling the polarization angle of the incident light as well as the intensity ratio between
UV and green light, the tunable transmission characteristics of defect modes in

the PC/TCHN were obtained. The hybrid PC structure realizes photo-tunability of
defect mode peaks within the photonic bandgap. The PC/TCHN has much potential
for many photonic applications such as a low-power consumption filter and an opti-
cally controllable intensity modulator device.

A schematic of the hybrid PC/TCHN structure is shown in Figure 15a. The
optical switching of TCHN is among the tT, fingerprint (FP), and tH states as the
new tristable PC device and is displayed in Figure 15b. The chiral bis(azobenzene)
molecule is photoresponsive and is used in TCHN system. The chiral has two azo
linkages to confer two distinct isomeric conformations: the rod like trans form and
the bent cis form. The photo-induced unwinding effect caused by the tran-to-cis
isomerization exposed to UV light and the winding effect due to the cis-to-trans
isomerization under green light illumination. Based on the mechanism, we can
optically switch TCHN among the tT, FP, and tH states. The experimental spectra
of the PC/TCHN devices were measured under irradiation by controlling both
green light and UV light. In Hsiao’s paper, the used green light is from LED at
wavelength of 524 nm and the UV light is from a UV LED at wavelength of 365 nm.
Based on the two mixed irradiation lights, the PC/TCHN can be switched among
three stable states (tT, FP, and tH). In addition, Figure 15 shows the micrographic
optical textures of the state-transform process among tristable tT, FP, and tH states
under a crossed-polarizing microscope. Moreover, Figure 15a, c, and e shows the
micrographic optical textures of tT, FP, and tH states, respectively. The tH state is
completely dark state in the crossed-polarizer scheme because of no birefringence
effect. The tT state is a bright optical texture with some rubbing traces, and the
FP texture involves the lying helix structure of chiral nematic molecules as shown.
The transmission spectra of defect modes within the PBG at various irradiations
are also proposed. Figure 16 demonstrates the transmittance spectra of defect
modes that are controlled by the UV light with various intensities. In addition, the
intensity of green light is fixed at 2.02 mW/cm’. From Figure 16f, we can observe
that the PC/TCHN device is exhibited in the tT state when intensity of UV is
0 mW/cm” because of the azo chiral dopant being in the trans-form. However,
the cis-form dopant molecules will increase when intensity of UV is strengthened
gradually. Because the high-pretilt angle of LC and particular d/p conditions,

(a} {b)
Paolarizer

(220

Figure 15.

(a) Sandwich structure of the PC/TCHN device. The arrows in the device’s front view show the transmission
axis of the polarizer (P) and rubbing divection (R). (b) Operating mechanisms of photo-induced TCHN
switching among the tH, FP and tT states (adapted from [34]).
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Figure 16.

Thge transition process among three stable states by increasing irradiation ratios between UV and green
light. (a) The tT state; (b) the coexistence of tT and FP states; (c) the FP state; (d) the coexistence of
FP and tH states; (e) the pure tH state of a TCHN. The arrows indicate the transmission axes of the
polarizer (P) and analyzer (A). In addition, photo-manipulated transmittance of the defect modes
under irradiation by various UV powers. (f) From the tT to the FP state and (g) from the FP to tH state
(adapted from [34]).

the FP texture will appear. Then, we can see that the intensities of defect mode
vanish because of strong scattering. However, the defect mode shifts to distinct
wavelengths and emerges again with enhanced intensity of UV. When the azo
chiral molecules become fully converted to the trans-form at 0.44 mW/cm?, the
PC/TCHN comes to the tH state and the transmittance of defect modes reaches
the highest intensity as shown in Figure 16g. Based on these optical properties, the
PC/TCHN device can be used as tunable optical filters.

In conclusion, a novel concept of photo-switchable PC/TCHN devices is pro-
posed. In comparison with its bistable counterpart BHN, the TCHN can be prepared
using a regular nematic host LC material (e.g., E7 in experimental from Huang
etal.). The PC/TCHN device owns optical tristability and tunability in wavelength
and intensities of the defect modes by photo manipulating. By adjusting the ratio
of the UV and green light intensity, the defect modes of PC/TCHN not only show a
variation in spectral amplitude through the stable FP state, but also can control the
wavelengths between the stable tT and tH states. This novel PC/TCHN mode and
the special properties of TCHN material should be fully developed for next poten-
tial photonic applications [39-72].

4, Conclusions

In this chapter, PC/NLC and PC/chiral LC devices, which exhibit special
photonic applications and several fascinating features have been reviewed. In
addition, the optical properties of defect modes of PC switching among each
state are reported. In Section 2.1, “Photonic crystals with a nonchiral nematic
liquid crystal,” the mechanism of defect modes in nonchiral PC is well-described
by OPL. The shifting can be understood from a change in n.¢ under applied
voltage. Section 2.2 “Chiral-tilted homeotropic nematic liquid crystal-based
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photonic crystal devices,” propose the new type of chiral nematic LC (BHN)

in PC device. The optical properties and switching mechanism of four tH, bH,
bT, and tT states of the PC/BHN device are proposed. In addition, Section 2.3
“Chiral nematic and cholesteric liquid crystal with photonic crystal devices,”
and Section 2.4 “Tristable photonic-crystal devices with polymer-stabilized
cholesteric textures.” are the typical chiral nematic or CLC structure within PC
devices. The three states of P, FC, and H states from CLCs are used for defect
modes controlling in PCs. Thus, the configuration of many types of PC/CLC cell
applications, including the design of PC multilayers for applications is schemati-
cally depicted. I introduce the three PC applications; Session 3.1 introduces
“Electrically switchable liquid crystal-based photonic crystals for a white-light
laser.” The first PC/LC white light laser is invented, and the mechanism of the
laser chip is shown. Session 3.2 shows “Liquid crystal-based photonic crystals
for pulse compression and signal enhancement in fluorescence applications,”
and it is the first PC/LC device to achieve the pulse compression. From now on,
the PC/LC can be as fluorescence enhancement applications. Session 3.3 dem-
onstrates “Photo-manipulated photonic devices based on tristable chiral-tilted
homeotropic nematic liquid crystal.” In addition to this, many PC/LC applica-
tions, such as optical devices, tunable optical filters, tunable optical modulators,
and so on, are also developed in recent year. In conclusion, PC/LC devices are
new tools to understand and modulate light. It holds good potential to become a
useful tool in our daily life.
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Chapter 5

The Mid-Infrared Photonic
Crystals for Gas Sensing
Applications

Tahere Hemati and Binbin Weng

Abstract

Mid-infrared spectrum is known as the “molecular fingerprint” region,
where most of the trace gases have their identical absorption patterns. Photonic
crystals allow the control of light-matter interactions within micro/nanoscales,
offering unique advantages for gas analyzing applications. Therefore, investigat-
ing mid-infrared photonic crystal based gas sensing methods is of significant
importance for the gas sensing systems with high sensitivity and portable
footprint features. In recent various photonic crystal gas sensing techniques
have been developing rapidly in the mid-infrared region. They operate either
by detecting the optical spectrum behavior or by measuring the material
properties, such as the gas absorption patterns, the refractive index, as well
as the electrical conductivities. Here, we will brief the progress, and review
the above-listed photonic crystal approaches in the mid-infrared range. Their
uniqueness and weakness will both be presented. Although the technical level
for them has not been ready for commercialization yet, their small size, weight,
power consumption and cost (SWaP-C) features offer great values and indicate
their enormous application potentials in future, especially under the stimulation
of the newly emerging technology “Internet of Things” which heavily relies on
modern SWaP-C sensor devices.

Keywords: mid-infrared, photonic crystal, gas sensing, non-linear light,
nanophotonics

1. Introduction

Chemical sensing, especially the trace-gas detection, is of a significant impor-
tance for a wide range of applications in practical fields including the medical
inspection, the environmental monitoring, the manufacturing control, as well
as the nation security surveillance. For example, controlling respiratory gases in
the medical sector can be a matter of life or death [1, 2]. Monitoring the toxic,
explosive and air polluting gases such as NO,, CO,, CO, CH,, and O; is vital to
prevent harms to human communities [2]. Nowadays, there are many choices of
gas sensors based on different methods such as semiconductor [3, 4], catalytic [5],
field effect [6], electrochemical [7], and optical gas sensors [8, 9]. Among them,
the optical-based gas sensors have been well-received as a fast, precise and reliable
technique, which has a long life expectancy, immunes to all chemical poisoning,
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and requires low maintenance for high-precision operation [9]. Furthermore,
with the rise of the emerging technology, Internet of Things (IoTs), such high
standard of performance requirements become more and more desired from the
industrial world [10]. It is also necessary to point out that, besides of the afore-
mentioned features, the importance of reducing the size, weight, power, and cost
(SWaP-C) to enable the chip scale integration is revealed clearly in the develop-
ment of IoT technologies [11]. Unfortunately, limited by the Beer-Lambert Law,
to achieve a suitable sensitivity, a large optical interaction length is required in
the conventional optical gas sensor systems. This long path of interaction makes
the optical gas sensors relatively large and costly to be manufactured [12], which
consequently sets a fundamental barrier to satisfy the SWaP-C requirements.
Therefore, in such a high-speed technology innovating era, more and more
researchers have paid significant attention to develop new technologies that can
overcome these limitations.

Photonic crystals (PhCs), which can be regarded as one of the most advanced
modern photonic technologies [13-16] was firstly proposed by Yablonvitch and John
since 1980s [17, 18]. Owing to the unique non-linear optical dispersive properties
[19, 20], PhCs become a powerful tool for control and manipulation of light-matter
interactions on micrometer length scales [21, 22]. Considering the aforementioned
optical sensing limitations, this technology is capable of addressing the size issue,
and potentially suitable for on-chip gas detection applications. In recent year, the
research on PhC-based gas sensing research has developed rapidly. Various sensing
techniques have been proposed by using PhCs to detect chemicals in gas, vapor and
even liquid environment [23-25]. Several review articles have been reported as well
[26, 27]. For example, in 2013, Xu et al. [27] investigated different photonic crystal
structures, such as morpho-butterfly wing, porous silicon PhCs, multilayer PhC
films, colloidal PhCs, and Inverse opal colloidal crystals. In 2015, Zhang et al. [26]
reviewed optical sensors based on photonic crystal cavity enhancing mechanisms.
Overall speaking, the reported technologies can be considered in two categories.
The first approach can be concluded as the “refractive index sensing”, which could
sensitively measure refractive index changes with gas involvement. Another one
is known as “photonic crystal light absorption spectroscopy”. This method is to
detect the distinctive absorption patterns of gas molecules in the infrared spectrum.
Because photonic crystals can slow light propagation and enhance light intensity in
the space where gas fills [4], this new spectroscopy not only shares the advantages
of the conventional spectroscopy but also eliminates the issues caused by large opti-
cal interaction length.

To the best of our knowledge, the research emphasis on the PhC-based gas
sensing development has been mainly focused on the near-infrared spectral
range. However, compared with the near-infrared region, molecular species in the
mid-infrared range show intrinsic absorption bands with much larger absorption
coefficients. Figure 1 presents that the mid-infrared portion of the spectrum with
several trace gas chemical species placed where their strong absorptions occur. As
can be seen, taking the carbon dioxide (CO,) as an example, its absorption strength
in the mid-infrared range (~4.2 pm) is about two orders of magnetite higher than
the one in near-infrared range (~2 pm). Such significant difference also exists in
almost all the gas molecules including xylene, methane, and so on [29]. Therefore,
fundamentally speaking, the optical sensors functioning in the mid-infrared range
offer much higher device sensitivity [30]. Consequently, much richer information
can be found for those wishing to probe, detect, image, or quantify these and many
other species including explosives, nerve agents, and toxins [30]. Nevertheless,
there are some hurdles preventing the development of PhC based optical sensors in
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Figure 1.
The absorption strength of some typical trace gas molecules in the mid-infrared range [28].

the mid-infrared spectrum, such as the limited availability of the low-cost, high-
efficient light sources or photodetectors. Also, it was pointed out in a report that
the difficult process of alignment of the beam for coupling light in and out of the
sample could also be very challenging, due to limitations of available equipment
[31]. In order to have a systematic understanding of the current progress of PhC
based gas sensing research in mid-infrared range, in this chapter, we are going to
provide a comprehensive review on the existing mid-infrared PhC-based gas sensor
technologies, evaluate their performance in a practical point of views, and also
discuss the future of the PhC-based mid-infrared sensing technologies.

2. PhC-based mid-infrared gas sensing methods

It is known that most of the molecules have their distinctive absorption patterns
in the mid-infrared spectrum, and as it was pointed out that their absorption coef-
ficients are much higher than the ones in near-infrared range. Majorly due to these
reasons, the most active research efforts of using PhC technology for gas sensing in
mid-infrared range focuses on measuring the spectral intensity change caused by
the gas resonant mode absorption mechanisms. But it is necessary to point out that,
other than this typical methodology, some other approaches using PhC structures
have also been reported, which rely on the detection of the peak position drifting
of transmission or reflection spectrums caused by the gas-induced refractive index
variation, or the electrical conductance behavior in the presence of gases. These
methods certainly help to enrich the PhC sensing capabilities in the mid-infrared
range. With all these being said, based on the different sensing mechanisms, in the
following contents, we will elaborate on the recent development of the mid-infrared
PhC based gas sensing technologies.

2.1 Mid-infrared light absorption sensing

Being as the most popular technology in the mid-infrared range, the gas absorp-
tion spectroscopy can be used to precisely measure both the gas composition and
concentrations. In this method, the mid-infrared radiation is absorbed at some spe-
cific frequencies due to the presence of gas molecules. These frequencies correspond
to vibrational modes of the molecular structures [32]. Typically, this type of gas
sensor consists of three parts: the mid-infrared light source, the light/gas interaction

75



Photonic Crystals - A Glimpse of the Current Research Trends

chamber, and the radiation detector [33]. In recent years, PhC has been proven to be
an effective technology to improve the performance of the light sources, especially
for the laser devices [34]. But more significantly, PhC has also played a critical role
to downsize the sensor module footprint by minimizing the interaction chamber
volume under the chip scale level [35-38].

2.1.1 Advanced porous gas sampling structure for gas sensing

As proposed by Soref [29], silicon is a proper candidate for the mid-IR wave-
length range due to its transparency window between 1.1 and 8.5 pm. While silicon
dioxide is also transparent up to around 3.6 [29], silicon-on-insulator (SOI) isa
suitable structural form for mid-IR integrated photonics [39]. In 2007, Lambrecht
et al. [12] for the first time, suggested the implementation of a two dimensional
(2D) macroporous silicon PhC in the interaction volume to slow the light and
enhance the gas-light interaction. The experimental results with CO, showed more
than two times enhancement in absorption line. In fact, these experimental results
became a base for the realization of high sensitivity and miniature gas sensors. The
device configuration is shown in Figure 2. Gas flows through the sampling cell from
the top hole to the bottom, as highlighted in blue color. The sampling cell containing
a PhC membrane is positioned between a thermal emitter and a pyrodetector with
an IR bandpass filter centered at the absorption peak of CO, (A = 4.24 pm). The PhC
membrane is placed in between two BaF, light guiding rods which help to couple
the IR radiation among the thermal emitter, PhC membrane and the pyrodetector.
Here, one thing is worth noting that, the PhC membrane could be easily removed
from the plastic holder without changing positions of the BaF, rods. This offers the
possibility of measuring the empty cell with the same optical path length. In detail,
the operation voltage is 10 Hz and the pyrodetector is measured by digital lock-in
amplifier with a time constant of 2 s. With such setup, this method does offer the
capability to detect the presence of CO, gas, which proves the possibility of using
PhC technology for developing gas sensors with compact footprint. However, there
is a crucial drawback with this simple PhC gas sensor. Typically, a low group veloc-
ity corresponds to a high effective refractive index, which leads to difficulties in and
out couplings of radiation.

Figure 2.
Schematic design used for gas absorption measurements [35].
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In 2011, Pergande et al. [35] solved this problem via designing antireflection
layers (ARL) at two interfaces, including the air-ARL interface and the ARL-PhC
interface. Because of that, it enhanced the light absorption of CO, up to 3.6 times.
To explain the mechanism, introducing this ARL leads to the generation of surface
modes which are used for coupling light into slow light PhC modes. These modes are
confined in air-ARL interference due to the forbidden propagation of light in pho-
tonic band-gap. The thickness of ARL affects the spectral position of surface modes.
When ARL thickness is equal to 0.57a (a is the lattice constant of PhC), the similar-
ity of field distributions of surface modes and the slow light PhC modes would be
able to couple together much easily. In addition, this ARL could also help to effec-
tively reduce the interface optical loss. Theoretically, absorption of the device can
be enhanced up to 60 by using this ARL enhanced PhC configuration. The differ-
ence between theoretical and experimental results comes from several factors, such
as the non-optimal lattice constant and pore diameter fluctuation. They all could
lead to the off-resonance operation mode to the CO, absorption line. In this work,
2D PhCs were fabricated by photoelectrochemical etching of n-type silicon. ARL is
designed by photolithography and was transferred by photoelectrochemical etching
into the silicon wafer. The lattice constant was 2 pm an (r/a), varying from 0.360
to 0.385. lengths of PhC changed from 100 pm to 1 mm while the height and width
were approximately 330 pm and 1 mm, respectively. The porosity of the sample was
about 64%. Pergande et al., according to numerical estimates, suggested that the
positional variations and pore diameter fluctuations should be below 0.5% in order
to allow for a reasonable transmission in the 1 mm device.

In the course of the experiment, several sample lengths, varying from 0.25
to 1 mm, were investigated. Results showed that their absorption enhancements
changed at the range of 2.6-3.5. By taking all the mismatch factors into consider-
ation, the numbers are in good agreement with the numerical simulation results. All
the data are presented in the following Table 1.

In 2000, Boarino et al. [40] applied this porous silicon method to the environ-
mental analysis of NO, gas because of its high sensitivity to surface molecular struc-
tures. Figure 3 shows the enhanced absorption value due to the presence of NO,. In
this figure, spectrum-1 is related to the sample outgassed under dynamic vacuum,
spectrum-2 is given after the dosage of 1 Torr of the pure NO, sample, and spec-
trum-3 is recorded after outgassing. As can be seen, in the range of 1000-1250 cm™
(assigned to the stretching vibrations of Si-O species) and range of 2150-2300 cm™
(Si-H stretching modes of SiO-H; species) the absorption enhancement in the
presence of NO, is intense while this value, at 3748 cm™! (SiO-H stretching vibra-
tion), is negligible. They claimed that this broad absorption can be attributed to
electrons populating of the conduction band. Moreover, from spectrum-3 is an
evidence that removing NO, from the gas phase leads to a complete restoration of
initial conditions. Moreover, the most recent research based on this method showed
the enhanced gas absorption by a factor of 5.8 at 5400 nm [41].

It can be concluded that porous silicon is an effective gas sampling structure
that can help in minimizing the overall size of the sensor device. However, the main

1
1

Length (mm) Gas Filter[pm/(a/A)] Coxp Ceheorm CeneoTE

1 CO, 4.24/0.472 35 37 29

0.5 CO, 4.24/0.472 26 37 29

0.5 CO, 4.24/0.472 3.0 37 29
Table 1.

Experimental and theovetical value of the gas absorption enhancement [35].
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Figure 3.

FTIR spectra of free-standing p + PSL: Spectrum-1 is velated to sample outgassed under dynamic vacuum.
Spectrum-2 has been obtained after dosage of 1 Torr of pure NO,, spectrum-3 has been recorded after
outgassing the sample, under dynamic vacuum [40].

restrictive factor for using porous silicon PhCs in gas sensing is its high sensitivity
to the small fluctuation of the pore diameter and the lattice constant. For instance,
more than 0.5% pore diameter fluctuation in the 1 mm device eliminates the advan-
tage of using the porous silicon. Thus, a high technology is needed for fabricating
this porous silicon, which limits the implementation of this method. However, for
cases where high-sensitive and small sensors are needed, using porous silicon PhCs
to decrease the interaction path and increase the sensitivity is a suitable option.

2.1.2 Photonic crystal waveguide (PCW) for gas sensing enhancement

Mid-IR PhC waveguides (PCW) with high-quality factor are powerful tools for
nonlinear optical applications because they can achieve slow-light enhancement and
low linear propagation loss simultaneously [31]. Therefore, this component is of
major interests in the gas sensing research area. The enhanced detection sensitivity
achieved by using PCWs (strip and slot waveguides) in the near-infrared range have
been previously reported [42, 43]. However, based on our knowledge, very few works
about the PCW enhanced gas sensor in the mid-infrared range has been reported so
far [44]. In 2015, Zou et al. [45] provided the first experimental demonstration of
transmission characteristics of holey and slotted PCWs in silicon-on-sapphire at the
wavelength of 3.43 pm with a fixed-wavelength inter-band cascade laser (ICL). They
used an 800 pm long holey PCW to detect gas-phase Triethyl phosphate (TEP) with
the concentration of 10 ppm (parts per million).

They investigated a holey PCW with a row of smaller holes (r; = 0.65r), which
was located in the center of PCW (hexagonal lattice of air holes in silicon) where air
hole radius was r = 0.25a (a is lattice constant). As shown in Figure 4 the optimi-
zation of (ry/r) value has been conducted through considering four conditions:
having a large guiding bandwidth for the propagating PCW modes, broad mode
bandwidth, large electrical field overlap with the analyte, and high peak enhance-
ment factor which yield to more efficient light-matter interaction. The other value
that should be optimized is the lattice constant. As shown in Figure 5 for a less
than 830 nm, due to stopgap, there is no transmission. Moreover, when a is located
between 840 and 845 nm the propagation loss is approximately 15 dB/cm, while
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Optimigation of r/r according to bandwidth, stop gap electrical field overlap, peak enhancement factor [45].
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Lattice constant dependent transmission and propagating loss [45].

this value increases dramatically for a > 845 nm. Therefore, it can be concluded that
in order to have reasonable transmission and propagation loss, the lattice constant
should have a value between dashed lines in Figure 5.

On the other hand, the slotted type PCW was also investigated. Likewise,
the same optimization process was conducted for slotted PCW to determine slot
width (130 nm) and lattice constant (between 830 and 840 nm). However, the
optimized value showed propagation loss of 55 dB/cm, which is almost 3 times
greater than the loss propagation in holey PCW. Afterward, they compared the
peak of electric field enhancement factor in the holey PCW, and the conventional
rectangular slotted PCW, to a regular PCW. This comparison showed 3.5 times and
13 times enhancement for holey and slotted PCW (respectively) relative to regular
PCW. Furthermore, the electrical field overlap with the analyte in regular PCW was
5%, while this value for holey and slotted one was 8 and 15% respectively. However,
propagation loss for holey PCW was 15 dB/cm while this value was 55 dB/cm for
slotted one. Thus, we can conclude that the holey PCW can be a better candidate for
absorption spectroscopic gas sensing because while its electrical field overlap with
the analyte is 2 times lower than slotted PCW, the propagation loss of slotted PCW
is 3 times higher than holey PCW.

The transmitted light through an 800 pm long holey PCW with 2 = 845 nm
is measured in the presence and absence of TEP. They investigated changes in
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transmitted light intensity at A = 3.43 pm for switching and steady state TEP flow
through the holey PCW. For the switching flow, transmitted signal intensity
dropped to 80% of its original intensity due to the presence of TEP. However, for
the steady-state condition, this value dropped to 60% of its original value. Also,
the measurements are independent of the flow rate of nitrogen at 10 and 50 ppm
respectively. The noise in measurement comes from the electrical noise of detec-
tor and the vibration of the optical fiber. Furthermore, by replacing the slot and
strip waveguide for the steady-state gas flow, instead of the holey PCW, just a

small change in intensity of transmitted light at 3.43 pm is observed at 28 ppm TEP
concentration. Thus, as Figure 6 shows, it can be concluded that the holey PCW
shows more sensitivity relative to the slot and strip waveguide because the holey
PCW enhances both f (fill factor denoting relative fraction of optical field resid-
ing in the analyte medium) and group index, which is inversely related to group
velocity. However, the slot waveguide only enhances the f factor, and has no impact
on group index. Moreover, the high detection capability of PCWs in gas sensing is
revealed in [46] where the detection of carbon monoxide with the concentration of
parts-per-billion is possible.

In comparison to the porous silicon PhC Sensing method which enhances the
sensor performance by only reducing group velocity, the PCW, especially the holey
PCW, shows higher sensitivity because it enhances both f (filling factor denoting
relative fraction of optical field residing in the analyte medium) and group velocity
reduction simultaneously. In fact, using a PCW, instead of a simple 2D PhC, enables
us to confine light and gas in at the same place, and increase the possibility of the
interaction. Moreover, the propagation loss in PCWs is lower than the porous silicon
PhC. However, the fabrication and optimization of a PCW are more complicated
than the porous silicon PhC which potentially can lead to higher costs for PCW gas
sensor development.

2.1.3 Mid-infrared PhC fiber enhanced sensing

Optical fibers offer significant advantages for gas sensing majorly due to its
ability to confine optical radiation across long distances. It eliminates the need for
beam collimation thus reduces device complexity significantly. However, their
performance can be limited due to low mechanical flexibility, a weak overlap
between light and gas or the requirement for conventional extrinsic gas cells [47].
Also, most of the fibers operate below 2 pm demonstrated due to the limited silica
transmission window. In contrary to other microstructured fiber, Photonic bandgap
fibers (PBFs) guide light in a gas (air) core rather than solid [48, 49]. This leads
to the integration of gas sampling cell into the fiber, and the confinement of over
99% of the light in the hollow area rather than the silica, which makes PBFs an ideal
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Figure 6.

(a). Change in transmitted light intensity through an 800 um long holey PCW with a = 845 nm with 10 ppm
TEP (b). Transmitted light intensity through a silicon slot waveguide in SoS in the presence and absence of
28 ppm TEP. (c). Transmitted light intensity through a silicon strip waveguide in SoS in the presence and
absence of 28 ppm TEP [45].
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candidate for miniaturized gas sensing applications [50, 51]. Furthermore, com-
pared with the fused silica, these fibers can transmit light in the mid-infrared with a
much lower optical loss (<1 dBm™) [52, 53].

Shephard et al. reported a bandgap guidance at 3.14 pm in a silica-based air-
core photonic crystal fiber in 2005 [54]. The year after, they then investigate the
gas sensing functionality using this PBF technology [53, 55]. The optical guiding
range of this PBF was specially developed for methane sensing at ~3.2 pm [55].

The hollow-core PBF sensing unit was able to measure the methane vapor with the
concentration of 1000 ppm. In the experiment, several fibers with a core diameter
of ~45 pm and a pitch (distance between two neighboring cladding holes) between
7 and 8 pm were examined thoroughly. First, an 80 cm PBF was filled with the
mixture of methane and nitrogen with the ratio of 5 (methane) to 95 (nitrogen)

at the pressure of 2 bar. Then, the fiber was filled with nitrogen to normalize the
measurements. The results are shown in Figure 7 for 5, 1, 0.5, and 0.1% methane
concentration. (solid curve) shows experimental results and the calculated absorp-
tion demonstrated by the dashed curve. Even in this low concentration (Figure 7d),
the main absorption line of methane close to 3.32 pm is still visible, and the trans-
mission dropped to significantly at this wavelength. Moreover, authors claimed
that the small difference between the theoretical and experimental results is due to
although processing errors during the spectral concatenation procedure.

In comparison to the porous silicon PhC as well as the PCW sensing mechanisms,
the PBF gas sensor shows a higher energy overlap with gases and a lower optical loss.
However, fibers are long in nature and this can be an obstacle to realization of SWaP
sensors. Moreover, the degree of complexity for fabrication of PBFs can be lower
than PCWs but is still higher compared to the porous silicon PhC devices.

2.2 Mid-infrared “refractive index” sensing
Besides of exploring the use of PhCs in the mid-infrared spectroscopy, there is

another popular approach measuring the shift of PhC modulated Bragg resonant
peak due to the refractive index change, which can lead to the detection of gas
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Figure7.
Measured (solid curves) and theoretical (dash curves) absorption lines of methane for concentrations of a, 5%;
b, 1%; ¢, 0.5%; and d, 0.1% [55].
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concentrations. For instance, in a porous silicon PhC, when pore areas are filled by a
gas the effective refractive index of the PhC will be increased. Moreover, it is possible
that the lattice constant of the PhC increase due to the swelling of the gas or vapor.
Understanding this procedure can be easier by considering Bragg law expression [27].

mA = 2nd sin@ (1)

where m is the diffraction order, A is the incident wavelength, n is the effective
refractive index, d is the lattice constant, and 0 is the glancing angle between the
incident light and diffraction crystal planes [56, 57]. This method has been used in
near and visible range [58-60], more frequently rather than mid-infrared range.

In 2015 Zou et al. [45] designed a holey, slotted, and a regular PCW for detection
the chemical warfare simulant in the mid-infrared range. A section of this research
has been assigned to the investigation of the relationship between the value of
electrical field overlap with the analyte and the sensitivity of the refractive change
based sensors. In order to study this correlation, they used 3D FDTD simulation.
They selected C,Cly (refractive index = 1.5) as a top cladding. As shown in Figure 8
the sensitivity of a PCW sensor is depended directly on the percent of electrical field
overlap with the analyte. So that, the shifted transmission in slotted PCW is 2 times
higher than holey one because its electrical field overlap with the analyte is almost 2
times higher as well. In 2017 Turduev et al. [61] presented an optical refractive index
sensor (T-slotted PC sensor) design for mid-IR photonics. They used numerical
methods based on finite-difference time-domain and plane-wave expansion method.
an overall sensitivity is calculated to be around 500 nm/RIU for the case of higher
refractive indices of analytes n = 1.10-1.30.

Detecting an unknown gas through this method can be challenging because the
principles of this method are based on the refractive index changes. Thus, detect-
ing two different gases with the same refractive index is simply impossible. On the
other hand, for gases with refractive indexes close to air refractive indexes (n = 1),
the sensitivity of this kind of sensors can be strongly reduced. However, the com-
plexity of this method is lower than absorption-based sensing methods.

2.3 Mid-infrared electrical conductance sensing

In 2000 Boarino et al. [38] studied changes in electrical conductivity in the
presence of NO, through P* porous silicon layers (PSL) at the room temperature
and the atmospheric pressure. The recovery time and response to interfering gases
were tested as well. PSL is well-known in humidity sensors area, while its applica-
tion in the field of gas sensing has been considered only recently. This structure
has obtained high importance in the field of gas sensors due to its high surface to
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Figure 8.
Simulated transmission with air-clad and C,C,-clad conditions for (a) conventional PCW, (b) holey PCW,

and (c) slotted PCW [45].
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Porosity (%) AG/G (3 ppm) AG/G (5 ppm) AG/G (10 ppm)

38 6 87,837 0.7

43 1 19 35

53 03 1.7 4.6

62 293 84.3 197

75 35 45 164
Table 2.

Relative response of PS samples of different porosity to the listed NO, concentrations [38].

volume ratio, and its reactivity to the environment. Changes in work function,
refractive index, photoluminescence, and conductivity variation can be used

as indices in the gas sensing. Boarino et al. used the last feature to detect NO,.
Accordingly, due to the inherent characteristic of P* mesoporous silicon, strong
changes can be observed in resistivity in the presence of polar liquids, vapors, and
gases. They measured the PS change of conductance in presence of different gases
in humid conditions at constant bias V = 5 v. The PS response to NO, was tested
for different value of porosity. Table 2 shows the relative conductance variation
(AG/G) for different porosity (38, 43, 53, 62 and 75%).

Since the high available surface for gas adsorption plays a key role in obtaining
an efficient chemical sensor, the 55% porosity for PS surface gives the best result,
due to the maximum value of surface to volume ratio. The lowest concentration
that could be examined, was 1 ppm and the relative response was 1.6 for the 60%
porosity sample. In comparison with NO,, under the same concentration, the
conductivity change in the presence of NO was significantly lower. Likewise, the
relative response of PS to interfering species (CO (up to 1000 ppm) and CH, (up to
5000 ppm)) and alcohol, such as methanol, at concentrations up to 800 ppm was
negligible. They also used FTIR spectroscopy for detecting NO, through PSL which
is studied in 2.1.1 section in details.

3. Conclusion

In this chapter, we presented a review work on the recent progress of PhC-based
gas sensing research in the mid-infrared range. Various material structures includ-
ing using porous silicon structure, photonic crystal waveguides, and hollow-core
photonic crystal fibers, as well as both optical and electrical detection methods,
have been thoroughly discussed. As mentioned, porous silicon structure enhanced
sensing device achieved the highest sensitivity to detect NO, at 1 ppm concentration
level through measuring the conductance changes. But this method is restricted
to a limited range of gases, and is unable to detect nonpolar gases such as CO,

CH,, and alcohols. The other issue can be related to electrical components which
are necessary for this method. These electrical components increase the risk of
electrical discharge and augment the risk of explosion. Moreover, the electrical
noises can strongly affect this kind of sensors. For the holey PCW, the sensor unit
can deliver the measurement of Triethyl phosphate (TEP) with the concentration
of 10 ppm. The small size (800 pm) of this PCW offers a great advantage which
can potentially lead to the realization of SWaP sensors. The main drawback of this
kind of sensors is that they are so sensitive to small fluctuation in the hole diameter.
Thus, the fabrication process for this kind of sensors might be difficult and time-
consuming. However, the high energy overlap with gases within the holey PCWs,
and its high power in slowing light and its small size make this sensor one of the
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best candidates for gas sensing applications. While, compared to the PCW, the PBF
shows more electrical overlap with gases and lower propagation loss. Generally
speaking, the development of PhC-based mid-infrared gas sensing research is still
in its early stage and not ready for commercialization. However, considering the
strong demands from IoT infrastructure for modern sensor units with combined
SWaP-C features, it is anticipated that the progress in the PhC-based mid-infrared
gas sensing area will develop much faster in the coming years, and some of the
discussed technical approaches could eventually advance to a practical level and
make a significant impact to our daily life.
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Chapter 6

Modelling of Photonic Crystal
(PhC) Cavities: Theory and

Applications
Ahmad Rifqi Md Zain and Richard M. De La Rue

Abstract

In recent years, many researchers have shown their interest in producing a
compact high-performance optical chip that is useful for most telecommunication
applications. One of the solutions is by realising photonic crystal (PhC) structures
that exhibit high-quality factors in a small mode volume, V. Silicon on insulator
(SOI) is one of the main contenders due to its high-index contrast between the
silicon (Si) core waveguide with silica (SiO,) cladding surrounding it. The maturity
of silicon photonic can also be incorporated with CMOS chips making it a desired
material. A strong optical confinement provided by PhC structures makes it possi-
ble to realise the compact device on a single chip. In this chapter, we will discuss a
fundamental background of photonic crystal cavities mainly on one-dimensional
(1D) structures, which are the simplest as compared to their counterparts, 2D and
3D PhC device structures. We have modelled a photonic crystal cavity using finite-
difference time-domain (FDTD) approach. This approach uses time-dependent
Maxwell equation to cover wide frequency range in a single simulation. The results
are then compared with the actual measured results showing a significant agree-
ment between them. The design will be used as basic building block for designing a
more complex PhC structures that exhibit high-quality factors for applications such
as filtering, DWDM and sensors.

Keywords: photonic crystal (PhC), photonic wire (PhW), integrated optics,
high-quality factors, finite-difference time-domain (FDTD)

1. Introduction

The potential importance of integrated optics was not fully realised until 1968.
Light propagation in thin films has been proposed and developed extensively since
then [1]. The term integrated optics relates to a wide variety of structures where the
propagation of light is controlled by a thin dielectric film or by strips of dielectric.
The range of laser frequencies available and the types of material used have their
limitations. Initially, gas laser and solid-state lasers were used as the light sources in
early experiments. There is a possible need for much smaller sources that can be
used to achieve the requirement of integrated optics in order to integrate with other
applications. For wavelengths smaller than a certain value, say around 0.1 pm,
overcoming large absorption and scattering losses becomes a priority since the
smaller wavelength range imposes limitations on the practical use of waveguiding.
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In addition, waveguide integrated optics is based on electromagnetic waveguiding
at optical frequencies using thin-film optics. In recent years, semiconductor devices
have played a major role in the evolution of integrated optics, due to their signifi-
cant properties relevant to the goal of monolithic integrated optical circuits. In the
early 1960s, research on thin-film phenomena became the key route towards
developing more complex waveguide properties. The guiding action of planar layers
in p-n junctions was observed and reported in 1963 by Yariv and Leite [2] and Bond
et al. [3]. Their result has been subsequently used by Nelson and Reinhardt [4] in
providing light modulation via the electro-optic effect. Although there was no
concern with the optical waveguide circuitry, this work was just the beginning of
the new era of planar thin-film waveguides. Light propagation in thin films has
been proposed and developed since then [5]. The subject of dielectric periodic
microstructures has become a priority ever since the evolution of lasers and inte-
grated optics generally in the early 1960s [5-11]. This great evolution was just the
beginning of the new era of development of photonic microstructures on single
compact chips. Much research has been carried out with the aim of providing faster
optical communication and data processing—whether for entertainment, route
switching or computational purposes. In recent years, the motivation towards pro-
ducing compact and faster communication has become a platform for much
research, including switching purposes.

In addition, the advance in photonic technology for many applications has
emerged on a large scale, whether using active devices such as III-V semiconductor
materials or even silicon and silica passive devices. But the latter two materials still
work as a separate system, although the main aim is still to achieve a monolithic
photonic integration that is capable of handling any application in a single chip. The
developments based on the concepts formulated by Purcell [12, 13] regarding the
effect of radiation properties due to the presence of mirrors have been discussed
extensively. These ideas led to the new concept of photonic crystals (PhCs) [14, 15].
Instead of manipulating the electrons that are involved in the use of the conven-
tional electronic properties of solids, where they can produce an electronic band
gap, photons are manipulated in periodic structures (photonic crystals)—and can
exhibit stopband and photonic band-gap behaviour. In other words, photons are not
allowed to propagate through the ‘crystal’ structures at all—and there can be a
forbidden gap or band gap.

Much of the attraction in the research areas of the micro- and nanophotonic
structures comes from the use of high refractive index contrast materials such as
silicon-on-insulator (SOI) that have been increasingly used in recent years. This
development is due to the ability of silicon technology to support monolithic inte-
gration of optical interconnects and form fully functional photonic devices that can
be incorporated into CMOS chips. Soref and Lorenzo [16] have demonstrated the
possibilities of passive and active silicon waveguides as long ago as 1985, with
single-crystal silicon grown epitaxially on a heavily doped silicon substrate. The
advances of silicon-based and silicon-on-insulator optoelectronics have also been
noted by Jalali et al. [17] and Masini et al. [18].

2. Photonic crystal and photonic wire waveguides

The concept of photonic band-gap structures was independently proposed by
John [14] and by Yablonovitch [15]. PBG structures create the condition where over
a certain photon energy range, light can travel through the periodic structure—and
is reflected back when impinging onto the crystal and is not allowed to propagate—
thus creating a so-called forbidden zone. In 1991, the first experimental
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demonstrations have shown that by using an array of holes drilled into the high
refractive index material, a stopband is produced where no transmission is allowed
over this frequency range [19]. Full PBG structures consist of three-dimensionally
periodic structures that inhibit spontaneous emission within the electromagnetic
band gap. New design has been developed and innovated based on this concept ever
since, although improving the overall performance of this device is still a major
concern for full device functionality—and there is also a performance limitation
determined by various fabrication processes [19, 20]. 3D photonic crystal structures
(PhCs) are one of the possible contenders for the provision of highly compact
devices on a single chip that will allow the realisation of complex subsystems. Due
to the inherent difficulties of realising and controllably modifying 3D structures,
work on 2D and 1D structures has emerged tremendously—which is partly due to
the lesser design complexity and the reduction in size. But they can produce some
interesting results that have contributed significantly towards the realisation of
photonic integrated circuits (PICs). The motivation towards miniaturising PIC
devices has expanded the need to put more effort into designing compact photonic
crystal-based devices. The massive development of telecommunication infrastruc-
tures has created a large demand of multiple applications on a single chip by using a
combination of several optical subsystems.

In general, photonic crystal device structures exhibit a strong optical confine-
ment covering a fairly large frequency spectrum. Strong optical confinement is
needed in a small volume to provide a suitable platform in the optical emission
properties—thus creating enhancement of the luminescent ‘atoms’ through sponta-
neous emission. By creating a ‘defect’ or a small region surrounded by the photonic
crystal arrangement, the basic properties of that photonic crystal lattice are signif-
icantly changed. In other words, the photonic crystal has the capability to localise
light when a ‘defect’ is introduced within the periodicity of the crystal arrangement
—thus forming a micro-cavity that is surrounded by a highly reflective mirror
region. For example, in 2D photonic crystal structures, a ‘defect’ or micro-cavity
can be formed by simply removing one or more holes [21-23]—or by changing the
surrounding hole sizes [24-26]. Light that is strongly confined within the channel
waveguide formed by the photonic crystal arrangement (square [27] or hexagonal
lattice [28, 29] is directly coupled into the micro-cavity region. In this design
arrangement, light may be guided through the structure by removing a single row
of holes to form a channel waveguide—and in this way, light can propagate at the
characteristic frequency of the cavity, within the band gap. Channel waveguides
may be designed to have different widths, W, such as W1 [30]—where a single row
of holes is removed to provide a channel waveguide. In other examples, W3 [31]
consists of three hole removed and W0.7 [32]—i.e. a situation where the spacing
between two blocks of photonic crystal is additionally increased by 0.7 of a lattice
spacing. Recently, low propagation losses, 4.1 dB/cm, have been obtained in a
single-line defect W1 PhC channel waveguide [33] which shows that PhCs can
provide a suitable platform for designing low loss devices. In 1D photonic crystal
structures, the micro-cavity has great potential for producing a high-quality factor
in a small volume—thus providing a suitable platform to design a wavelength
selective device, for example, for WDM applications using passive components
such as multiplexers/de-multiplexers, optical switching, sensors and optical filters.
On the other hand, in 1D photonic crystals, micro-cavities may be formed by
creating a defect and using a smaller hole in the middle of a single-row crystal, as
shown in Figure 1.

In photonic crystal (PhC) micro-cavity structures, the optical properties may be
characterised by the Q/V ratio (often called the Purcell factor [12, 13]), where Q is
the quality factor and V is the modal volume corresponding to the particular
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Figure 1.

1D PhC/PhW waveguide structures with a series of PhC hole of periodic spacing, a, and hole diameter, d,
embedded in 500 nm wire. The tapered hole introduced has a number of hole tapered outside cavity, Nro, and
the number of tapered hole within cavity, Ny, with cavity length, c. A periodic mirvror has N number of equally
spaced hole.

micro-cavity and its characteristic electromagnetic resonant modes. Thus designing
high Q-factor optical micro-cavities confined in a small volume, V, may be useful
for high-speed optical processing—where light is confined within a small volume on
the order of (A/2n)>—and A is the emission wavelength and n is the refractive index
of the given material. Recently, designing ultrasmall micro-cavity devices based on
1D PhC/PhW dimensions has been of major interest because of their capability to
provide extremely high Q/V values, close to the theoretical values of the modal
volume, V = (A/2n)>. Q-factor values as large as 10® have been achieved, but this
experimental value was based on silica toroids [34]—but this design has a relatively
large modal volume, corresponding to a Q/V value of approximately 5 x 10* (A/2n).

Therefore, in most optical telecommunication applications, there is a need to
have 1D PhC/PhW device structures that are necessary for manipulation of light at
the infrared wavelength (around 1550 nm)—ruled by its capability of confined light
within a small volume, V. Due to the fabrication challenges and the capability of
designing structures that occupy very small areas, one-dimensional PhC structures
have been preferred, although there are practical performance limitations. The
devices typically consist of a single row of holes embedded in a narrow single-mode
photonic wire waveguide. On the other hand, photonic wire (PhW) device struc-
tures based on total internal reflection (TIR) concepts have shown a capability for
reduced loss, together with less complexity. They can also provide strong optical
confinement due to the large refractive index contrast between the waveguide core
and its surrounding cladding, leading also to small device volumes and compact
structures [35]. In addition the photonic wire approach also gives great flexibility
for the design of structures such as sharp bends, abrupt Y-junctions, small device
volumes, micro-cavities and Mach-Zehnder (MZ) structures [36-42]. In other
words, this concept is based on high refractive index contrast where light is con-
fined in such a narrow ridge waveguide. The combination of one-dimensional
photonic crystal (PhC) structures and photonic wire (PhW) waveguides in high
refractive index materials such as silicon-on-insulator (SOI) became increasingly
important in a number of research areas. In order to obtain a wide range of device
functionality, the reduction of propagation losses in narrow photonic wires is
equally as important as enhancing the performance of the device structures.

On the other hand, 1D PhC/PhW device structures have increasingly became a
topic of interest—and use a mirror design that is based on a single periodic row of
holes embedded in a narrow ridge waveguide, as shown in Figure 1. This approach
was first introduced by Foresi et al. [43]. The periodic hole mirror characteristics
can be varied by changing several parameters—such as hole diameter, cavity spac-
ing and hole spacing—as will be described in detail in Chapter 4. In the present
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work, light confined within a PhC/PhW structure is directly coupled into the micro-
cavity by using a tapered hole arrangement, as shown in Figure 1.

These kinds of device structure also have the capability of providing compact
structures in small device volumes, as compared to other more complex structures
such as ring resonators—which occupy larger device volumes. Furthermore, 1D
PhC/PhW structures may also be preferred, since they can exhibit large band gaps
as compared to what 3D photonic crystal structures can offer—thus making the
PhC/PhW approach a contender for filter devices that can be integrated with other
photonic devices. The fact that they share similar concepts with grating filters helps
in understanding how these devices operate. With the material properties of SOI, an
extremely small waveguide working in single-mode operation can be realised, with
a reduction in propagation losses from 50 dB in 1996 [44] to 1.7 dB/cm in late 2006
[45], and most recently a propagation loss value of 0.91 dB/cm [46] has been
achieved. The other features that have led to increasing attention to this area of
research are the ability to provide a platform for the confinement of light within a
small volume—for example, when a defect or a spacer is introduced between
periodic mirrors. With this condition, light can be trapped within a small cavity,
thus producing resonances that occur at certain frequencies within the stopband.
These structures have been characterised by their high Q-factor value, adequate
normalised optical transmission and small modal volume.

Maxwell’s equations are important for an understanding of light propagation in
photonic crystals. They are central for the solution of electromagnetic problems in
dielectric media—for a variety of different lengths and dielectric scales, which are
related to each other.

3. Photonic crystals: the theory

In photonic crystals, the famous Maxwell’s equations are used to study light
propagation in photonic crystal structure. The propagation of light in a medium is
governed by the four well-known microscopic Maxwell’s equations, written here in
cgs units [21, 47, 48]. The microscopic forms of the Maxwell equation are given by

V.-B=0 (1)
V-D =4rp 2)
1 /0B
1 /oD 47

or in mks/SI unit they can be written as

V-B=0 (5)

V.-D=p (6)
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VxE—f—(%): @
VxH—(%):] (8)

Based on Joannopoulos and Jackson [21, 47], Egs. (1)-(4) are given in cgs units,
whereas Egs. (5)-(8) are given in mks/SI units, where the physical quantities are
given as

B magnetic flux density in Tesla, T; D electric flux density in Coulombs per
square m, C/m?; E electric field strength in Volt per metre, V/m; H magnetic field
strength in Ampere per metre, A/m; p electric charge density in Coulombs per cubic
metre, C/m?>; ] electric current density in Ampere per square metre, A/m”.

The detailed derivation of each counterpart of Maxwell’s equations is given by
Jackson in Ref. [47]. For propagation in mixed dielectric medium, p and J are set to
zero, since there are no free charges or currents in the homogeneous dielectric
material. By assuming that the applied field strength is small and behave linearly,
the dielectric flux density, D, can be related to the electric field density by the
power series of

D; = ¥ &;Ej + X kypEEx + O(E) )
] ]

Since the electric field strength E (r,») and displacement field D (r,w) are related
to the scalar dielectric constant of the microscopic and isotropic material, € (r,0)—
and the higher order term can be neglected. In low loss dielectric materials, £(r)
can be treated as purely real, thus producing the electric field density written as

D(r) =¢ (v) E (r) (10)

In addition, for most dielectric material, the magnetic permeability, p,, is
approximately equal to 1, giving the magnetic flux density, B, equal to the magnetic
field strength, H. The flux density of the dielectric material can be written as D = e.E
where the permittivity, ¢, is real. Therefore the Maxwell equation can be rewritten
as already illustrated in [21, 47] as

V-H(r,t)=0 (11)
V-e(r)E(r,t) =0 (12)

V x E(r,) +% (%) —0 (13)
V x H(r,t) — @ (—OEE;’ t)> =0 (14)

Then the harmonic mode of the E and H field components propagating in the
dielectric medium is considered as

H(r,t) = H(r)e'" = 0 (15)
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and

E(r,t) = E(r)e’ =0 (16)

By substituting Eqgs. (15) and (16) into the Maxwell equations (11)-(14), the
equation is deduced to a simple condition (two divergence) as shown below:

V-Hr)=V-D(r)=0 (17)

where H(r) and E(r) and the field components at t = 0. By deriving Egs. (15) and
(16) and substituting them into Eqs. (13) and (14), the Maxwell equation will
become

1 \ 2
V x (@v X H(V)) - (?) H(r) (18)

Thus Eq. (18) derived has H components which become a master equation for
dielectric medium, in particular photonic crystal with only magnetic field, H(r)
component. This can also be used to recover an electric field component, E(r), of
the Maxwell equation given by

—ic

E(r) = [ ]VxH(V) (19)

we(r)

The final equation given above (18) and (19) is only used primarily to under-
stand the basic concepts of photonic crystal (PhC) structures. These concepts can
also be used for more complex structures such as 2D and 3D PhCs.

4. PhC/PhW micro-cavities

One-dimensional (1D)-PhC micro-cavities embedded in narrow photonic wire
have been widely studied. A small shift in the periodic mirrors—in particular one
situated in the middle of the periodic mirror—will produce a sharp resonance peak
in the middle of stopband. This resonant condition oscillates naturally at certain
frequencies with greater amplitudes than others within the system. The Q-factor is
particularly useful in determining the qualitative behaviour of a system. For some
telecom applications, such as dense wavelength division multiplexing (DWDM),
the performance of those resonances is determined by their quality factors and
optical transmission at a certain resonance frequency. The quality factor of a system
is a dimensionless parameter that defines the first-order behaviour, for the decay, of
an oscillating frequency within a micro-cavity. It is characterised by the ratio of the
resonant frequency to the bandwidth of the resonance or by the decrease in the
amplitude of the wave propagating through a system, within an oscillation period.
Equivalently, it compares the frequency at which the system oscillates to the rate of
energy dissipated by the system. A higher Q-factor value indicates a lower rate of
energy dissipation relative to the oscillation frequency, so the oscillations die out
more slowly. For example, a pendulum suspended from a high-quality bearing,
oscillating in air, would have a high Q, while a pendulum immersed in oil would
have a low one. In optics, the Q-factor is generally given by [49, 50]:

B 2zf o E

L="F

(20)
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where € is the stored energy in the cavity and P is the power dissipated within
the cavity, given by

dE
P= 7 (21)

The Q-factor is equal to the ratio of the resonant frequency to the bandwidth of
the cavity resonance shown in Figure 2.

Ideally, the average lifetime of a resonant photon in the cavity is proportional to
the cavity’s Q. Resonant systems respond to frequencies close to their natural fre-
quency much more strongly than they respond to other frequencies. A system with
a high Q resonates with greater amplitude (at the resonant frequency) than one
with a low Q-factor, and its response falls off more rapidly as the frequency moves
away from resonance. Therefore the physical interpretation of resonance is given by
its general equation:

_Jo
Q=3 @)
where fj is the central frequency of the resonance and Af is the frequency

difference within at 3 dB points or ¥2 of the total energy stored in the micro-cavity
system. In this present work, several different types of resonator have been studied,
namely, waveguide Bragg gratings and 1D PhC/PhW waveguides—as shown in
Figure 3. Unlike the Bragg grating waveguide [51], which has a rectangular recess
embedded on a photonic wire waveguide, a single row of holes is used as a set of
mirrors.

This structure consists of a single row of holes drilled in the 500 nm width of
wire waveguides. Those holes acted as a periodic mirror where light impinging on
the PhC bounced back provide a band gap where light is forbidden to propagate at
certain frequency. A spacer was introduced symmetrically between the periodic
mirrors—thus producing a narrow resonance in the transmission. The concepts for
this kind of structure were proposed by Krauss and Foresi [5, 20]. But the Q-factor
at this [43] resonance condition obtained was small (~500). The PhC hole mirrors
resulted in a wide stopband (approximately 182 nm), using eight PhC mirrors holes,
whereas 32 period waveguide Bragg gratings were used and showed a narrower
stopband of approximately 88 nm. This difference is due to the fact that the light
was coupled more strongly in the periodic hole mirrors—where 95% of the light was
reflected with the periodic hole arrangement, as compared to the waveguide Bragg

E

(E_)2

-“].

Figure 2.
A typical resonance frequency resulted from micro-cavity structuves defined by the central resonance frequency,
fo> and the bandwidth of the frequency at 3 dB points (energy at the steady state condition).

96



Modelling of Photonic Crystal (PhC) Cavities: Theory and Applications
DOI: http://dx.doi.org/10.5772/intechopen.84961

(b)

— 10 PhC/PhW

1.0 —— Bragg gratings |

0.9
T 0.8 1
3 ’\J AV
- 0.7
S 06 J
w 0.5
'E 0.4

0.3
E 0.2

0.1

0.0 I'"'!""I""JI""r""l

1300 4400 1500 41600 1700 1800
Wavelength (nm)

(c)
Figure 3.

Different types of PhW waveguides micro-cavity. (a) 1D PhC/PhW waveguides with cavity length (distance
between two hole edges of the hole spacer) ¢, hole periodic spacing (distance between centre-to-centre hole), a
and number of periodic holes, N (b) PhW Bragg gratings waveguides with cavity length, c, period, A, and
number of recess period, N, and (c) transmission spectra of Bragg grating waveguides and 1D PhC/PhW.

gratings where ~82% light was reflected back. Hole gratings show more pronounce
stopbands compared to their counterpart. As mentioned before, stronger reflection
was observed for the hole grating. The hole gratings have a bigger stopband of
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approximately 180 nm, which is useful for some filter designs and some optical
communications applications. This wide stopband may be compared with the lim-
ited bandwidth of the stopband or may be contrasted with the significantly smaller
stopband of the rectangular recess grating.

In addition, for this grating condition, the total length, L, of the waveguide
Bragg grating of ~11 pm is longer by a factor of four in order to achieve a practical
stopband spectrum, as compared with the hole grating structures (~3 pm). The
present work will demonstrate the design, fabrication and characterisation of the
1D PhC-based micro-cavity, which is potentially useful for wavelength division
multiplexing (WDM) in PhC devices. A single row of PhC holes is embedded in a
narrow photonic wire waveguide to allow sufficient optical coupling for integration
with other photonic devices. This thesis will address the importance of using a
combination of hole tapering with a different hole diameter at the interface between
the un-patterned wire and the cavity mirror, as well into the micro-cavity region—
in order to achieve large optical transmission together with a high-resonance Q-
factor value. Achieving high Q-factor together with large optical transmission
remains a significant challenge. The key points towards designing an ultrahigh Q-
factor device that confines light in such a small volume lie in reducing the modal
mismatch between the un-patterned wire and the PhC or grating sections. There-
fore, designing a tapered structure to reduce the modal mismatch at the interfaces
between the mirror region and the PhW waveguide sections is necessary. One of the
approaches used to overcoming this situations is the use of a taper structure
consisting of holes with different sizes through progressive increase of the hole size
into the mirror region [52]. On the other hand, the same model has also been used
with short taper sections incorporated into a 1D micro-cavity-based system [53].
Using these concepts, the impact of progressive tapering using different hole diam-
eters has shown a huge improvement in enhancing the quality factor of the micro-
cavity [54, 55].

Therefore, 1D PhC/PhW micro-cavities can provide higher optical confinement
in smaller volumes that are closer to the theoretical value of 0.055 (\/n)> [54]—
which has a great potential in high-index contrast materials such as silicon-on-
insulator (SOI) to be used in some telecommunication applications such as DWDM,
add-drop filter switching experiments, slow light and non-linear optics.

5. The finite-difference time-domain (FDTD) approach

There have been several methods used for computational purposes, especially
for modelling photonic crystal structures and photonic wire waveguides. The finite-
difference time-domain (FDTD) approach is a commonly used technique because it
provides both the spatial and temporal properties of the structure with a single
calculation, making it suitable for the analysis of many structures. However it
requires a lot of time to compute a single run. This technique uses the famous
Maxwell’s equations based on the Yee mesh [56], published in 1966. Yee has pro-
posed this technique in order to derive a numerical scattering problem and electro-
magnetic absorption on the basis of Maxwell’s equations. The computational
domain was first established, in order to determine the physical region within
which the calculation will be performed. The electric field, E, and the magnetic
field, H, are distinguished at every point within the domain by specifying the
material used at each domain point (in xyz directions). The materials involved could
be free space (air), metal or dielectric material. A light source in the form of a plane
wave is then impinging on the chosen material. Later in 1994, the technique called
the perfectly matched layer (PML) boundary condition was introduced [57]. It was
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used as an absorption mechanism for electromagnetic wave incident on the edge of
the computational domain in space. The FDTD method can be implemented in
either 2D or 3D computations—but it requires a lot of memory and power con-
sumption for a single computational run, especially for a large device in 3-D. 2D
FDTD reduces time and memory requirement significantly. It employs a refractive
index approximation or average refractive index of the slab—called effective index
method (EIM). By using this method, the cross-sectional index profile is usually
transformed to the one-dimensional index profile by using EIM [58, 59]. In the EIM
approach, the eigenvalue of the equivalent slab waveguide is an approximate index
value of the original waveguide. Although the EIM approach provides a good
approximation, it still suffers from errors in the vicinity of the cut-off [60-63]. At
the beginning of this present work, this method is used to investigate the prelimi-
nary behaviour of the device with the assumption that losses are negligible. In order
to reduce simulation time and power consumption, 2D FDTD approach was initially
used throughout the course to analyse the general optical behaviour of the device
structures—implementing EIM. Since EIM method is only an approximation of the
actual refractive index obtained by taking into account the whole ridge waveguide
structures, at least a small discrepancy between the simulations measured results is
very much to be expected. On the other hand, the 3D FDTD method can give a
better estimate of the properties, although it is time- and power-consuming, which
is still a major concern.

During this present work, different types of commercial software have been
used. The Fullwave RSoft computational software has been used at the beginning of
this work, where only 2D computation was deeply explored due to the longer time
and high power consumption for 3D FDTD. Based on the concept proposed by Yee
[56], several key pieces of information are needed to solve the basic propagation
problem in optical waveguide which comprised of:

* The refractive index distribution, n(x,y,z)

* Electromagnetic field excitation (plane wave or Gaussian)
* Finite computational domain in x, y and z direction

* The boundary of PML layer

* Spatial grid size, Ax and Ay

* Time step, At, and the total length of the simulation time

For 2D FDTD computation, the average refractive index, n, or effective index,
Nefs, of the slab waveguide of a material is used rather than the actual refractive of
that particular material. This can be obtained using mode-matching method avail-
able in the Fimm-wave® commercial software by Photon Design®. This method
includes the approximation of refractive index in both propagation direction of
vertical and horizontal confinement of the slab waveguide. The transverse section
of the device is first simulated using Fimm-wave® simulation tools. It shows the
intensity of light in guiding mode, confinement of light inside the slab and the
effective index, neg. It also shows the leaky region where light is not confined inside
the slab. Figure 4 shows the contour plot of the TE fundamental mode of the
waveguide. It shows the intensity of light confinement along the core at 1.52 pm
wavelength at different etching depths. It is suggested that the different etching
depths will give rise to the abrupt change of the effective index, ng, at the

29



Photonic Crystals - A Glimpse of the Current Research Trends

Figure 4.
Contour plot of the TE fundamental mode intensity. (a) Fully etched. (b) Shallow etched. (c) Deep etched.

boundary of silicon core and silica cladding (lower cladding) where some of the
light are reflected back into the cladding (backscattering). This can be improved by
etching slightly deeper into the lower cladding by around 20-40 nm, thus reducing
scattering losses. The effective index calculated using the Fimm-wave™ simulation
tool for 500 nm wide ridge waveguides at different etching depths is given in
Figure 4(a) and (b). More profound field intensity is obtained for fully etched
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silicon where symmetric field distribution is obtained (see Figure 4(a)) as

compared to shallow- and deep-etched silicon.

Depositing silica on top of the photonic wire can also improve the confinement
of TE fundamental mode of the photonic wire significantly. From Figure 5, 100,
200 and 400 nm SiO; have been deposited on the photonic wire. But to reduce the
device preparation complexity and process development, the slab waveguide design
based on fully etched silicon is considered throughout this work. The calculated n.g

based on this design is 2.97, which will be used for 2D FDTD computation.

The value of n. is fed into the full-wave simulation tool by using either pulsed
or continuous Gaussian source for slab waveguide. The finite computational domain
is optimised in space covering the area between 10 and 20 pm in length and 2 pm in
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Figure 5.

The effective index, neg at different etching depths for symmetric (silica deposition on top) and asymmetric

Etching Depths, nm
(b)

waveguide (no silica deposition). (a) Shallow etched. (b) Deep etched.
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width since large computational area will contribute to a longer simulation time and
also consume more memory and power.

The space must be exactly proportionate to the size of the optical waveguide.
The thickness of PML required for the device operating at around 1.52 pm wave-
length is 0.5 pm to provide better electromagnetic wave absorption at the boundary.
Other parameters that contribute to the accuracy of the simulation are determined
by the choice of the spatial grid or mesh size, where smaller grid spacing gave more
accurate computation. In other words, the closer the resolution in simulation to the
actual device, the more accurate simulation will be established.

During the second half of the computational process, the author has used other
commercially available software to compute all the device structures. This software
is found to be more accurate than the previous simulation tool. On the other hand,
by using the same parameters in the crystal wave tool as previously used in full-
wave, the simulation time has been reduced by a factor of five, and the result
obtained is closer to the measured result as shown in one of the example in Figure 6.
The comparison is made by using 12-period 1D PhC mirrors with diameters of 350
nm and periodic spacing of 360 nm. By looking at the band edge location of the
measured result in Figure 6, the 2D FDTD crystal wave shows closer result (band
edge) than the one computed using RSoft tools where the deviation of 83 nm is
observed between the simulation and the measured result. But this is understood to
be due to small deviation in the dimension of the structures produced after fabrica-
tion process as real devices.

No further investigation is made in reference to the discrepancy between the
different examples of commercial software, but the problem has been addressed to
the relevant personnel. As a result, based on further tests carried out using different
measurements run to compare the results with the simulation, the CrystalWave
software have been chosen as the relevant tools that are well-suited to the design
structures used throughout this present work.
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Figure 6.
An example showing a comparison between 2D FDTD computed using different simulations tools (RSoft and

crystal wave) with the measured result.
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6. Conclusion

In conclusion, the 2D simulation approach is used to produce preliminary
designs for the device, together with the employment of an effective index approx-
imation based on the waveguide properties of the base material structure discussed
earlier. 2D simulation helps with obtaining a better understanding of the general
behaviour of the device—but 3D simulation gives more accurate prediction of the
results, at the expense of much greater time and energy consumption. Both 2D and
3D simulations were carried out using the commercial software using finite-
difference time-domain (FDTD) approach. This chapter in particular demonstrated
the detailed theoretical models of single-row PhC cavities embedded in narrow
(typically 500 nm wide) photonic wire waveguides based on silicon-on-insulator
(SOI). The device structures have been designed to operate in TE polarisation at
wavelengths around 1550 nm. The compactness together with high reflectivity and
possibilities for an active tuning capability make the device suitable as a basic
building block for incorporation into integrated circuits where several functions are
realised on a single chip—i.e. what are commonly known as high-density photonic
integrated circuits (PICs). On the other hand, it may also be useful in providing one
of the solutions for the design of compact filters for either coarse or dense wave-
length division multiplexing situations, for high-speed switching and non-linear
optics. For instance, FDTD approach used in this chapter has shown a significantly
good agreement with the measured result—thus it can be used as a method to obtain
a preliminary result before the actual design for fabrication is proposed.
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Edited by Pankaj Kumar Choudhury

The role of dielectric mirrors is very important in optics. These are used for several
purposes like imaging, fabricating laser cavities, and so on. The basis for the
propagation of photons in dielectric mediums is the same as electrons in solid crystals.
If the electrons can be diffracted by a periodic potential well, photons could also be
equally well diffracted by a periodic modulation of the refractive index of the medium.
This idea led to the development of many new artificial photonic materials and optical
micro- and nanostructures. Since the mechanism of light guidance is essentially due
to the microstructural features of the medium, a wide variety of photonic structures,
e.g., photonic band-gap fibers in 1D and photonic band-gap crystals in 2D and 3D, can
be realized. Photonic Crystals—A Glimpse of the Current Research Trends essentially
highlights the recent developments in the arena of photonic crystal research. It is
expected to be useful for expert as well as novice researchers; the former group of
readers would be abreast of recent research advancements, whereas the latter group
would benefit from grasping knowledge delivered by expert scientists.
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