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Preface

Photonic crystals (PCs) are structures characterized by periodic change in dielectric constant
in the space. PСs allow to obtain the permitted and forbidden areas for photon energy,
thanks to periodic change of the refractive index. Therefore, PC is an optical filter. PCs have
a great perspective for use: the creation of light-conducting channels, spectral separation of
channels, devices that protect against interference of light channels, etc. That is why, issues
related to the methods of forming a PC, developing methods for calculating their parame‐
ters, and developing various devices based on PCs are of importance and need to be dealt
with urgency.

This book is devoted to the description of research on these problems. Topics included in
the book cover a wide range of research in the field of theoretical analysis and experimental
investigation: the electromagnetic field in the photonic crystal, propagation of TM and TE
waves in the one-dimensional gyrotropic magnetophotonic crystals, low one-photon absorp‐
tion, one- and two-dimensional ultratransparent photonic crystals, colloidal assembly, pho‐
tonic crystal application for development of all-optical computational system, design of
novel photonic crystal devices as artificially engineered materials, design strategies for PC
devices, self-organization of liquid crystalline nanostructures, and optical diodes and the
basic formulas for their calculations.

A collection of 10 scientific chapters on theoretical and practical advances of PC research is
presented. Each chapter represents a comprehensive study. According to the predominance
of theoretical or practical research, the article is placed in two sections of the book. The first
part of the book is entitled “Theory and Calculations,” and the second part is called “Design
and Application.”

Part 1 “Theory and Calculations” includes:

Chapter 1 presents the complete theoretical investigations of modification of the electromag‐
netic field in the photonic crystal medium. The authors discuss the origins of the effect of the
change in the electron mass caused by the modification of the electromagnetic interaction in
a PC and its possible applications.

Chapter 2 presents the theoretical analysis of propagation of TM and TE waves in the one-
dimensional gyrotropic magnetophotonic crystals with ferrite and plasma-like layers. Re‐
search methods are based on the transfer matrix method of F. Abeles for special cases of
two-dimensional model of wave propagation in periodic layered media.

In Chapter 3, the crucial conditions for low one-photon absorption (LOPA)-based direct la‐
ser writing (DLW) were theoretically investigated and then experimentally demonstrated
using a simple optical confocal microscope. Various 1D, 2D, and 3D submicrostructures
were fabricated in different materials. Research methods are based on diffraction theory of
the electromagnetic field of a tightly focused beam.
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part of the book is entitled “Theory and Calculations,” and the second part is called “Design
and Application.”

Part 1 “Theory and Calculations” includes:

Chapter 1 presents the complete theoretical investigations of modification of the electromag‐
netic field in the photonic crystal medium. The authors discuss the origins of the effect of the
change in the electron mass caused by the modification of the electromagnetic interaction in
a PC and its possible applications.

Chapter 2 presents the theoretical analysis of propagation of TM and TE waves in the one-
dimensional gyrotropic magnetophotonic crystals with ferrite and plasma-like layers. Re‐
search methods are based on the transfer matrix method of F. Abeles for special cases of
two-dimensional model of wave propagation in periodic layered media.

In Chapter 3, the crucial conditions for low one-photon absorption (LOPA)-based direct la‐
ser writing (DLW) were theoretically investigated and then experimentally demonstrated
using a simple optical confocal microscope. Various 1D, 2D, and 3D submicrostructures
were fabricated in different materials. Research methods are based on diffraction theory of
the electromagnetic field of a tightly focused beam.



Chapter 4 presents the recent progress of one- and two-dimensional ultratransparent pho‐
tonic crystals. Research methods are based on the ray optics and a nonlocal effective medi‐
um theory for the homogenization of PC. Many experimental results are presented, and a
comparison with simulation results is given.

Chapter 5 presents the summarization about the influence of the substrate wettability on
colloidal assembly. Basic assembly principle for colloidal crystals and several examples for
the understanding of the influence of wettability on colloidal assembly are described.

Part 2 “Design and Application” includes:

Chapter 6 presents a short overview about photonic crystal application for development of
all-optical computational system. A new paradigm is developed for optical computation us‐
ing photonic crystals. The information presented in this chapter can be considered as an intro‐
duction to the application of photonic crystals for an all-optical computational system with
logic gates, memory units, and networks, which can be constructed using these structures.

Chapter 7 presents the complete investigations of the design of novel photonic crystal devi‐
ces as artificially engineered materials.

The author demonstrates that the synthetic periodic dielectric materials can exhibit various
anomalous transmission properties, such as negative refraction, self-focusing, zero phase de‐
lay, or effective-zero-index properties, which are determined by the characteristics of their
band structures and equal frequency contours.

Chapter 8 presents a short description of the fundamentals of 1D photonic crystals and the
overview of the applications of these crystals in silicon photonics. Special attention of the
author is given to providing insight into the design strategies for these devices.

Chapter 9 presents the review of photoswitching of photonic band gap (PBG) based on
phase transition and orientation behavior of liquid crystalline materials (LCs) and self-or‐
ganization of LC nanostructures. PBG tuning of 3D photonic crystals and self-organized LC
nanostructures is considered.

Chapter 10 presents the review of the different kinds of schemes for reciprocal and nonreci‐
procal optical diodes based on two-dimensional PC. The authors describe main parameters
of the different schemes of optical diodes and the basic formulas for their calculations.

This book will be useful for engineers, technologists, researchers, and postgraduate students
interested in the research, design, fabrication processes, and applications of photonic crystals.

I would like to express my appreciation to all the contributors of this book. My special thanks
go to the Publishing Process Manager, Ms. Renata Sliva, and other staff of InTechOpen pub‐
lishing for their kind support and great efforts in bringing the book to completion.

Prof. Alexander Vakhrushev
Head of Department “Mechanics of Nanostructures”

Institute of Mechanics, Udmurt Federal Research Center
Ural Branch of the Russian Academy of Sciences, Russia

Head of Department “Nanotechnology and Microsystems”
Kalashnikov Izhevsk State Technical University, Russia
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Abstract

Photonic crystals (PCs) are periodic systems that consist of dielectrics with different
refractive indices. Photonic crystals have many potential technological applications.
These applications are mainly based on the photonic bang gap effect. However the band
gap is not only effect that follows from the periodic changing of the refractive index in
the photonic crystal. The periodic change of the photon-matter interaction in photonic
crystal medium gives rise to the fact that the mass of an electron in the photonic crystal
must differ from its mass in vacuum. Anisotropy of a photonic crystal results in the
dependence of the electromagnetic mass correction on the orientation of the electron
momentum in a photonic crystal. This orientation dependence in turn gives rise to the
significant correction to the transition frequencies in an atom placed in air voids of a
photonic crystal. These corrections are shown to be comparable to the atomic optical
frequencies. This effect allows one to control the structure of the atomic energy levels
and hence to control resonance processes. It can serve as the basis for new line spectrum
sources. The effect provides new ways of realization of quantum interference between
decay channels that can be important for quantum information science.

Keywords: photonic crystals, electron mass, anisotropic vacuum, electromagnetic
field, Lamb shift

1. Introduction

Photonic crystals (PCs) are a major field of research having many potential applications [1–15].
These applications are mainly based on the photonic bang gap effect in the photonic crystal. In
Ref. [16], it has been shown that a strong modification of the electromagnetic interaction in
photonic crystals results in the fact that the electron mass changes its value. Actually in this
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case, we deal with a quantum electrodynamical (QED) effect that does not manifest itself in the
free space. In fact, the interaction of an electron with its own radiation field gives rise to a
contribution to its physical mass mph known as the electromagnetic mass of the electron mem.
Nonrenormalizable ultraviolet divergences do not allow one to calculate the electron electro-
magnetic mass. However, fortunately, only physical mass mph is observable, and hence mem can
be included into it. On the other hand, the modification of the electromagnetic interaction in
PC medium gives rise to a correction to the electromagnetic mass mem. This correction δmpc

cannot be hidden in the physical mass of the electron and hence is an observable. Thus in PC
medium, the novel observable δmpc comes into play. A remarkable feature of δmpc is its
dependence on the orientation of the electron momentum in a PC, and this dependence gives
rise to significant corrections to the transition frequencies in an atom placed in air voids of a
photonic crystal, being comparable to the ordinary atomic frequencies. Such an effect is a
consequence of the fact that in the case of atoms in the PC medium, the most contribution
comes from the self-energy of electrons associated with mass correction mpc

em rather than from
the self-energy of atoms associated with the Lamb shift being the QED corrections to the
nucleus-electrons coupling. In this chapter, we discuss the origins of the effect of the change
in the electron mass caused by the modification of the electromagnetic interaction in a PC and
its possible applications.

2. Lamb shift in hydrogen atom in the free space

The processes of the interaction of charged particles with their own radiation field play the
important role in the modern physics. These processes give rise to the fact that actually we deal
with the particles dressed by a cloud consisting of virtual particles (photons, electron-positron
pairs, and so on). In the case of electrons or muons bound to an atomic nucleus, the self-
interaction results in the Lamb shift of the atomic energy levels. The results of the recent
measurements of the Lamb shift in muonic hydrogen [17, 18] have allowed to determine the
value of the root-mean-square charge radius of the proton rp which is 4% smaller than the
radius determined by electron-proton experiments [19, 20] and precision spectroscopy of the
ordinary atomic hydrogen [21–27]. This discrepancy known as the “proton radius puzzle” has
not been explained yet. Solving the puzzle may require new insights into the problem of the
description of the self-energy of the electron and the Lamb shift.

Figure 1. The time-ordered diagrams describing the dominant contribution to the Lamb shift. The thick line denotes the
electron (positron) propagating in the Coulomb field; the wavy line denotes emission and reabsorption of a virtual
photon.
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The Lamb shift consists of the self-energy and vacuum polarization contributions. The modifi-
cation of the vacuum polarization contribution in the PC medium is negligible, and for this
reason, we will focus only on the self-energy one. At leading order self-energy of the electron,
which is bound in a hydrogen-like atom, is defined by the process in which a photon is emitted
and then is reabsorbed by the electron or positron. This process is described by the time-
ordered diagrams in Figure 1.

In quantum electrodynamics the corresponding contribution to the Lamb shift in hydrogen-
like atoms is given by the term that appears in the second-order perturbation theory and in the
Furry picture can be written as

ΔEL,n ¼ nh jHI
1

E 0ð Þ
n �HF

0

HI nj i, (1)

where HF
0 is the unperturbed Dirac-Coulomb Hamiltonian in the Furry picture

(HF
0 nj i ¼ E 0ð Þ

n nj i), |n〉 is an atomic state, and

H ¼ H0 þ
ð
d3xHI t ¼ 0; xð Þ, (2)

with HI(t, x) being the interaction Hamiltonian density:

HI t; xð Þ ¼ e
2
Aμ t; xð Þ Ψ t; xð Þ; γμΨ t; xð Þ� �

: (3)

HereΨ(x) is the Dirac field in the Furry picture. Usually the contributions to the Lamb shift (1)
are separated into the low and high energy parts. For the reasons explained bellow, we will
focus on the low-energy part of the shift [28]:

ΔE<
L,n ¼ 2πα

3m2
e

ðΛ
0

d3k

2 kj j 2πð Þ3
X
m

nh jp mj ij j2
En � kj j � Em

, (4)

where p is the operator of the electron momentum and the cutoff Λ limits the energies of
virtual photons in the processes of their emission and reabsorption. The cutoff must be much
less than typical electron momenta but much larger than the atomic binding energies:

Zαð Þ2me << Λ << Zαð Þme: (5)

Here and below the natural unit system is used, where ℏ = c = ε0 = 1. This is the reason why one
can use the nonrelativistic Hamiltonian:

H ¼ 1
2me

p� eA½ �2 (6)

instead of the Hamiltonian defined in Eqs. (2) and (3). Eq. (4) can be rewritten in the form:

Modification of the Electromagnetic Field in the Photonic Crystal Medium and New Ways of Applying…
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Figure 1. The time-ordered diagrams describing the dominant contribution to the Lamb shift. The thick line denotes the
electron (positron) propagating in the Coulomb field; the wavy line denotes emission and reabsorption of a virtual
photon.
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The Lamb shift consists of the self-energy and vacuum polarization contributions. The modifi-
cation of the vacuum polarization contribution in the PC medium is negligible, and for this
reason, we will focus only on the self-energy one. At leading order self-energy of the electron,
which is bound in a hydrogen-like atom, is defined by the process in which a photon is emitted
and then is reabsorbed by the electron or positron. This process is described by the time-
ordered diagrams in Figure 1.

In quantum electrodynamics the corresponding contribution to the Lamb shift in hydrogen-
like atoms is given by the term that appears in the second-order perturbation theory and in the
Furry picture can be written as

ΔEL,n ¼ nh jHI
1

E 0ð Þ
n �HF

0

HI nj i, (1)

where HF
0 is the unperturbed Dirac-Coulomb Hamiltonian in the Furry picture

(HF
0 nj i ¼ E 0ð Þ

n nj i), |n〉 is an atomic state, and

H ¼ H0 þ
ð
d3xHI t ¼ 0; xð Þ, (2)

with HI(t, x) being the interaction Hamiltonian density:

HI t; xð Þ ¼ e
2
Aμ t; xð Þ Ψ t; xð Þ; γμΨ t; xð Þ� �

: (3)

HereΨ(x) is the Dirac field in the Furry picture. Usually the contributions to the Lamb shift (1)
are separated into the low and high energy parts. For the reasons explained bellow, we will
focus on the low-energy part of the shift [28]:

ΔE<
L,n ¼ 2πα

3m2
e

ðΛ
0

d3k

2 kj j 2πð Þ3
X
m

nh jp mj ij j2
En � kj j � Em

, (4)

where p is the operator of the electron momentum and the cutoff Λ limits the energies of
virtual photons in the processes of their emission and reabsorption. The cutoff must be much
less than typical electron momenta but much larger than the atomic binding energies:

Zαð Þ2me << Λ << Zαð Þme: (5)

Here and below the natural unit system is used, where ℏ = c = ε0 = 1. This is the reason why one
can use the nonrelativistic Hamiltonian:

H ¼ 1
2me

p� eA½ �2 (6)

instead of the Hamiltonian defined in Eqs. (2) and (3). Eq. (4) can be rewritten in the form:
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ΔEL,n ¼ �Δm<
e

2m2
e

nh jp2 nj i þ ΔE<
L , (7)

where

Δm<
e ¼ α

p2π2

X2

λ¼1

ðΛ

0

d3k

2 kj j2 p � ελ kð Þj j2 (8)

is the low-energy electron mass correction caused by its self-interaction [29]. It should be noted
that ΔEL,n does not contain a term describing the electromagnetic correction to the electron mass.
This is the result of making use of the nonrelativistic Hamiltonian (6), and for this reason, the
mass correction is extracted from the first term on the right-hand part of Eq. (7) describing the
correction to the kinetic energy. Thus, in this case the electromagnetic mass correction is regarded
to be included into the physical mass of the electron. The first term on the right-hand part of
Eq. (7) must be also included into the physical mass. In this way we arrive at the ordinary
expression for the low-energy Lamb shift in hydrogen-like atoms:

ΔE<
L,m ¼ α

6π2m2
e

X
m

ðΛ
0

d3k

2 kj j2
nh jp mj ij j2

En � kj j � Em
En � Emð Þ: (9)

Adding to ΔE<
L the high energy contribution [28]:

ΔE>
L ¼ 4α

3
Zα
m2 Ψnlmj 0ð Þ�� ��2 ln

me

2Λ
þ 11
24

� 1
5

� �
, (10)

where n, l, m, j, and Ψnlmj(x) being, respectively, the main quantum number, orbital quantum
number, magnetic quantum number, inner quantum number, and the wave function, we get
the expression to the total Lamb shift of the energies of the states of the hydrogen-like atoms.
In the S-state it reads

ΔEL,n ¼ 4α Zαð Þ4
3πn2

ln
me

2E
þ 11
24

� 1
5

� �
me þ o Zαð Þ4, (11)

where E ¼ α2me.

3. The Lamb shift in atoms placed in a PC

Investigation of the Lamb shift in hydrogen atom placed in a PC attracts much attention for a
long time since the Lamb shift is (historically and in practice) the most important phenomenon
of quantum electrodynamics. Interestingly, the calculation results obtained in different works
differed strongly in order of magnitude, and the significance of interaction with vacuum,
depending on which model of the dispersion of a photon in a photonic crystal, was used.

Theoretical Foundations and Application of Photonic Crystals6

The first attempt was made by John and Wang [4] by using the solution of the scalar wave
equation in one dimension. Thus, the photon dispersion relation was chosen to be isotropic
and satisfy the transcendental equation:

4n cos kLð Þ ¼ 1þ nð Þ2 cos 2naþ bð Þωk½ � � 1� nð Þ2 cos 2na� bð Þωk½ �: (12)

Using this dispersion relation, the authors predicted anomalous Lamb shift affecting the odd-
parity 2P1/2 state and not the even-parity 2S1/2. Magnitude of the effect makes it detectable
using microwave. The fact that the anomalous Lamb shift of the 2P1/2 state is larger than the
ordinary Lamb shift of the 2S1/2 state originates from the dimension of the phase space
occupied by band edge photons of vanishing group velocity. John and Wang overestimated
this phase space by assuming that dωk/dk vanishes over the entire sphere |k| = π/L. At the
same time for the case of real photonic crystals, the shift was expected to be comparable to the
ordinary Lamb shift of the 2S1/2 level.

The authors of work [30] noted that a real photonic crystal in general has an anisotropic
structure in momentum space and a three-dimensional dispersion relation is required because
the density of states (DOS) in isotropic or one-dimensional case has a singularity near band
edge. In this study the atomic transition frequency ω is assumed to be near the band edge ωc,
and the dispersion relation was approximated by the expression.

ωk ¼ ωс þ A k� ki
0

�� ��2, (13)

where A is a model-dependent constant and ki
0 is a finite set of symmetrically placed points

leading to a three-dimensional band structure. Using this model the Schrödinger equation was
solved, and analytical expression for the Lamb shift was obtained. The value of the Lamb shift
turned out to be smaller than that for a hydrogen atom in an ordinary vacuum. Authors
explained this result by the fact that the DOS in the photonic crystals with three-dimensional
dispersion relations is much lower than that in the ordinary vacuum. This result is also very
different from that from the one-dimensional case where DOS has a singularity or from the
two-dimensional case where DOS has a sudden jump.

In paper [31] all previous approaches to calculate Lamb shift in photonic crystal were criti-
cized, because they are basically scalar. Authors of this work demonstrated the rigorous
solution of the problem of calculation of the Lamb shift in atomic hydrogen in a 3D photonic
crystal and showed that the presence of a photonic band gap (PBG) at optical wavelengths can
hardly change the Lamb shift. The correction to the energy of electronic state |m> was calcu-
lated in the second order of perturbation theory. The quantization of EM fields in a 3D
photonic crystal was made by expanding the EM fields in a set of eigenmodes (Bloch states).
These states can be solved numerically by means of a plane-wave expansion method. Finally, it
was given an expression for the energy shift containing the local density of states (LDOS):

ΔE ¼ e2ℏ
u20m2

e

X
n

Enm pmn

�� ��2
ð∞

0

dω
ρ ω; rð Þ

ω3 Enm þ ℏωð Þ , (14)
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with ρ(ω, r) being LDOS:

ρ ω; rð Þ ¼ u20с
2

2ℏε0 2πð Þ3ε2 rð Þ
X
n

ð

BZ
d3k

∇�Hnk rð Þj j2
3ωnk

δ ω� ωnkð Þ, (15)

where u0 is dipole moment, ε(r) is dielectric constant function, and Hnk(r) is magnetic field
distribution of the Bloch states with energy ћωnk. The authors estimated the magnitude of the
Lamb shift and concluded that PBG at optical wavelengths will not cause an appreciable
variation to the energy-level shift induced by self-interaction for different atom positions and
different variations of the LDOS.

Vats with colleagues used the anisotropic band edge model and pseudogap model to calculate
the Lamb shift in an atom placed in photonic crystal [32]. In the first case near the band edge,
dispersion relation (13) was used and corresponding DOS derived. Calculated Lamb shift was
an order of magnitude larger than the free space Lamb shift. Then authors treated the case of a
pseudogap, for which the stop band does not extend over all propagation directions, thus
resulting in a suppression of the DOS rather than the formation of a full PBG:

N ωð Þ ¼ ω2 1� hexp � ω� ω0ð Þ2
Γ2

 !" #
: (16)

Here, h and Γ are parameters describing the depth and width of the pseudogap, respectively,
and ω0 is the central frequency of the pseudogap. Vats with coworkers concluded that for a
sufficiently strong pseudogap, the maximal value of Lamb shift may be on the order of 15% of
the free space value.

The authors of work [33] using method of Green functions developed a general formalism for
calculating the Lamb shift in multilevel atoms. The radiative correction to the bound level l is
determined by the expression

ω� ωl ¼
X
j

αlj

2π
ω� ωj
� �

β r;ω� ωj
� �

, (17)

where

αlj ¼
e2 plj

���
���
2

3πm2
eε0ℏc3

(18)

is the relative linewidth of the atomic radiation from the l state to the j state in vacuum

β r;ω� ωj
� � ¼ P

ðmec2=ℏ

0

dω0 g r;ω0ð Þ
ω� ωj � ω0� �

ω0 : (19)

The function g(r, ω) is the local spectral response function (LSRF) proportional to the photon
LDOS:
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g r;ωð Þ ¼ с3Vpc

2πω

X
n

ð

BZ
d3k Enk rð Þj j2δ ω� ωnkð Þ (20)

with Vpc being the PC volume and Enk(r) being the electromagnetic eigenmodes. Authors
revealed that in a 3D PC, real photons make a dominant contribution to the value of the Lamb
shift, while the contribution from interaction with virtual photons is small. This differs signif-
icantly from the free space case. It was shown that the PC structure can lead to a giant Lamb
shift, that is, up to two orders of magnitude larger than that for an ordinary vacuum [34]. The
Lamb shift is sensitive to both the position of an atom in PCs and the transition frequency of
the related excited level.

4. Photonic crystal medium corrections to the electron rest mass

For a long time in investigations of QED effects in the PCmedium, researches focused on study
of the Lamb shift in hydrogen atom placed in a PC. In all the listed studies, the subtraction of
the modified by PC medium self-energy of the free electron from the modified self-energy of
the bound electron was used. This procedure was correct, if this self-energy could be included
into the electron physical mass. However this is not the case, because the electromagnetic mass
of the electron in a PC differs from that in the free space and cannot be hidden in the physical
mass. In fact

mpc
em ¼ mem þ δmpc (21)

and hence the total electron mass mpc
e in a PC is

mpc
e ¼ me þ δmpc: (22)

Thus, the modification of the interaction of the electron with its own radiation field in the PC
medium results in the change in its mass. Let us now determine the mass correction δmpc. For
this we have to generalize our analysis of the electron self-energy to the case where it is in the
PC medium. It is natural to start from determining of a quantized vector potential of electro-
magnetic field inside PC. It could be made by taking into account that photon states in periodic
dielectric media have Bloch structure. Photonic Bloch states |kn〉 can be obtained by means of
the plane-wave expansion method [35]. By introducing the operators baþkn and bakn that describe
the creation and annihilation of the photon in the state |kn〉, respectively (baknþ 0j i ¼ knj i and
bakn knj i ¼ 0j i), we can construct a modified vector potential:

Apc r; tð Þ ¼
X
kn

Akn rð Þbakne�iωknt þA∗
kn rð Þbaþkneiωknt

� �
, (23)

where Akn rð Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=Vωkn

p
Ekn rð Þ with Ekn(r) being the Bloch eigenfunctions satisfying the

following orthonormality condition:
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ð

V
d3rε rð ÞEkn rð ÞE∗

k0n0 rð Þ ¼ Vδkk0δnn0 : (24)

Using vector potential (23) we can define nonrelativistic interaction Hamiltonian in the form

Hpc
I ¼ � e

me
p �Apc: (25)

The matrix element p0;k; nh jHpc
I pj i of this Hamiltonian can be represented in the form

p0;k; nh jHpc
I pj i ¼ � e

me

ð
d3rΨ∗

p0 rð Þ �i∇rAkn rð Þð ÞΨp rð Þ ¼ e

meV3=2 ffiffiffiffiffiffiffiffi
ωkn

p
ð
d3re�ip0r i∇rEkn rð Þð Þeipr

(26)

with Ψp(r) being the normalized wave function of the electron state Ψp(r) = 〈r|p〉. Here we

have taken into account that Ψp ¼ eipr=
ffiffiffiffi
V

p
for r∈V and Ψp = 0 for r∉V. Taking also into

account that Ekn(r) can be expanded as

Ekn rð Þ ¼
X
G

Ekn Gð Þei kþGð Þ�r (27)

with G being the reciprocal lattice vector of the photonic crystal (G =N1b1 +N2b2 +N3b3 where
bi is the basis vector of a reciprocal lattice), for p0;k; nh jHpc

I pj i we get

p0;k; nh jHpc
I pj i ¼ � e

me

1ffiffiffiffiffiffiffiffiffiffiffiffi
Vωkn

p
X
G

p � Ekn Gð Þδp,q (28)

with q =p
0
+k +G. For ph jHpc

I p0;k; nj i we find

ph jHpc
I p0;k; nj i ¼ � e

me

1ffiffiffiffiffiffiffiffiffiffiffiffi
Vωkn

p
X
G

p � E∗
kn Gð Þδp,q: (29)

Using these matrix elements, we can determine the mass correction δmpc as a difference of the
electromagnetic masses in PC and free space:

δmpc ¼ � 2e2

p2V

X
G

X
kn

1
ωkn

p � Ekn Gð Þj j2
p2

2me
� p�k�Gð Þ2

2me
� ωkn

�
X
k

X2

λ¼1

1
2 kj j

p � ελ kð Þj j2
p2

2me
� p�kð Þ2

2me
� kj j

1
A:

0
@ (30)

It should be noted that this expression has a natural cutoff because dielectric constant vanishes
at higher optical energies. Taking into account that electron momentum is much higher that
photon momentum, Eq. (30) can be rewritten in the form

δmpc ¼ 2e2

p2V

X
G

X
kn

p � Ekn Gð Þj j2
ω2

kn
�
X
k

X2

λ¼1

p � ελ kð Þj j2
2k2

!
:

 
(31)
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Now in the expression of δmpc, we can replace the discreet sums by integrals:
ð
d3k
X

kn
! V

2πð Þ3
X

n

ð
d3k,

X
k
! V

2πð Þ3
ð
d3k: (32)

In this way we get

δmpc ¼ α
π2

X
n

ð

FBZ

d3k
ω2

kn

X
G

p
pj j � Ekn Gð Þ
����

����
2

�
ð
d3k
2k2

X2

λ¼1

p
pj j � ελ kð Þ
����

����
2

2
4

3
5: (33)

Accounting for the effect under study for the energy of an electron in the PC medium, we get
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In dealing with an atomic electron, we have also to take into account that its momentum
should be described by the momentum operator bp and hence δmpc should be described by the

corresponding operator δmpc
dp= pj j

� �
. In this way we arrive at the following expression for the

mass correction ΔEmc
i to energies of the states of a hydrogen-like atom:
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In the ground S-state |S〉, the mean value of the operator δmpc
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where N(ω) =NDOS(ω)D(ω) and NDOS(ω) is the photon density of states
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The function N(ω) is closely associated with DOS of the PC. The exact calculation of this
function is challenging for 3D PC; therefore we will use a model having the form

N ωð Þ ¼ ω2n3eff 1� hexp � ω� ω0ð Þ2
σ2

 !" #
F ωð Þ, (39)
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It should be noted that this expression has a natural cutoff because dielectric constant vanishes
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δmpc ¼ 2e2

p2V

X
G

X
kn

p � Ekn Gð Þj j2
ω2

kn
�
X
k

X2

λ¼1

p � ελ kð Þj j2
2k2

!
:

 
(31)

Theoretical Foundations and Application of Photonic Crystals10
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where the factor F ωð Þ ¼ n�3
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with neff �
ffiffiffi
ε

p
. ε ¼ ε � fþ

1� fð Þ is an average dielectric constant with ε being the dielectric constant of the host material
and f being the dielectric fraction in the PC. This model can recapture the existence of photonic
band gap, optical density of dielectric host of PC sample, and the fact that at high enough
photon energies, N(ω) must approach the free space DOS (Figure 2). For the parameters which
were used in Figure 2, our calculations have given 〈δmpc〉S = 2.4 � 10�6me.

Let us now consider the effect of the change in the electron mass on the energies of the atomic
states and the transition frequencies. Here we will restrict ourselves to the hydrogen-like
atoms. In the free space, the energy of the atoms in the state |a〉 = |n, j, l,m〉 is the sum of the
energy derived from the solution of the Dirac equation ED =meRnj and the Lamb shift of the
energy in this state:

Enjl ¼ meRnj þ ΔEL,a, (40)

where

Rnj ¼ 1þ Zα

n� jþ 1=2ð Þ þ
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jþ 1=2ð Þ2 � α2

q
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22
64

3
75

�1=2

(41)

and ΔEL, a is the Lamb shift of the energy of the state |a〉. The transition frequency between this
state and the state |b〉 = |n', j', l',m〉 is given by

Figure 2. The model N(ω) determined by the Eq. (39) with neff = 3, h = 0.96, σ = 0.07 eV, μ = 15 eV, τ = 0.01 eV, and ω0 = 1 eV.
Dashed line denotes the free space DOS.
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ωab ¼ me Rnj � Rn0j0
� �

þ ΔEL,a � ΔEL,bð Þ: (42)

When the atom is placed in the void of a PC, the transition frequencies ωPC
ab are modified as

follows:
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In the case when the atom is light, Eq. (43) is reduced to the following expression:
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(44)

where ΔωPC
ab is the correction to the transition frequency in the PC medium given by

ΔωPC
ab ¼ a δmPC

e
dp= pj j

� ����
���a

D E
� b δmPC

e
dp= pj j

� ����
���b

D E
: (45)

As we have shown, the values of the mass corrections i δmPC
dp= pj j

� ����
���i

D E
may be of order

10�6me, and hence the corrections to the transition frequencies are comparable to the atomic
optical frequencies.

5. Experimental observation

Since spectra remain discrete when the PCmedium affects interaction between atoms and their
own emission fields, it would be logical to conduct an experiment in which we could observe
this effect. This could be accomplished by observing the classical spectra of the atoms in the
gas phase, pumped into PC cavities. From a theoretical point of view, it would be best to
conduct the experiment with hydrogen atoms, since they are the simplest physical system.
However, the handling of atomic hydrogen creates a number of technical difficulties; from a
practical point of view, the best candidates for the role of such atoms are those of the noble
gases, for example, helium. With respect to the requirements for a PC sample, it is first of all
obvious that it should have cavities that are sufficiently interconnected to ensure the possibility
of pumping gas. Second, the material of the PC sample should have the largest possible
refractive index in the widest possible range of energies, since the effect depends strongly on
the optical contrast [36]. Finally, the larger the amount of material filling the PC volume, the
greater the effect. At the same time, the cavities must remain large enough to meet the
condition that the atoms are free to move. It should be noted that an increase in the relative
shift of the lines δω/ω, along with an increase in the main quantum number n, is unequivocal
confirmation of the effect, since the predicted shift of the lines does not depend on it.
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Since spectra remain discrete when the PCmedium affects interaction between atoms and their
own emission fields, it would be logical to conduct an experiment in which we could observe
this effect. This could be accomplished by observing the classical spectra of the atoms in the
gas phase, pumped into PC cavities. From a theoretical point of view, it would be best to
conduct the experiment with hydrogen atoms, since they are the simplest physical system.
However, the handling of atomic hydrogen creates a number of technical difficulties; from a
practical point of view, the best candidates for the role of such atoms are those of the noble
gases, for example, helium. With respect to the requirements for a PC sample, it is first of all
obvious that it should have cavities that are sufficiently interconnected to ensure the possibility
of pumping gas. Second, the material of the PC sample should have the largest possible
refractive index in the widest possible range of energies, since the effect depends strongly on
the optical contrast [36]. Finally, the larger the amount of material filling the PC volume, the
greater the effect. At the same time, the cavities must remain large enough to meet the
condition that the atoms are free to move. It should be noted that an increase in the relative
shift of the lines δω/ω, along with an increase in the main quantum number n, is unequivocal
confirmation of the effect, since the predicted shift of the lines does not depend on it.
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As a simple and natural way to confirm the considered effect, we propose to use a modified
experiment to measure Lamb shift in hydrogen atom placed in the voids of photonic crystal
(Figure 3). In the experiment the hydrogen atoms are exposed to electromagnetic radiation of a
certain frequency, and if this frequency corresponds to the difference between the 2S1/2 and
2P1/2 energy levels (~1058 MHz without PC medium), no excited atoms will reach the detector.
However taking into account the influence of the photonic crystal on the energy levels of atoms
the Lamb shift will differ from 1058 MHz, the excited atoms will appear on the detector which
will confirm the effect. Then we can measure new Lamb shift by adjusting the frequency of
electromagnetic radiation.

There are a number of technical issues which need to be resolved. First, all exposed atoms must
be within the photonic crystal, that is, electromagnetic radiation should be concentrated in a
relatively small volume of a photonic crystal using antennas or waveguides. Second, as
already noted, there are many requirements to the sample of photonic crystal, including the
quality of the structure and possibility of free passage of hydrogen atoms through the PC
medium. To solve the last one, we propose to use photonic crystals with inverted opal struc-
ture [37], the volume fraction of air voids which is approximately 74%. Such structures are
fabricated from synthetic opals by filling voids between spherical particles with any desired
material. After that initial particles are removed leaving a framework with spherical air voids.
However, the resulting structures have a large number of defects and have significant limita-
tions in linear dimensions.

6. Prospects of applications of the effect

The most surprising feature of the effect under study is that the electromagnetic mass of the
electron comes into play when an atom is placed in the voids of a PC. There are no analogs of
such QED effect in the free space. The correction to the electromagnetic mass caused by the
modification of the electromagnetic interaction strongly changes the character of processes of
the spontaneous emission and the absorption of atoms placed in the PC medium, and this can
open up new possibilities for applying PCs. For the first time, one can change the transitions
on the value comparable to the ordinary atomic transition frequencies. This effect becomes
possible due to the dependence of the electromagnetic mass correction on the orientation of the

Figure 3. Scheme of modified Lamb shift experiment.
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electron momentum in the PC medium. This provides a way to control the structure of the
atomic energy levels. In this way, in particular, light sources with the line spectrum of a new
type could be developed.

The line spectrum sources such as He-Ne laser play an important role in physics and technol-
ogies. However, the corresponding transition frequencies in the optical range are limited. The
mass-change effect under study opens possibilities to tune the energy levels of He and Ne
and, as a consequence, to increase the slope efficiency. It allows one to create the new He-Ne-
like lasers.

One of the most perspective applications of the effect is a realization of quantum interference.
Quantum interference among different decay channels caused by the anisotropic vacuum
is the major field of research. Several ways have been proposed to create the anisotropy and to
provide interference between atomic levels in such materials as negative-index materials [38–43],
metasurfaces [44], hyperbolic metamaterials [45], metallic nanostructures [46, 47], topological
insulators [48], and external fields [49–51]. The possibility for making use of anisotropy in the
PC medium for these purposes has been investigated in Refs. [52–55]. The authors of the listed
papers based themselves on the idea voiced by Agarwal [56] who pointed that the anisotropy
of the vacuum can cause the quantum interference between nearest energy levels (e.g.,
Zeeman sublevels) having orthogonal dipole moments. The effect of the change in the electron
mass in a PC provides new possibilities to create conditions at which quantum interference
becomes possible via nonradiative transitions between atomic levels with breaking the strict
selection rules.

7. Conclusion

The QED effects on which we focused play an important role in the physics of PCs. The Lamb
shift in atoms that is one of the most important phenomena of the QED becomes larger in the
case when the atom is placed in the air voids of PCs. But what is especially important is that in
the case where an atom is placed in the artificial PC medium, we face a phenomenon that does
not manifest itself in vacuum. This phenomenon consists in the fact that the part of the
electromagnetic mass mem of the electron that together with the bare mass m0 constitutes the
physical mass mph =m0 +mem becomes observable. In vacuum only mph is observable. This
fact is used in the renormalization theory that is of the central importance in QED. The
renormalization procedure implies that the terms describing the self-energy of the free electron
should be removed from any expressions describing the processes in which the electron takes
place. This is an explanation of the fact that for long time, this subtraction procedure was used
in describing the Lamb shift in atoms placed in PCs despite that the electromagnetic interac-
tion in the PC medium is significantly modified. The correction δmpc ¼ mpc

em �mem to the
electromagnetic mass of the electron caused by this modification cannot be hidden in the
physical mass of the electron and for this reason is observable. Thus, in the case of the artificial
PC medium, the electromagnetic mass (more precisely its part δmpc) comes into play. In
contrast to the Lamb shift that is relatively small correction to the atomic energy levels, the
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physical mass mph =m0 +mem becomes observable. In vacuum only mph is observable. This
fact is used in the renormalization theory that is of the central importance in QED. The
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should be removed from any expressions describing the processes in which the electron takes
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electromagnetic mass correction δmpc can have a significant effect not only on the energy levels
of atoms placed in the PC medium but also on the physical processes in these atoms. The key
point is that δmpc depends on the orientation of the electron momentum in a PC and actually is

an operator δmpc
dp= pj j

� �
whose diagonal matrix elements determine the corrections to the

transition frequencies that are comparable to the atomic frequencies in the free space. The
nondiagonal matrix elements determine nonradiative transitions between the states with
breaking the strict selection rules. These transitions give rise to the quantum interference
between the different decay channels. The possibility of controlling these quantum-
interference processes can be important for quantum information science.
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ulated on a length scale comparable to the desired wavelength of operation [1, 2], and the
resultant photonic dispersion may exhibit photonic band gaps (PBGs) and anomalous prop-
agation behaviors which are useful in controlling light behavior according to different
theoretical principles. Based on the PBG effect we may introduce a line defect in a photonic
crystal to guide the electromagnetic waves with the frequency in stop gap [3]. The line defect
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band gaps (PBGs) at near-infrared [5] and visible frequencies [6], such as semiconductor
microfabrication [7], self-assembly of colloidal particles [8], electron-beam lithography [9],
multiphoton polymerization [10], holographic lithography (HL) [11], and so on. Among
them, HL is a very promising technique for the inexpensive fabrication of high-quality two-
and three-dimensional (2D and 3D) PhC templates with the unique advantages of one-step
recording, the ability to obtain an inverse lattice by using a template, inexpensive volume
recording and rapid prototyping. The PhCs formed by HL which usually have irregular
“atoms” or columns. Since the PBG property of resultant structure varies with the shape of
“atoms” or columns, thus the PBGs and propagation properties for PhCs made by HL will be
different from those of regular structures.

Veselago predicted a kind of materials with negative refractive index in 1968 [12] which has
attracted lots of attention in recent years. Such materials are generally referred to as left-
handed materials (LHMs), double negative materials [13], or backward-wave media et al.
[14], whose best known characteristic is to refract light in opposite direction. Shelby et al. have
accomplished one of the first experiments to demonstrate the negative-index behavior [15].
However, the absorption loss of the metal limits its potential optical applications. Different
from LHMs, PhCs made of periodic all-dielectric materials can exhibit an fascinating disper-
sion such as negative refraction and self-focusing properties which are determined by the
properties of their band structures and equal frequency contours (EFC) [16, 17].

In this chapter, the maximal complete relative photonic band gaps of 22.1% and 25.1% are
introduced how to be achieved in 2D- and 3D photonic crystals formed by HL method. The
symmetry mismatch between the incident wave and the Bloch modes of PhC can be used to
guide light efficiently. The unique features of negative refraction, dual-negative refraction,
triple refraction phenomena, and special collimation effects of symmetrical positive-negative
refraction have been verified by numerical simulations or experiments. Effective measurement
method has been proposed to identify the Dirac-like point of finite PhC arrays accurately. A
mechanism for generation of efficient zero phase delay of electromagnetic wave propagation
based on wavefront modulation is investigated with parallel wavefronts (or phasefronts)
extending along the direction of energy flow. The band structures of PBG are calculated by
the plane-wave expansion method [18], and a finite-difference time-domain (FDTD) method
[19] is used to calculate the transmission property of the guided mode. The method of wave-
vector diagram is generally used to predict the properties of beam propagation in PhCs.

2. Characteristics of photonic band gap in 2D- and 3D-PhCs

2.1. Photonic band gap in 2D-PhCs

Since the shape and size of lattice columns in 2D case or atoms in 3D case are usually determined
by the isointensity surfaces of the interference field, the columns or atoms formed by this way
often are of irregular shapes [20, 21]. Consequently, the PBG property of resultant structure is
closely related to the fabrication process. Therefore the complete PBG can be obtained and
improved by proper designs of the shape and size of lattice cells [22]. Compared with the 3D
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case, the 2D PhCs are easier to fabricate and study theoretically for the fact that, the wave
propagation of 2D PhCs can be investigated separately for two orthogonal polarizations known
as TM and TE. They have important practical significance because they offer the possibility of
guiding and manipulating light in planar defect circuits [23], photonic crystal fibers [24] and
controlling polarization through their anisotropic band structures.

A kind of 2D 3-fold PhCs conforming to the hybrid triangular configuration formed by HL was
proposed [20]. This kind of hybrid triangular lattice is formed by two sets of triangular lattices,
as depicted in Figure 1, with the big dots indicating the triangular lattice sites with lattice

constant a, while the small dots with the same lattice structure shifting
ffiffiffi
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p
a=3 in y direction.

Different from the 6-fold rotational symmetry of regular triangular lattice structure, this hybrid
structure has 3-fold rotational symmetry.
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ffiffiffi
3

p
=2

� �
and

a2 ¼ a �1; 0ð Þ. To produce this 2D hybrid triangular lattice holographically, we may use the
following intensity of interference field,

I ¼ 3þ cos
2π
a

x� yffiffiffi
3

p
� �� �

þ cos
2π
a

xþ yffiffiffi
3

p
� �� �

þ cos
4πffiffiffi
3

p
a
y

� �

þc cos
2π
a

x� yffiffiffi
3

p � 1
3

� �� �� �
þ cos

2π
a

xþ yffiffiffi
3

p � 1
3

� �� �� �
þ cos

4πffiffiffi
3

p
a

y�
ffiffiffi
3

p

3

 ! !( )
,

(1)

where the first constant has no essential effect, which can be changed by adjusting the light
intensity threshold It. The former and latter three cosine terms in this formula define the above
mentioned two sets of triangular lattices, respectively. The constant c is a modulation coeffi-
cient which has a considerable effect on the final structure and thus the corresponding PBGs.

Figure 1. Hybrid triangular lattice with the big dots define a triangular lattice while the small dots compose a same one
with a shift of

ffiffiffi
3

p
a=3 in y direction.
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It is clear that the factors of c and It can be modulated to control the PBGs. For a given c, a
certain lattice structure can be formed by washing away the region of I < It. If we fill this
structure with a material of high refractive index, such as GaAs, and then remove the template,
an inverse structure can be achieved as has been successfully demonstrated in Ref. [25].
Figure 2 represents the relative gap size of optimized structures as a function of c for the
dielectric constant contrast of 13.6 to 1 corresponding to GaAs in air. Obviously, the band gaps
of PhCs made by HL may be widened from 18.9 to 22.1% by introducing irregularity of the
columns and lowering the symmetry of the structure.

In addition, another kind of 2D 6-fold hybrid triangular configuration formed holographically
is proposed [21], in which the complete PBGs can be found even with much lower dielectric
constant (ε = 3.8). This 2D periodic structure is a hybrid triangular lattice combining two sets of
triangular sublattices as depicted in Figure 3, where the red dots denote a triangular sublattice

with lattice constant a, while the blue dots denote another set with the lattice constant of a=
ffiffiffi
3

p

which is rotated by an angle of 30� with respect to the former.

For the triangular structure formed holographically the complete PBGs always appear in
inverse structures (air columns in dielectric material) with high dielectric constant instead of
normal structures [26]. However, the complete PBG may be obtained for normal structure
(dielectric column in air background) with lower dielectric contrast (ε = 3.8). Figure 4 indicates
the relations of relative band gap Δω/ωwith maximum peak value to filling ratio f for different
dielectric contrasts. Computations show that the peak value of optimum relative PBG not
always augments with the increase of dielectric constant ε for normal structure, instead, the
peak value reaches the maximum at about ε = 8.9, such as 9.9% with f = 15.9% for ε = 8.9 and
c = 1.2, which is larger than the result (8.8%) of best designed pincushion columns with the
same dielectric constant [27]. Specially, in this kind of normal structures, the required mini-
mum permittivity to open a complete photonic band gap with Δω/ω > 1% is near 3.8, which is
much lower than the value of 6.4 in the case of pincushion columns [27] and lower than all the
results of 2D photonic crystals ever reported before. In addition, the complete PBGs of this

Figure 2. Relation between the value of c and the corresponding maximum relative band width when ε = 13.6. The two
peaks of relative band gap occur at c = �0.1 and 0.08.
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Figure 3. The hybrid triangular lattice, where red dots define triangular sublattice, blue dots define another group with
lattice constant a=

ffiffiffi
3

p
rotated 30�.

Figure 4. The relations of relative band gaps to different filling ratios f.
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normal structure exist over wide ranges of coefficient c, filling ratio f and dielectric constant,
which can relax the experimental conditions greatly.

2.2. Photonic band gap in 3D-PhCs

An important way to make 3D PhCs by HL is the interference of four umbrellalike beams
(IFUB) where three ambient beams (A-beams) form the same apex angle θwith a central beam
(C-beam), as shown in Figure 5 [28, 29]. The possible lattices that IFUB may produce and the
polarization optimization in the formation of different lattices have been discussed in the
previous works [30, 31]. As a special case of IFUB, the symmetric umbrella configuration,
where any two of the three A-beams also form the same angle, is widely used in HL since it
can be conveniently realized with the use of a diffraction beam splitter (DBS). The continuous
increasing of apex angle θ leads to continuous variation of primitive vectors, reciprocal vectors
and the irreducible Brillouin zone of the resultant structure.

The interference of four noncoplanar plane waves of the same frequency will result in an
intensity distribution

I ¼ I0 þ 2ΔI rð Þ, (2)

where

I0 ¼
X4

j¼1

E2
j , ΔI rð Þ ¼

X
i<j

EiEjeij cos Ki � Kj
� � � r þ ϕi0 � ϕj0 þ σij
h i

, (3)

I0 is the background intensity, ΔI is the spatial variation of intensity, φj0 is initial phase of the jth
wave, eij = |ei�ej*|, and σij = arg(ei�ej*). The four wave vectors are expressed as functions of the
apex angle θ,

K1 ¼ 2π=λð Þ ffiffiffi
3
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,
K3 ¼ 2π=λð Þ 0; sinθ; cosθð Þ,
K4 ¼ 2π=λð Þ 0; 0; 1ð Þ:

(4)

With the angle θ increasing from zero to 180�, the shape of Brillouin zone changes from a small
hexangular plane spreading out on xy plane to a simple cubic at θ = 70.53� and finally to a long
hexangular pillar along z axis. Figure 6 gives the lattice structure and the Brillouin zone
calculated at the special angles θ. The special case of θ = 38.94� corresponds to the fcc structure
which belongs to space group No. 166 (R3m), the structure of θ = 109.47� is approximate to
Schwarz’s triply periodic minimal D surface [32].

The plane-wave expansion method [18] was used to study the PBG properties of structures
of this kind and search for the corresponding optimum volume filling ratio f yiel-
ding maximum relative PBGs. Figure 7 shows the maximum size of the relative PBG for
the optimum filling ratio at different apex angle θ. The complete PBGs exist over a very
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Figure 5. Symmetric umbrella recording geometry and the coordinate system used for calculations.

Figure 6. (a) The lattice structure at θ = 70.53� and (b) the irreducible Brillouin zones of rhombohedral structures for
θ = 60�, (c) θ = 70.53� and (d) θ = 80�.

Figure 7. Relative band gap of optimized structures as function of apex angle for 33� < θ < 135� when ε = 11.9.
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hexangular pillar along z axis. Figure 6 gives the lattice structure and the Brillouin zone
calculated at the special angles θ. The special case of θ = 38.94� corresponds to the fcc structure
which belongs to space group No. 166 (R3m), the structure of θ = 109.47� is approximate to
Schwarz’s triply periodic minimal D surface [32].

The plane-wave expansion method [18] was used to study the PBG properties of structures
of this kind and search for the corresponding optimum volume filling ratio f yiel-
ding maximum relative PBGs. Figure 7 shows the maximum size of the relative PBG for
the optimum filling ratio at different apex angle θ. The complete PBGs exist over a very
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Figure 5. Symmetric umbrella recording geometry and the coordinate system used for calculations.

Figure 6. (a) The lattice structure at θ = 70.53� and (b) the irreducible Brillouin zones of rhombohedral structures for
θ = 60�, (c) θ = 70.53� and (d) θ = 80�.

Figure 7. Relative band gap of optimized structures as function of apex angle for 33� < θ < 135� when ε = 11.9.
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wide range of apex angle from 33 to 135� except the narrow region from 49 to 55�, and the
resultant PBGs of simple cubic-sc, face centered cubic-fcc and body centered cubic-bcc
accord with the previous works nicely [32]. The relative PBG width is a continuous function
of apex angle with three peaks, and the PBG gradually decreases to zero at θ = 33� and 135�.
The first peak of 6.05% corresponds to the rhombohedral structure appears at θ = 36.5�.
The second of 10.23% corresponding to the sc structure occurs at θ = 70.53�; and the third
one of 21.57% corresponds to the bcc structure at θ = 109.47�.

As mentioned above, the fcc lattice can be obtained by the interference of one central beam and
three ambient beams symmetrically scattered around the former, but the structure made in this
geometry has only quite a narrow PBG of 5.35%. An alternative beam design was proposed to
fabricate the fcc lattice with a large complete PBG, but it requires four beams incident from two
opposite surfaces of a sample [33], making it difficult to realize in practice. So a five-beam
symmetric umbrella configuration is proposed to make 3D PhCs with large complete PBGs.
The proposed recording geometry of five-beam symmetric umbrella configuration is shown in
Figure 8, where the central beam (C-beam) is set along the z direction, while the four ambient
beams (A-beams) are in the yoz and xoz planes, respectively, to form the same apex angle θ.
The above mentioned five wave vectors can be expressed as,

K1 ¼ 2π=λð Þ � sinθ; 0; cosθð Þ, K2 ¼ 2π=λð Þ 0; sinθ; cosθð Þ,
K3 ¼ 2π=λð Þ sinθ; 0; cosθð Þ, K4 ¼ 2π=λð Þ 0; � sinθ; cosθð Þ,
Kc ¼ 2π=λð Þ 0; 0; 1ð Þ:

(5)

This geometry can be realized by using a DBS to obtain a zero-order diffracted beam and four
symmetric first-order diffracted beams. The polarization of the central beam is circularly polarized
and all the four A-beams are linearly polarized. The unit polarization vectors of five beams are

e1 ¼ e3 ¼ 0; 1; 0ð Þ , e2 ¼ e4 ¼ 1; 0; 0ð Þ , ec ¼ 1ffiffiffi
2

p 1; � i; 0ð Þ, respectively (6)

In general, the lattice structures are tetragonal symmetric structures. The continuous increase
of apex angle θ leads to continuous variation of primitive vectors, reciprocal vectors and the

Figure 8. Symmetric umbrella recording geometry and the coordinate system used for calculations.
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irreducible Brillouin zone of the resultant structure. At θ = 70.53�, the structure is fcc symmetry
with respect to diamond structure. Around 70.53�, the lattice is face-centered-tetragonal (fct)
symmetry. Figure 9(a) and (b) show the real fcc structure and its primitive cell fabricated by
five-beam symmetric umbrella configuration at θ = 70.53�, which obviously differ from the
rhombohedral structure of fcc symmetry and its primitive cell formed by four-beam symmetric
umbrella configuration at θ = 38.94�, as shown in Figure 9(c) and (d). At the apex angle of
θ = 90�, the body-centered-cubic (bcc) lattice can be obtained. For value of θ is near 90�, the
structure has body-centered-tetragonal (bct) symmetry.

Full photonic band gaps exist over a very wide range of apex angle with a relatively low
refractive index contrast. Figure 10 represents the relative gap sizes of optimized structures
for the apex angle range of 50� < θ < 115� with a dielectric constant contrast of 11.9 to 1
corresponding to silicon in air. It is clear that there are complete PBGs above 10% in the range
of 52� < θ < 112�, and even larger PBGs above 20% for 59� < θ < 92�. The maximum relative gap
size of 25.1% appears at θ = 70.53� corresponding to fcc structure, and the relative gap size of

Figure 9. (a) The real fcc structure formed by five-beam symmetric umbrella configuration at θ = 70.53� and It = 1.39; (b)
the primitive cell of fcc structure; (c) the rhombohedral structure of fcc symmetry constructed by four-beam symmetric
umbrella configuration for θ = 38.94�; and (d) the primitive cell of the lattice structure of (c).

Figure 10. Relative band gap for 50� < θ < 115� when ε = 11.9. The solid symbols are the date for fcc and bcc structures at
θ = 70.53� and 90�, respectively.
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irreducible Brillouin zone of the resultant structure. At θ = 70.53�, the structure is fcc symmetry
with respect to diamond structure. Around 70.53�, the lattice is face-centered-tetragonal (fct)
symmetry. Figure 9(a) and (b) show the real fcc structure and its primitive cell fabricated by
five-beam symmetric umbrella configuration at θ = 70.53�, which obviously differ from the
rhombohedral structure of fcc symmetry and its primitive cell formed by four-beam symmetric
umbrella configuration at θ = 38.94�, as shown in Figure 9(c) and (d). At the apex angle of
θ = 90�, the body-centered-cubic (bcc) lattice can be obtained. For value of θ is near 90�, the
structure has body-centered-tetragonal (bct) symmetry.

Full photonic band gaps exist over a very wide range of apex angle with a relatively low
refractive index contrast. Figure 10 represents the relative gap sizes of optimized structures
for the apex angle range of 50� < θ < 115� with a dielectric constant contrast of 11.9 to 1
corresponding to silicon in air. It is clear that there are complete PBGs above 10% in the range
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bcc structure is 21.3% at θ = 90�. Figure 11 gives the band structure of the fcc lattice with a large
PBG from 0.330 to 0.425ωa/2πc between the second and third bands. Comparing with the four-
beam symmetric umbrella configuration, one can find that two results have the similar PBGs of
21.3% for the bcc lattice structures, and the biggest PBG of 25.1% for fcc lattice structure
formed by five umbrellalike beams is much larger than the value of 5.35% formed by four
umbrellalike beams for the shape reason of PhC lattice cell.

2.3. Photonic crystal waveguide

A waveguide can be created in the PhC slab by introducing a linear defect in the in-plane 2D
periodic structure [34, 35]. Since the ability to guide light waves around sharp corners with
high efficiency is crucial for photonic integrated circuits, many studies have been carried out
concerning waveguide bends through sharp bends in 2D PhC slabs [36, 37]. However, all these
works limit the studies to the structures formed by air rods with regular circular cross sections.
PBGs for PhCs made by HL may be different from those of regular structures, so will the
propagation properties.

When the 2D periodic structure is a triangular Bravais lattice formed by the interference
technique of three noncoplanar beams [26], the structure was filled with a material of high
refractive index and then removing the template, an inverse structure can be obtained. When
the intensity threshold It changes from 3.0 to 2.1, the shape of air holes of this inverse structure
changes gradually from a circle to a hexagon approximately. a waveguide with two 60� bends
are shown in Figure 12(a) with the distance between two bends of 9a.

Some peaks of transmission may result from the resonance between two bends in the wave-
guide of ordinary PhCs with circular air holes [38]. The band diagram of the PhC configuration
has been calculated with the intensity threshold of It = 2.5 and filling ratio of f = 48.7% for the
TE-like mode. Figure 12(b) indicates the transmission and reflection spectra of the waveguide.

Figure 11. Photonic band structure for the fcc structure with θ = 70.53�. The position of the high symmetry points
together with the irreducible Brillouin zone are shown in the inset.
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The red curve here corresponds to the transmission spectra and the blue one to the reflection
spectra. High transmission of more than 90% can be obtained in a wide frequency range from
0.298 to 0.310 (ωa/2πc). The transmission spectrum of similar PCWwith sole 60� bend is shown
in Figure 12(b). It is clear that the frequency range of high transmission (>90%) of Figure 12(b)
is much wider than Figure 12(c). This difference convincingly demonstrates that the existing
resonance between two bends induce strong effect on the transmission property of the PCW,
which can be used to optimize the PCWdesign effectively.

Different from the total internal reflection and photonic crystal fibers (PCF) with full 2D PBGs
by introducing line defect, a 2D photonic crystal waveguide (PCW) formed by an air core and
two identical semi-infinite layers of left-handed holographic PhC is proposed to confine light
in air waveguide. As shown in Figure 13, The EFCs plot and wave-vector diagram of TM2
band in the HL photonic crystal indicate the PhC is left-handed. Considering the symmetry of
Bloch modes of this PhC, the incident interface can be placed in ГM or ГK directions. Simula-
tions have demonstrated that the incident beam can readily travel through the PhC slab with
the input surface interface normal to ГM direction, but restrained in ГK direction, which may
originate from the symmetry mismatch between the external incident wave and the Bloch
mode of this PhC structure [39].

Figure 12. (a) Schematic of a 2D PhC waveguide with two 60� bends and transmission (red curve) and reflection spectra
(blue curve) of the PhC waveguide (b) with two bends and (c) one bend.

Figure 13. (a) The dielectric pattern of cross section with It = 2.33; (b) EFC plot and wave-vector diagram of TM2 band; (c)
effective index of TM2 band vs. the normalized frequency.
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The red curve here corresponds to the transmission spectra and the blue one to the reflection
spectra. High transmission of more than 90% can be obtained in a wide frequency range from
0.298 to 0.310 (ωa/2πc). The transmission spectrum of similar PCWwith sole 60� bend is shown
in Figure 12(b). It is clear that the frequency range of high transmission (>90%) of Figure 12(b)
is much wider than Figure 12(c). This difference convincingly demonstrates that the existing
resonance between two bends induce strong effect on the transmission property of the PCW,
which can be used to optimize the PCWdesign effectively.

Different from the total internal reflection and photonic crystal fibers (PCF) with full 2D PBGs
by introducing line defect, a 2D photonic crystal waveguide (PCW) formed by an air core and
two identical semi-infinite layers of left-handed holographic PhC is proposed to confine light
in air waveguide. As shown in Figure 13, The EFCs plot and wave-vector diagram of TM2
band in the HL photonic crystal indicate the PhC is left-handed. Considering the symmetry of
Bloch modes of this PhC, the incident interface can be placed in ГM or ГK directions. Simula-
tions have demonstrated that the incident beam can readily travel through the PhC slab with
the input surface interface normal to ГM direction, but restrained in ГK direction, which may
originate from the symmetry mismatch between the external incident wave and the Bloch
mode of this PhC structure [39].

Figure 12. (a) Schematic of a 2D PhC waveguide with two 60� bends and transmission (red curve) and reflection spectra
(blue curve) of the PhC waveguide (b) with two bends and (c) one bend.

Figure 13. (a) The dielectric pattern of cross section with It = 2.33; (b) EFC plot and wave-vector diagram of TM2 band; (c)
effective index of TM2 band vs. the normalized frequency.
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An air waveguide is introduced in the PhC along ГK direction, as shown in Figure 14(a), with
the length 50a of PCW. The power flow can become negative in the PhC cladding when εx < 0,
but remain positive in the air core. By reducing the air width to a critical thickness for TM
mode at certain frequency, the group velocity decreases to zero due to the energy flow in the
air core was offset by the energy flow of the PhC cladding [39]. According to the result of Ref.
[40] the wave vector of guided waves can be given by kz =mπ/dwithm = 1,2,…, and the guided
waves can pass through the super waveguide composed of one air layer and LHM for the
width of air waveguide d > λ0/2 (λ0 is the wavelength in air). The larger d is, the more modes
are guided in the super waveguide. To satisfy the guided condition the width of air layer d is
chosen to be equal or greater than that of 2 layers. A Gaussian pulse with the frequency
spanning from 0.26 to 0.38 is excited at the input (left) side of the waveguide to investigate
the transmission properties of this holographic PCW. The transmission spectrums of different
widths of air waveguides are shown in Figure 14(b). Obviously, a high transmission (>90%)
happened in the frequency regime from 0.315 to 0.365 through the air waveguide with the
width of 4 layers, corresponding to 0 < |neff| < 1, which verifies the oscillating modes has a real
propagation constant [40]. With the width of air waveguide reducing from 4 to 2 layers, the
group velocities decrease gradually and backscattering loss becomes the dominant factor [41],
the critical excitation frequency changes from 0.315 to 0.334 and the transmittance decreases
gradually for the backscattering loss weakening the guided Bloch mode.

Figure 15 shows TM field in the waveguide with 3 layers of air width for the cases when
frequencies are (a) 0.28, (b) 0.315 and (c) 0.33 respectively, light attenuation can be seen clearly
in Figure 15(a) as a result of vertical scattering loss. Since air thickness decreases from 4 layers
to 3 layers, the group velocities slow down and the backscattering loss becomes a dominant
loss factor. The light with the frequency of 0.315 display a low transmission in the waveguide
as shown in Figure 15(b). Figure 15(c) verifies that the incident wave with frequency beyond
the minimum critical excitation frequency can be well confined to the air waveguide. Based on
the symmetry mismatch between the incident wave and the Bloch modes of the holographic
PhC, a holographic PCW without PBGs can also efficiently guide light in a wide frequency
region with high transmission efficiency.

Figure 14. (a) Schematic of the holographic PhC waveguide with a 4 layers width; (b) variation of transmission spectrum
for the holographic PCW with different air width.
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3. Anomalous refraction behaviors modulated by PhC bands

Photonic crystals can exhibit an extraordinarily high, nonlinear dispersion such as negative
refraction and self-focusing properties that are solely determined by the characteristics of their
band structures and equal frequency contours (EFC) [42–44]. The 2D honeycomb structures

Figure 15. Snapshots of the propagations of TM polarization monochromatic wave at the frequencies of (a) 0.28, (b) 0.315
and (c) 0.33 in the holographic PCWof It = 2.33 with 3 layers width.
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formed by single-exposure interference fabrication methods is used to investigate a series of
HL PhC structures in order to obtain comprehensive understanding of the anomalous refrac-
tive properties in PhCs.

The filling ratio of the HL PhC is determined by the ratio of the total exposure dose. Silicon with
ε = 11.56 (i.e., n = 3.4) is used to analyze the dispersion characteristics of the holographic PhCs.
Figure 16(a) gives the cross section of the HL PhC sample. The EFCs plot and wave-vector
diagram of TM2 band in Figure 16(b) illustrated the EFCs around point Г are convex and shrink
with increasing frequency, indicating the PhC is left-handed. Due to the symmetry mismatch
between the external plane wave at normal incidence and the Bloch modes of this PhC as
mentioned above, the interface between PhC and free space is arranged along the ГK direction.

As shown in Figure 16(a), the surface of dielectric PhC slab with the trigonal flange (cut 0.4a) was
disposed to reduce the reflection and scattering losses effectively [45], because of the effective
index gradually varying tomatch with free space. A continuous monochromatic TM polarization
plane wave at the desired frequency ω = 0.348 incidents on the PhC slab with the incident angles
of θ = 30� and 60�. The wave patterns are shown in Figure 16(c) and (d), respectively, with the
refracted beams and incident beams symmetrically located on the same side of normals, which
illustrate the effective refractive index of this PhC is neff = �1, and the phenomenon of negative
refraction in this PhC is an absolute left-handed behavior with Kr � Vgr < 0.

For a continuous point source of ω = 0.348 located on the upper side of the PhC slab with the
distance of do1 = 8.0a away from the upper interface (i.e., the object distance), as shown in
Figure 17(a), the image point approximately locates at the edge of the lower surface with the
image distance di1 = 0. In Figure 17(b), the relevant image distance becomes di2 ≈ 4.6a for the
object distance of do2 = 3.5a. Obviously, the sum of do and di in this PhC slab is nearly a constant
and satisfies the Snell’s law of a flat lens with neff = 1. In addition, note that there is an internal
focus inside the PhC slab of Figure 17(b), which is a clear evidence of LHMs following the
geometric optics rules.

Multi-refraction effects in the 2D triangular PhC have also been found [43]. The special EFC
distributions of different bands can be used to predicate the propagating properties of incident
electromagnetic wave (EMW). The EFC plot of the second band is shown in Figure 18(a) with
almost straight EFC in the ΓK direction at the frequency of 0.26 a/λ. The group velocity vgr of
refracted waves ought to be perpendicular to the incident surface among the incident angle region
from 0 to 35�, which have been demonstrated by the simulation results in Figure 18(b)–(d).
This unusual collimation effect has a series of exciting potential applications, such as spatial light
modulator and optical collimator.

The k-conservation relation is observed in wave-vector diagrams [44]. Traditional EMWs
propagate in media with their wavefronts perpendicular to the energy flow direction. Here,
the EMW of 0.36 a/λ incident upon the ΓK surface at θinc = 25�, the wavefronts of refracted
wave are modulated by the periodic PhC to parallel to the energy flow direction with k � vgr = 0.
Figure 19(a) gives the analysis of EFC plot and wave-vector diagram. FDTD simulations of
electric field distribution in Figure 19(b) prove with the certainty of theory analysis results
with the parallel wavefronts extending along the transmission line.
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For the normal HL structure with triangular lattice symmetry of It = 1.90 (or f = 82.8%), the
EFC plots of TM2 and TM3 bands are calculated [46]. Different from the EFCs of inverse
HL structure, TM2 and TM3 bands intersect in the frequencies regime from 0.225 to 0.343.

Figure 16. (a) Schematic view of the HL PhC slab with the trigonal dielectric flange; and (b) the wave patterns of negative
refractions for different incident angles of (c) θ = 30� and (d) θ = 60�.

Figure 17. Field patterns for the flat superlens. The object distance is 8.5a (a) and 3.5a (b) for the interface normal to ГM
direction, and (c) 3.5a for the interface normal to ГK direction.

Figure 18. (a) EFC plot of the second band with the wave-vector diagrams at 0.26a/λ and the FDTD simulations of electric
field distributions with different incident angles of (b) 20�, (c) 30� and (d) point source incident.
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formed by single-exposure interference fabrication methods is used to investigate a series of
HL PhC structures in order to obtain comprehensive understanding of the anomalous refrac-
tive properties in PhCs.

The filling ratio of the HL PhC is determined by the ratio of the total exposure dose. Silicon with
ε = 11.56 (i.e., n = 3.4) is used to analyze the dispersion characteristics of the holographic PhCs.
Figure 16(a) gives the cross section of the HL PhC sample. The EFCs plot and wave-vector
diagram of TM2 band in Figure 16(b) illustrated the EFCs around point Г are convex and shrink
with increasing frequency, indicating the PhC is left-handed. Due to the symmetry mismatch
between the external plane wave at normal incidence and the Bloch modes of this PhC as
mentioned above, the interface between PhC and free space is arranged along the ГK direction.

As shown in Figure 16(a), the surface of dielectric PhC slab with the trigonal flange (cut 0.4a) was
disposed to reduce the reflection and scattering losses effectively [45], because of the effective
index gradually varying tomatch with free space. A continuous monochromatic TM polarization
plane wave at the desired frequency ω = 0.348 incidents on the PhC slab with the incident angles
of θ = 30� and 60�. The wave patterns are shown in Figure 16(c) and (d), respectively, with the
refracted beams and incident beams symmetrically located on the same side of normals, which
illustrate the effective refractive index of this PhC is neff = �1, and the phenomenon of negative
refraction in this PhC is an absolute left-handed behavior with Kr � Vgr < 0.

For a continuous point source of ω = 0.348 located on the upper side of the PhC slab with the
distance of do1 = 8.0a away from the upper interface (i.e., the object distance), as shown in
Figure 17(a), the image point approximately locates at the edge of the lower surface with the
image distance di1 = 0. In Figure 17(b), the relevant image distance becomes di2 ≈ 4.6a for the
object distance of do2 = 3.5a. Obviously, the sum of do and di in this PhC slab is nearly a constant
and satisfies the Snell’s law of a flat lens with neff = 1. In addition, note that there is an internal
focus inside the PhC slab of Figure 17(b), which is a clear evidence of LHMs following the
geometric optics rules.

Multi-refraction effects in the 2D triangular PhC have also been found [43]. The special EFC
distributions of different bands can be used to predicate the propagating properties of incident
electromagnetic wave (EMW). The EFC plot of the second band is shown in Figure 18(a) with
almost straight EFC in the ΓK direction at the frequency of 0.26 a/λ. The group velocity vgr of
refracted waves ought to be perpendicular to the incident surface among the incident angle region
from 0 to 35�, which have been demonstrated by the simulation results in Figure 18(b)–(d).
This unusual collimation effect has a series of exciting potential applications, such as spatial light
modulator and optical collimator.

The k-conservation relation is observed in wave-vector diagrams [44]. Traditional EMWs
propagate in media with their wavefronts perpendicular to the energy flow direction. Here,
the EMW of 0.36 a/λ incident upon the ΓK surface at θinc = 25�, the wavefronts of refracted
wave are modulated by the periodic PhC to parallel to the energy flow direction with k � vgr = 0.
Figure 19(a) gives the analysis of EFC plot and wave-vector diagram. FDTD simulations of
electric field distribution in Figure 19(b) prove with the certainty of theory analysis results
with the parallel wavefronts extending along the transmission line.
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For the normal HL structure with triangular lattice symmetry of It = 1.90 (or f = 82.8%), the
EFC plots of TM2 and TM3 bands are calculated [46]. Different from the EFCs of inverse
HL structure, TM2 and TM3 bands intersect in the frequencies regime from 0.225 to 0.343.

Figure 16. (a) Schematic view of the HL PhC slab with the trigonal dielectric flange; and (b) the wave patterns of negative
refractions for different incident angles of (c) θ = 30� and (d) θ = 60�.

Figure 17. Field patterns for the flat superlens. The object distance is 8.5a (a) and 3.5a (b) for the interface normal to ГM
direction, and (c) 3.5a for the interface normal to ГK direction.

Figure 18. (a) EFC plot of the second band with the wave-vector diagrams at 0.26a/λ and the FDTD simulations of electric
field distributions with different incident angles of (b) 20�, (c) 30� and (d) point source incident.
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When a Gaussian beam of ω = 0.31 incidents on the ΓK surface at θ = 25�, the wave-vector
diagram is shown in Figure 20(a) with the blue circle representing the EFC in air, the brown
ring denoting the EFC of TM2 band, and the green hexagram corresponding to the EFC of
TM3 band. Obviously, the dashed conservation line intersects with EFCs of TM2 and TM3
simultaneously to excite two beams of left-handed negative refraction with different refrac-
tive angles, because of the unique EFC features, as shown in Figure 20(b) to verify this result.

The more complicated refraction behaviors can be excited in the higher band regions based on
the intricate undulation of one band or the overlap of different bands. As shown in Figure 21(a),
the sixth band has dual parallel EFCs with opposite curvatures by the red rings within the
frequency range from 0.44 to 0.47 a/λ within a wide scope of incident angle. As an example,
when the working frequency is chosen to be 0.46a/λ, the incident wave at θinc = 30� can excite
positive and negative refracted waves have the symmetrical refractive angles of �30�. The
seventh band has more frequency undulations circled by the blue rings which lead to the more
intricate triple refraction within the frequency scope from 0.488 to 0.50 a/λ (Figure 21(b)).

Figure 19. (a) EFC plot of the fourth band and wave-vector diagram at 0.36a/λwith θinc = 25�; (b) the FDTD simulations of
electric field distributions.

Figure 20. (a) Wave-vector diagram of ω = 0.31 for TM2 (brown ring) and TM3 (green hexagram); (b) field pattern with
the incident beam of ω = 0.31 at the incident angle of 25�.
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4. Phenomena of zero phase delay in PhCs and application

Recently, materials with zero or near-zero-n has attracted great focus for the characteristics
of uniform phase and infinite wavelength [47–50]. A series of exciting potential applications
have been found in zero-nmaterials, such as wavefront reshaping [51], beam self-collimation
[52], extremely convergent lenses [53], etc. One of their best known applications is optical
links in lumped nanophotonic circuits over hundreds of wavelengths without introducing
phase shifts so as to reduce the unwanted frequency dispersion. Different strategies have
been provided to realize zero permittivity ε. One is to use metallic metamaterial structures
with effective zero permittivity and/or permeability [54, 55]. However, these metamaterials
suffer from the strong absorption loss of the metals and hence with greatly deteriorated
transmittance. Some alternative approaches have been provided, include the combination
of negative- and positive-index materials [52], the microwave waveguides below cutoff [56]
or the periodic superlattice formed by positive index homogeneous dielectric media and
negative index photonic crystals (PhCs) [57].

A plane wave can be described as ~E rð Þ ¼ Aexp i k � r þ φ0

� �� �
, where the symbols of A, k, r, ϕ0

denote wave amplitude, wave vector, position vector and initial phase. The spatial phase shift
is determined by the spatial phase factor k � r, with the traditional wave vector k pointing to the
direction of energy flow (i.e. the direction of group velocity νgr). Assuming the condition of k �
r = 0 is satisfied, the wave vector k is perpendicular to the energy flow with the wavefronts
extending along the propagation direction with the stationary spatial phase along the direction
of energy flow S. In general, it is difficult to modulate the direction of wavefronts in homoge-
neous materials. Since this formula of k � r = 0 can also be expressed as k � vgr = 0, by the
definition of group velocity νgr = ∇kω in PhCs, the group velocity vector is perpendicular to
EFCs pointing to the frequency-increasing direction. Hence, by adjusting the EFC distribution,
the condition of zero phase delay with k � r = 0 can be satisfied.

Figure 21. EFC plots of (a) the sixth band and (b) the seventh band.
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When a Gaussian beam of ω = 0.31 incidents on the ΓK surface at θ = 25�, the wave-vector
diagram is shown in Figure 20(a) with the blue circle representing the EFC in air, the brown
ring denoting the EFC of TM2 band, and the green hexagram corresponding to the EFC of
TM3 band. Obviously, the dashed conservation line intersects with EFCs of TM2 and TM3
simultaneously to excite two beams of left-handed negative refraction with different refrac-
tive angles, because of the unique EFC features, as shown in Figure 20(b) to verify this result.

The more complicated refraction behaviors can be excited in the higher band regions based on
the intricate undulation of one band or the overlap of different bands. As shown in Figure 21(a),
the sixth band has dual parallel EFCs with opposite curvatures by the red rings within the
frequency range from 0.44 to 0.47 a/λ within a wide scope of incident angle. As an example,
when the working frequency is chosen to be 0.46a/λ, the incident wave at θinc = 30� can excite
positive and negative refracted waves have the symmetrical refractive angles of �30�. The
seventh band has more frequency undulations circled by the blue rings which lead to the more
intricate triple refraction within the frequency scope from 0.488 to 0.50 a/λ (Figure 21(b)).

Figure 19. (a) EFC plot of the fourth band and wave-vector diagram at 0.36a/λwith θinc = 25�; (b) the FDTD simulations of
electric field distributions.

Figure 20. (a) Wave-vector diagram of ω = 0.31 for TM2 (brown ring) and TM3 (green hexagram); (b) field pattern with
the incident beam of ω = 0.31 at the incident angle of 25�.
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suffer from the strong absorption loss of the metals and hence with greatly deteriorated
transmittance. Some alternative approaches have been provided, include the combination
of negative- and positive-index materials [52], the microwave waveguides below cutoff [56]
or the periodic superlattice formed by positive index homogeneous dielectric media and
negative index photonic crystals (PhCs) [57].
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neous materials. Since this formula of k � r = 0 can also be expressed as k � vgr = 0, by the
definition of group velocity νgr = ∇kω in PhCs, the group velocity vector is perpendicular to
EFCs pointing to the frequency-increasing direction. Hence, by adjusting the EFC distribution,
the condition of zero phase delay with k � r = 0 can be satisfied.

Figure 21. EFC plots of (a) the sixth band and (b) the seventh band.
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The PhC sample of triangular lattice is composed of dielectric rods with εr = 10, diameter
d = 10 mm, height h = 10 mm and lattice constant a = 10 mm. When the beam of the frequency
ω = 0.376 is incident upon the ΓK surface with the incident angle of θinc = 30�. The wave-vector
diagram of the fourth band is shown in Figure 22. According to the condition of boundary
conservation, two refracted waves can be excited in the PhC. The condition of k � r = 0 is
satisfied for the positive refracted wave. Simulations and experiments in a near-field scanning
system have demonstrated that the wavefronts exactly are parallel to the energy flow with
zero phase delay, as shown in Figure 23(a) and (b). The measured phase contrast image is
shown in Figure 23(c) at 11.213 GHz. Obviously, the incident wave and the exit wave can be
connected directly as if the PhC slab did not exist. Since the PhC structure can be engineered
readily with the large design flexibility, the frequency and incident angle of zero phase delay
can be adjustable in a relaxed PhC configuration design.

Another approach to realize zero phase delay in PhCs is based on the accidental degeneracy of
two dipolar modes and a single monopole mode generates at the Dirac-like point (DLP) with the
linear dispersions of Dirac cone at the Brillouin zone center of PhCs [58]. At the DLP shown in
Figure 24(a), the PhC can mimic the zero-index medium (ZIM) with the characteristics of
uniform field distribution. Linear dispersions near the center point induced by the triple degen-
eracy display many unique scattering properties, such as conical diffraction [59], wave shaping
and cloaking [60]. The dispersion properties obeying the 1/L scaling law near the DLP in the
normal propagation direction have been verified theoretically and experimentally [61] through
the dielectric PhC ribbons with the finite thicknesses, however, it is difficult to distinguish the
precise crossing point from the wide extremum range just relying on the transmittance spectrum.

A Gaussian pulse source of TMmode was placed in front of a PhC square-lattice array with the
incident angle of 90�, thus three transmission spectrums can be measured outside the other
three output interface of the PhC array with one in parallel direction and two in perpendicular
upward and downward directions. As long as the size is large enough, the PhC array can be

Figure 22. EFCs plot of the fourth band with the wave-vector diagram at ω = 0.376a/λ with θinc = 30�.
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regarded as an infinite PhC with the similar transmittance at the different exit boundaries with
the same interface structure. As shown in Figure 24(b), the upward and downward sharp
cusps embedded in the parallel and perpendicular extremum transmittance spectra intersect at
the DLP frequency, therefore, the DLP can be identified accurately due to the property of
uniform field distribution of PhC with effective zero index at DLP.

5. Conclusion

In summary, some novel kinds of 3- and 2-D lattices formed by holographic lithography have
been investigated to find that the complete PBG over wide ranges of system parameters can be
achieved by proper design. The beam design for making this structure is also derived. By using
the interference of symmetric four umbrellalike beams one can obtain complete PBGs over a very
wide range of apex angle, three special lattice structures of fcc, sc and bcc were achieved with
different complete PBGs of 5.35%, 10.23% and 21.57%. The similar PBG of 21.3% for the bcc
lattice structures, and the biggest PBG of 25.1% for fcc lattice structure were achieved by five

Figure 23. (a, b) Wavefront distribution in the PhC slab with different incident angles; (c) measured phase contrast image.

Figure 24. (a) Band structure of TM waves for the 2D square-lattice PhC at the normalized frequency ωD = 0.541. (b) The
simulated transmission spectra in the directions parallel and perpendicular to the incident propagation direction.
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can be adjustable in a relaxed PhC configuration design.
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two dipolar modes and a single monopole mode generates at the Dirac-like point (DLP) with the
linear dispersions of Dirac cone at the Brillouin zone center of PhCs [58]. At the DLP shown in
Figure 24(a), the PhC can mimic the zero-index medium (ZIM) with the characteristics of
uniform field distribution. Linear dispersions near the center point induced by the triple degen-
eracy display many unique scattering properties, such as conical diffraction [59], wave shaping
and cloaking [60]. The dispersion properties obeying the 1/L scaling law near the DLP in the
normal propagation direction have been verified theoretically and experimentally [61] through
the dielectric PhC ribbons with the finite thicknesses, however, it is difficult to distinguish the
precise crossing point from the wide extremum range just relying on the transmittance spectrum.

A Gaussian pulse source of TMmode was placed in front of a PhC square-lattice array with the
incident angle of 90�, thus three transmission spectrums can be measured outside the other
three output interface of the PhC array with one in parallel direction and two in perpendicular
upward and downward directions. As long as the size is large enough, the PhC array can be

Figure 22. EFCs plot of the fourth band with the wave-vector diagram at ω = 0.376a/λ with θinc = 30�.
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regarded as an infinite PhC with the similar transmittance at the different exit boundaries with
the same interface structure. As shown in Figure 24(b), the upward and downward sharp
cusps embedded in the parallel and perpendicular extremum transmittance spectra intersect at
the DLP frequency, therefore, the DLP can be identified accurately due to the property of
uniform field distribution of PhC with effective zero index at DLP.

5. Conclusion

In summary, some novel kinds of 3- and 2-D lattices formed by holographic lithography have
been investigated to find that the complete PBG over wide ranges of system parameters can be
achieved by proper design. The beam design for making this structure is also derived. By using
the interference of symmetric four umbrellalike beams one can obtain complete PBGs over a very
wide range of apex angle, three special lattice structures of fcc, sc and bcc were achieved with
different complete PBGs of 5.35%, 10.23% and 21.57%. The similar PBG of 21.3% for the bcc
lattice structures, and the biggest PBG of 25.1% for fcc lattice structure were achieved by five

Figure 23. (a, b) Wavefront distribution in the PhC slab with different incident angles; (c) measured phase contrast image.

Figure 24. (a) Band structure of TM waves for the 2D square-lattice PhC at the normalized frequency ωD = 0.541. (b) The
simulated transmission spectra in the directions parallel and perpendicular to the incident propagation direction.
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umbrellalike beams, which is much larger than the value of 5.35% formed by four umbrellalike
beams for the shape reason of PhC lattice cell. The holographic PCW can efficiently guide light in
a wide range of frequency around sharp corners and the resonance between the two bends has a
close relation with the configuration of PhC which can be regarded as an important factor to
improve the transmission property of 2D PCW. Since the absolute refractive index 1 of the air
guiding core is larger than the effective index of PhC cladding, the total internal reflections can
be achieved approximately with a high transmittance in the PhC waveguide with the effective
refraction index near zero. For PhC waveguide when the width of air layer is greater than the
critical thickness, the problems of scattering loss can be avoided. The proposed left-handed
holographic PCW is more suitable for many applications in the area of photonic integrated
circuits, and the idea and method of analysis here open a new freedom for PCWengineering.

Different from the anomalous phenomena of PhCs in the high bands, the PhCs of honeycomb-
lattice in the lower band region are more suitable to realize the effect of all-angle left-handed
negative refraction. For the straight EFCs distribution in special directions, the regular PhC can be
applied to thedesign of optical collimator.Moreover,multi-refractionhas been found in the higher
bands. There are twoways to realizemulti-refractions, one arises from a single bandwith intricate
undulations and another originates from the overlap of multi-bands. The unique phenomena of
dual-negative refraction and positive-negative refraction have been found in the higher bands of
PhC. Based on the design flexibility of PhC, the transmission properties of PhC can be engineered
with a large freedom. These results are important and useful for the design of PhC device.

An efficient way to achieve EMW propagation with zero phase delay is to modulate the
wavefronts paralleling to the direction of energy flow. This method can be extended from 2D
to 3D cases or other artificially engineered materials, which opens a new door to obtain perfect
zero-phase-delay propagation of EMW and has significant potential in many applications.
Furthermore, the research found that the Dirac-like point of PhC can be identified accurately
by measuring the transmission spectra through a finite photonic crystal square array.

All these results can be extended to the fabrication of other artificially engineered materials
and provide guidelines to the design of new type optical devices.
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umbrellalike beams, which is much larger than the value of 5.35% formed by four umbrellalike
beams for the shape reason of PhC lattice cell. The holographic PCW can efficiently guide light in
a wide range of frequency around sharp corners and the resonance between the two bends has a
close relation with the configuration of PhC which can be regarded as an important factor to
improve the transmission property of 2D PCW. Since the absolute refractive index 1 of the air
guiding core is larger than the effective index of PhC cladding, the total internal reflections can
be achieved approximately with a high transmittance in the PhC waveguide with the effective
refraction index near zero. For PhC waveguide when the width of air layer is greater than the
critical thickness, the problems of scattering loss can be avoided. The proposed left-handed
holographic PCW is more suitable for many applications in the area of photonic integrated
circuits, and the idea and method of analysis here open a new freedom for PCWengineering.

Different from the anomalous phenomena of PhCs in the high bands, the PhCs of honeycomb-
lattice in the lower band region are more suitable to realize the effect of all-angle left-handed
negative refraction. For the straight EFCs distribution in special directions, the regular PhC can be
applied to thedesign of optical collimator.Moreover,multi-refractionhas been found in the higher
bands. There are twoways to realizemulti-refractions, one arises from a single bandwith intricate
undulations and another originates from the overlap of multi-bands. The unique phenomena of
dual-negative refraction and positive-negative refraction have been found in the higher bands of
PhC. Based on the design flexibility of PhC, the transmission properties of PhC can be engineered
with a large freedom. These results are important and useful for the design of PhC device.

An efficient way to achieve EMW propagation with zero phase delay is to modulate the
wavefronts paralleling to the direction of energy flow. This method can be extended from 2D
to 3D cases or other artificially engineered materials, which opens a new door to obtain perfect
zero-phase-delay propagation of EMW and has significant potential in many applications.
Furthermore, the research found that the Dirac-like point of PhC can be identified accurately
by measuring the transmission spectra through a finite photonic crystal square array.

All these results can be extended to the fabrication of other artificially engineered materials
and provide guidelines to the design of new type optical devices.
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Abstract

This chapter discusses the propagation of TM and TE waves in the one-dimensional
gyrotropic magnetophotonic crystals with ferrite and plasma-like layers. Elements of the
transfer matrix are calculated in closed analytical form on the base of electrodynamic
problem rigorous solution for arbitrary location of the gyrotropic elements on the struc-
ture period. Dispersion equation of the layered periodic structure with gyrotropic ele-
ments is obtained. Dispersion properties of the structure for TE and TM modes are
analyzed for different configurations of magnetophotonic crystals (ferrite and plasma-
like layers). Existence areas of transmission bands for surface and bulk waves are
obtained. The effect of problem parameters on the dispersion properties of magne-
tophotonic crystals for TM and TE modes is investigated. Regimes of complete trans-
mission of wave through limited magnetophotonic crystal are analyzed for bulk and
surface waves.

Keywords: magnetophotonic crystal, gyrotropic media, dispersion diagrams,
TE and TM modes, bulk and surface waves

1. Introduction

Photonic crystals (PCs) are artificial periodic structures with spatially modulated refractive
index in one or more coordinates [1, 2]. Their outstanding optical properties are due to the
existence of frequency band gaps where the propagation of electromagnetic waves is impossi-
ble. Application of these structures became very attractive for modern optoelectronics which
uses the various waveguides, resonators, sensors, and other devices on the basis of PC [3, 4].
Moreover, the control of the PC structure characteristics is the important problem that is
usually solved using external electric or magnetic fields. These methods of providing control-
lability are based on the variation of refractive index of special materials such as liquid crystals
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and magnetic materials [5, 6]. Since these sensitive materials are anisotropic, then theoretical
analysis of their properties is more complicated.

When at least one of the PCs’ unit cell components is a magnetically sensitive (gyrotropic)
material, they exhibit unique magneto-optical properties and identified as magnetophotonic
crystals (MPCs). Investigations of the MPCs are begun for simplest one-dimensional structures
[7, 8]. However, one-dimensional MPCs are the basis elements for various active field-
controlling applications so far [9, 10]. Changing of the permeability by external magnetic field
is one of the main phenomena that allow developing electronically tuned devices in different
frequency bands: filters, circulators and so on [11–13].

Along with the properties inherent in conventional PCs, these structures have additional
optical and magneto-optical properties which considerably expand their functionality. Kerr
effect, Faraday rotation and optical nonlinearity can be enhanced in MPC due to light localiza-
tion within magnetic multilayer. Magneto-optical system with large Faraday or Kerr rotation
can be used for effective optical isolators [14, 15], spatial light-phase modulators [16] and
magnetic field and current sensor [17] development. Furthermore, one can obtain stronger
enhancement of the magneto-optical phenomena due to resonant effects in the MPCs [18],
which characterized by specific polarization properties. Using PCs with magneto-optical layers
provides possibility of control of optical bistability threshold in structure based on graphene
layer [19]. It should be noted that not only magnetic materials are suitable for MPC. Namely,
one-dimensional PC with plasma layers can be tunable by external magnetic field [20].

A number of applications of the MPCs are inspired by their nonreciprocal properties. For
example, special spatial structure of the MPC layers provides the asymmetry of dispersion
characteristics and, as a result, the effect of unidirectional wave propagation [21]. This phe-
nomenon allows enhancing field amplitude in the MPC without any periodicity defects. In this
case, the so-called frozen mode regime occurs instead the defect mode one.

One of the unique properties of gyrotropic materials is the possibility of negative values of
material parameters under the certain conditions. Usually, these are so-called single-negative
media that are divided into epsilon-negative media (plasma) and mu-negative ones
(gyrotropic magnetic materials). The term “double-negative media” or “left-handed materials”
is used for media with negative values of both permittivity and permeability and often
replaced by term “metamaterials.” Application of metamaterials in one-dimensional PC sys-
tems results in unusual regularities of bulk and surface wave propagation and is the subject of
experimental and theoretical research [22, 23].

Theoretical description of the various types of one-dimensional PCs is usually based on the
transfer-matrix method of Abelès [24] that was applied by Yeh et al. to periodic layered media
[25]. This method cannot be applied in general case for anisotropic multilayer structures
because of mode coupling. However, this is possible in special cases, namely, in two-
dimensional model of wave propagation in periodic layered media [26]. This case is consid-
ered in this chapter. Such an approach makes it possible to simplify significantly the analysis of
physical phenomena in complex layered media with various combinations of gyrotropic and
isotropic elements. Moreover using well-known permutation duality principle of Maxwell’s

Theoretical Foundations and Application of Photonic Crystals48

equations results in a reduction of unique combinations number. In turn, this allows better
understanding of regularities of bulk and surface wave propagation in one-dimensional MPC
and finding new modes for applications in modern microwave, terahertz and optical devices.

2. Formulation and solution of the problem for modes of gyrotropic
periodic structures

2.1. Basic relationships

We study electromagnetic wave propagation in periodic structure in general case with
bigyrotropic layers (one-dimensional MPC) (Figure 1). Each of two layers on the structure
period L = a + b is an anisotropic medium (plasma or ferrite or their combinations). Their
permittivity and permeability are characterized by tensor values of standard form [26]:

εj
$ ¼

εj �iεaj 0

iεaj εj 0

0 0 ε∥j

���������

���������
, μj

$ ¼

μj �iμaj 0

iμaj μj 0

0 0 μ∥j

���������

���������
: (1)

For plasma media, the value of the permittivity is tensor, whereas the value of the permeability
is scalar. Such media are called electrically gyrotropic. It is opposite for the ferrite media; the
permeability is tensor, whereas permittivity is scalar. Such media are usually called magneti-
cally gyrotropic. If the permittivity and permeability are simultaneously described by the
tensors (Eq. (1)), such media are called gyrotropic or bigyrotropic. The material parameters

included in tensors ε$j and μ$j are defined by the value of the external bias magnetic field

H
!

0 ¼ z!0H0, which is directed along Oz axis.

The study of the general case of gyrotropic media with material parameters of form (Eq. (1))
is reasonable, primarily because it allows using the permutation duality principle when
obtaining main equations for fields and characteristic Eqs. [26]. According to this principle
generalized for gyrotropic media, namely, when simultaneously the substitution of fields

Figure 1: Schematic of the periodic structure.
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E
!$H

!
and material parameters ε$$ � μ$ is done, the receiving of general equations, from

which the equations for magneto-gyrotropic media (ferrite), electro-gyrotropic media
(plasma), and gyrotropic media (bianisotropic media) can be obtained easily, turns to be more
simple than in each of the mentioned particular cases separately.

Indeed, it follows from Maxwell equations:

rot E
!¼ � 1

c
∂B
!

∂t
, rot H

!¼ 1
c
∂D
!

∂t
, (2)

where D
!¼ε$E

!
is inductance vector of electric field and B

!¼μ$H
!

is inductance vector of magnetic
field. Components of these vectors can be written as:

Dx ¼ ε$E
!� �

x
¼ εEx � iεaEy, Dy ¼ ε$E

!� �
y
¼ iεaEx þ εEy, Dz ¼ ε$E

!� �
z
¼ ε∥Ez,

Bx ¼ μ$H
!� �

x
¼ μHx � iμaHy, By ¼ μ$H

!� �
y
¼ iμaHx þ μHy, Bz ¼ μ$H

!� �
z
¼ μ∥Hz:

In general case, one can obtain two connected differential equations for longitudinal compo-
nents of electromagnetic fields Ez andHz (along Oz axis and the direction of bias magnetic field

H
!

0 ¼ z!0H0). In two-dimensional case (∂/∂z = 0), these equations can be broken up into two
independent Helmholtz equations with respect to the selected longitudinal field components
Ez and Hz (TM and TE waves) [26]. Indeed, we can show it for two-dimensional case and
harmonic dependence exp(�iωt) of the fields on time t.

Using the relation between field components Ez and Hz via transverse field components, one
can obtain the Helmholtz equation for two polarizations Ez and Hz, respectively:

∂2Ez

∂x2
þ ∂2Ez

∂y2
þ k2μ⊥ε∥Ez ¼ 0,

∂2Hz

∂x2
þ ∂2Hz

∂y2
þ k2ε⊥μ∥Hz ¼ 0: (3)

Here:

μ⊥j ¼ μj 1�
μ2
aj

μ2
j

 !
, ε⊥j ¼ εj 1�

ε2aj
ε2j

 !
:

Eq. (3) describes TMwaves (Hx,Hy,Ez), Ez-polarization (s-polarization) and TEwaves (Ex,Ey,Hz),
Hz-polarization (p-polarization). Therefore, the vector of the electric field for s-polarization is
directed perpendicular to the xy plane and the vector of the electric field for the p-polarization is
parallel to this plane. It is necessary to use the boundary conditions for the tangential compo-
nents of the electric and magnetic fields at the media interfaces to solve the boundary electrody-
namic problem for the eigenvalues and the eigenfunctions of the Laplace operator. We use the
conditions of continuity of the components Ez andHy for TMwaves andHz and Ey for TE waves.
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This analysis shows the important conclusion that in the general case of a gyrotropic medium,

the fields of TM and TE waves with respect to the direction of the bias magnetic field H
!

0 in the
two-dimensional case are divided into two independent solutions of the Maxwell equations.
Moreover, Eq. (3) and the expressions for the tangential components of fields Ey andHy yield the
permutation duality principle for the TM and TE waves. These equations are transformed each
other after replacing the component of field Ez by Hz, and simultaneously, the effective perme-
ability μ⊥ should be replaced by the effective permittivity (�ε⊥) and ε∥ by (�μ∥). The boundary
conditions for the components Ey andHy also satisfy the permutation duality principle. Hence, it
is possible to simplify this general electrodynamic problem, and we can consider only one type
of TM or TE waves for any kind of media in order to obtain a solution for another type of wave.
Below, we consider the propagation of Ez-polarized (TM) waves in a gyrotropic PC structure.

To determine the eigenvalues and the corresponding eigenfunctions of the two-layer gyromag-
netic MPC, we consider Helmholtz equation for the Ez-polarization with the corresponding
boundary conditions for the tangential components of the fields Ez and Hy at the interfaces of
the periodic structure layers. For the case of Hz-polarization (TE waves), it is necessary to use
the permutation duality principle in the solution for TM waves.

The solution of the Helmholtz equation for TM waves for both tangential components of the
fields Ez and Hy can be written in the following form:

E1
z x; yð Þ ¼ an�1eiξ1 x� n�1ð ÞLð Þ þ bn�1e�iξ1 x� n�1ð ÞLð Þ� �

eiβy, b < x� n� 1ð ÞL < L

H1
y x; yð Þ ¼ ξ1

�kμ⊥1
an�1gþ1 e

iξ1 x� n�1ð ÞLð Þ � bn�1g�1 e
�iξ1 x� n�1ð ÞLð Þ

� �
eiβy,

(4)

E2
z x; yð Þ ¼ cneiξ2 x�nLð Þ þ dne�iξ2 x�nLð Þ� �

eiβy, 0 < x� nL < b

H2
y x; yð Þ ¼ ξ2

�kμ⊥2
cngþ2 e

iξ2 x�nLð Þ � dng�2 e
�iξ2 x�nLð Þ

� �
eiβy:

(5)

Here, n = 1, 2,… is a number of the period; ξj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2μ⊥jε∥j � β2

q
are the transverse wave num-

bers in gyrotropic layers in the direction of the Ox axis; β is the longitudinal wave number of

the MPC; an, bn, cn, and dn are the wave amplitudes in the layers; and g�j ¼ 1� i
μaj

μjξj
β.

Let us note one feature in the expressions for the electromagnetic fields (Eqs. (4) and (5)). The
presence of gyrotropy in the layers (μaj 6¼ 0) leads to the fact that the distributions of the
amplitude of the fields in the layers differ by factors g�j for the forward and backward waves,

which propagating in the layers along the direction of periodicity.

To find the dispersion equation that relates the longitudinal wave number β with the structure
parameters for a given frequency ω, it is necessary to use the boundary conditions on the
interfaces of the layers and the Floquet-Bloch theorem [27, 28] for the periodic structure. Using
the conditions of continuity of the Ez and Hy components of the fields at the interfaces x�
(n� 1)L = 0 and x = nL, we get matrix equations:
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presence of gyrotropy in the layers (μaj 6¼ 0) leads to the fact that the distributions of the
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To find the dispersion equation that relates the longitudinal wave number β with the structure
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an�1

bn�1

� �
¼ a11 a12

a21 a22

� �
cn
dn

� �
,

cn
dn

� �
¼ b11 b12

b21 b22

� �
an
bn

� �
: (6)

where

a11 ¼ 1
2

g�1 þ ξ2
ξ1

μ⊥1
μ⊥2

gþ2

� �
e�iξ2L, a12 ¼ 1

2
g�1 � ξ2

ξ1

μ⊥1
μ⊥2

g�2

� �
eiξ2L, (7)

a21 ¼ 1
2

gþ1 � ξ2
ξ1

μ⊥1
μ⊥2

gþ2

� �
e�iξ2L, a22 ¼ 1

2
gþ1 þ ξ2

ξ1

μ⊥1
μ⊥2

g�2

� �
eiξ2L: (8)

b11 ¼ 1
2

g�2 þ ξ1
ξ2

μ⊥2
μ⊥1

gþ1

� �
eiξ2ae�iξ1a, b12 ¼ 1

2
g�2 � ξ1

ξ2

μ⊥2
μ⊥1

g�1

� �
eiξ2aeiξ1a, (9)

b21 ¼ 1
2

gþ2 � ξ1
ξ2

μ⊥2
μ⊥1

gþ1

� �
e�iξ2ae�iξ1a, b22 ¼ 1

2
gþ2 þ ξ1

ξ2

μ⊥2
μ⊥1

g�1

� �
e�iξ2aeiξ1a: (10)

Eliminating the coefficients cn, dn in the matrix equations (Eq. (6)), we obtain the relation for the
coefficients in identical layers for two neighboring periods of the structure:

an�1

bn�1

� �
¼ a11 a12

a21 a22

� �
cn
dn

� �
¼ a11 a12

a21 a22

� �
b11 b12
b21 b22

� �
an
bn

� �
¼ A B

C D

� �
an
bn

� �
: (11)

The elements of the ABCDmatrix are calculated by the rule of multiplying two matrices. Using
the Eqs. (7)–(10), we find the elements of the given transfer matrix, namely:

A ¼ cos ξ2b� i
1
2

ξ1
ξ2

μ⊥2
μ⊥1

þ ξ2
ξ1

μ⊥1
μ⊥2

þ β2

ξ1ξ2

μ⊥2
μ⊥1

μa1

μ1
� μ⊥1
μ⊥2

μa2

μ2

� �2
" #

sin ξ2b

( )
e�iξ1a, (12)

D ¼ cos ξ2bþ i
1
2

ξ1
ξ2

μ⊥2
μ⊥1

þ ξ2
ξ1

μ⊥1
μ⊥2

þ β2

ξ1ξ2

μ⊥2
μ⊥1

μa1

μ1
� μ⊥1
μ⊥2

μa2

μ2

� �2
" #

sin ξ2b

( )
eiξ1a, (13)

B ¼ i
1
2
sin ξ2b � ξ2

ξ1

μ⊥1
μ⊥2

þ ξ1
ξ2

μ⊥2
μ⊥1

1� i
β
ξ1

μa1

μ1
� μa2

μ2

μ⊥1
μ⊥2

� �� �2( )
eiξ1a, (14)

C ¼ �i
1
2
sin ξ2b � ξ2

ξ1

μ⊥1
μ⊥2

þ ξ1
ξ2

μ⊥2
μ⊥1

1þ i
β
ξ1

μa1

μ1
� μa2

μ2

μ⊥1
μ⊥2

� �� �2( )
e�iξ1a: (15)

An important property of the ABCD matrix is the unimodularity property, when the ratio
between the elements of the matrix is fulfilled: AD�BC = 1. Using the expressions for the
elements of the matrix ABCD, one can show that this condition is satisfied. We note that when
ξ1 is a real number, then the elements of the matrix A =D∗ и B =C∗ are pairwise conjugate.

The resulting matrix equation (Eq. (11)), which determines the relationship of the unknown
coefficients in two identical layers of different periods of the periodic structure and the
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Floquet-Bloch theorem, allows us to find the characteristic (dispersion) equation for determin-
ing the previously introduced unknown longitudinal wave number β for a wave propagating
along gyrotropic layers (along the Oy axis) and the Floquet-Bloch wave number K. According
to the Floquet-Bloch theorem in its matrix formulation, one can obtain

A B
C D

� �
an
bn

� �
¼ e�iKL an

bn

� �
: (16)

The phase factor e�iKL is the eigenvalue of the transfer-matrix ABCD, which is determined
from the characteristic equation:

e�iKL ¼ 1
2

AþDð Þ � i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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� �2s
: (17)

The unknown real values of the roots of the characteristic equation have the form:
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It is easy to show that this expression is transformed to the well-known solution of the
dispersion equation for the case of two magnetodielectric layers (μa1 =μa2 = 0) [25].

Note that the longitudinal wave number enters into equation as β squared. This indicates that
its absolute value is the same for opposite directions of wave propagation along the Oy axis.
That is, the dispersion is the same for forward and backward waves propagating along the
layers. However, the field distributions for the case of gyrotropic media in the direction of
periodicity for forward and backward waves are different.

Using the permutation duality principle, we found the solutions of the electrodynamic prob-
lem for TE wave propagation in the gyrotropic MPC. For this case, we change the material

parameters according to the rule μ$$ � ε$ in the transfer-matrix elements (Eqs. (12)–(15)), in
the dispersion relation, and in the solution (Eq. (18)). Then, we obtain
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1
2

ξ1
ξ2

ε⊥2
ε⊥1

þ ξ2
ξ1

ε⊥1
ε⊥2

þ β2

ξ1ξ2

ε⊥2
ε⊥1

εa1
ε1

� ε⊥1
ε⊥2

εa2
ε2

� �2
" #

sin ξ2b

( )
e�iξ1a, (19)
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where
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Eliminating the coefficients cn, dn in the matrix equations (Eq. (6)), we obtain the relation for the
coefficients in identical layers for two neighboring periods of the structure:
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The elements of the ABCDmatrix are calculated by the rule of multiplying two matrices. Using
the Eqs. (7)–(10), we find the elements of the given transfer matrix, namely:
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An important property of the ABCD matrix is the unimodularity property, when the ratio
between the elements of the matrix is fulfilled: AD�BC = 1. Using the expressions for the
elements of the matrix ABCD, one can show that this condition is satisfied. We note that when
ξ1 is a real number, then the elements of the matrix A =D∗ и B =C∗ are pairwise conjugate.

The resulting matrix equation (Eq. (11)), which determines the relationship of the unknown
coefficients in two identical layers of different periods of the periodic structure and the
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Floquet-Bloch theorem, allows us to find the characteristic (dispersion) equation for determin-
ing the previously introduced unknown longitudinal wave number β for a wave propagating
along gyrotropic layers (along the Oy axis) and the Floquet-Bloch wave number K. According
to the Floquet-Bloch theorem in its matrix formulation, one can obtain

A B
C D

� �
an
bn
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¼ e�iKL an
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: (16)

The phase factor e�iKL is the eigenvalue of the transfer-matrix ABCD, which is determined
from the characteristic equation:

e�iKL ¼ 1
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The unknown real values of the roots of the characteristic equation have the form:
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It is easy to show that this expression is transformed to the well-known solution of the
dispersion equation for the case of two magnetodielectric layers (μa1 =μa2 = 0) [25].

Note that the longitudinal wave number enters into equation as β squared. This indicates that
its absolute value is the same for opposite directions of wave propagation along the Oy axis.
That is, the dispersion is the same for forward and backward waves propagating along the
layers. However, the field distributions for the case of gyrotropic media in the direction of
periodicity for forward and backward waves are different.

Using the permutation duality principle, we found the solutions of the electrodynamic prob-
lem for TE wave propagation in the gyrotropic MPC. For this case, we change the material

parameters according to the rule μ$$ � ε$ in the transfer-matrix elements (Eqs. (12)–(15)), in
the dispersion relation, and in the solution (Eq. (18)). Then, we obtain
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In the absence of gyrotropy (εaj = 0), this solution is transformed into the well-known expres-
sion for the Bloch wave number for TE waves for the magnetodielectric PC [25].

The given elements of the transfer-matrix ABCD and the solutions of the dispersion equations
(Eqs. (18) and (23)) for both s- and p-polarizations (TM and TE waves) are suitable for analysis
of wide variety of MPCs with different material parameters: two isotropic layers on the crystal
period (dielectric, magnetic, magnetodielectric), one isotropic layer with another anisotropic
layer, two gyroelectric layers or gyromagnetic ones or a combination of them, and two
gyrotropic layers. Such an abundance of variants makes Eq. (17) universal in terms of analyz-
ing the dispersion characteristics of TE and TM waves and establishing the features of their
propagation in various one-dimensional MPCs.

2.2. Eigen regimes of MPCs

We perform the analysis of the features for the propagation of the electromagnetic waves in
different MPCs for various eigenmodes. We identified 10 variants of such regimes.

1. The crystal contains two layers of magnetodielectric: εa1 = εa2 =μa1 =μa2 = 0.

2. The crystal contains magnetodielectric layer, εa1 =μa1 = 0, and the layer of a semiconductor plasma:
εa2 6¼ 0 and μa2 = 0.

3. The crystal contains magnetodielectric layer, εa1 =μa1 = 0, and the ferrite layer: μa2 6¼ 0 and εa2 = 0.

Taking into account the permutation duality principle, we obtain equations analogous to variant 2.

4. The crystal contains magnetodielectric layer and gyrotropic one: εa1 =μa1 = 0, εa2 6¼ 0, and μa2 6¼ 0.

5. The crystal contains layer of semiconductor plasma: εa1 6¼ 0 and μa1 = 0 and the ferrite layer: εa2 = 0
and μa2 6¼ 0.

6. The crystal contains two layers of semiconductor plasma: εa1 6¼ 0, εa2 6¼ 0 and μa1 = 0,μa2 = 0.

7. The crystal contains two ferrite layers: μa1 6¼ 0,μa2 6¼ 0 and εa1 = 0, εa2 = 0.

Taking into account the permutation duality principle, we obtain equations analogous to variant 6.
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8. The crystal contains the plasma layer and gyrotropic layer: εa1 6¼ 0, εa2 6¼ 0 and μa1 = 0,μa2 6¼ 0.

9. The crystal contains the ferrite layer and gyrotropic layer: εa1 = 0, εa2 6¼ 0 and μa1 6¼ 0,μa2 6¼ 0.

Taking into account the permutation duality principle, we obtain equations analogous to
variant 8.

10. The crystal contains two gyrotropic layers μa1 6¼ 0,μa2 6¼ 0 and εa1 6¼ 0, εa2 6¼ 0

In this case, one can use solutions Eqs. (18) and (23) for TM and TE waves, respectively.

3. Analysis of the propagation of TE and TM waves in MPCs

3.1. General aspects of wave propagation in MPCs

Let us do a physical analysis of the obtained results and determine general rules of electro-
magnetic wave propagation in MPC. If the wave number K(β) is real, then the electromagnetic
wave propagates in a MPC without attenuation. These particular Floquet-Bloch wave num-
bers K(β) correspond to the transmission bands and satisfy the condition |cosK(β)L| ≤ 1. On
the other hand, a different behavior is observed when the wave number is complex: K(β)
=K

0
(β) + iK

00
(β). Such waves cannot propagate in a MPC and thus decay along the direction of

periodicity. As a result, the forbidden zones are formed that satisfied the condition |cosK(β)
L| > 1. This condition allows easy determination of the imaginary part K

00
(β) of the wave

number. When K
00
(β) 6¼ 0, then sinK

0
(β)L = 0 and K

0
(β)L =πm (where m = 0, 1, 2… are forbidden

zone numbers). As a result, we can obtain the equation for K
00
(β): chK00 β

� �
L ¼ �1ð Þm 1

2 AþDð Þ.
The value m = 0 corresponds to the zeroth forbidden zone where the wave number is purely
imaginary. It is important to distinguish two cases: the absence (εaj = 0, μaj = 0) and presence
(εaj 6¼ 0, μaj 6¼ 0) of gyrotropy in a MPC. Besides of that, if in jth layer the conditions
k2ε⊥jμ∥j� β2 < 0 or k2μ⊥jε∥j� β2 < 0 are satisfied, and in one layer ε⊥1 < 0 (orμ⊥1 < 0) and in
another layer ε⊥2 > 0(μ⊥2 > 0), then the wave in such layer would decay in amplitude along the
x-axis. This wave is a surface wave and delayed in respect to the speed of light.

3.2. Analysis of dispersion characteristics

Let us consider first the case of a MPC in the absence of gyrotropy (εaj = 0 and μaj = 0). This
structure is a periodic sequence of magnetodielectric layers. Dispersion equations for these
structures were previously considered in a simplified version by many authors. However,
the first investigation of such characteristic (dispersion) equations was carried out as early as
the nineteenth century by Rayleigh [29] in the solution of the one-dimensional Hill equation.
If the medium is periodic, then the latter equation becomes the traditional one-dimensional
Helmholtz equation. Further investigations were performed by various researchers, for
example, Brillouin [30], Yeh et al. [25], and Bass [31].

The solutions of the dispersion equations for the magnetodielectric periodic structures written
out in this section include all possible combinations of the signs andmagnitudes of the material
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In the absence of gyrotropy (εaj = 0), this solution is transformed into the well-known expres-
sion for the Bloch wave number for TE waves for the magnetodielectric PC [25].

The given elements of the transfer-matrix ABCD and the solutions of the dispersion equations
(Eqs. (18) and (23)) for both s- and p-polarizations (TM and TE waves) are suitable for analysis
of wide variety of MPCs with different material parameters: two isotropic layers on the crystal
period (dielectric, magnetic, magnetodielectric), one isotropic layer with another anisotropic
layer, two gyroelectric layers or gyromagnetic ones or a combination of them, and two
gyrotropic layers. Such an abundance of variants makes Eq. (17) universal in terms of analyz-
ing the dispersion characteristics of TE and TM waves and establishing the features of their
propagation in various one-dimensional MPCs.

2.2. Eigen regimes of MPCs

We perform the analysis of the features for the propagation of the electromagnetic waves in
different MPCs for various eigenmodes. We identified 10 variants of such regimes.

1. The crystal contains two layers of magnetodielectric: εa1 = εa2 =μa1 =μa2 = 0.

2. The crystal contains magnetodielectric layer, εa1 =μa1 = 0, and the layer of a semiconductor plasma:
εa2 6¼ 0 and μa2 = 0.

3. The crystal contains magnetodielectric layer, εa1 =μa1 = 0, and the ferrite layer: μa2 6¼ 0 and εa2 = 0.

Taking into account the permutation duality principle, we obtain equations analogous to variant 2.

4. The crystal contains magnetodielectric layer and gyrotropic one: εa1 =μa1 = 0, εa2 6¼ 0, and μa2 6¼ 0.

5. The crystal contains layer of semiconductor plasma: εa1 6¼ 0 and μa1 = 0 and the ferrite layer: εa2 = 0
and μa2 6¼ 0.

6. The crystal contains two layers of semiconductor plasma: εa1 6¼ 0, εa2 6¼ 0 and μa1 = 0,μa2 = 0.

7. The crystal contains two ferrite layers: μa1 6¼ 0,μa2 6¼ 0 and εa1 = 0, εa2 = 0.

Taking into account the permutation duality principle, we obtain equations analogous to variant 6.
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8. The crystal contains the plasma layer and gyrotropic layer: εa1 6¼ 0, εa2 6¼ 0 and μa1 = 0,μa2 6¼ 0.

9. The crystal contains the ferrite layer and gyrotropic layer: εa1 = 0, εa2 6¼ 0 and μa1 6¼ 0,μa2 6¼ 0.

Taking into account the permutation duality principle, we obtain equations analogous to
variant 8.

10. The crystal contains two gyrotropic layers μa1 6¼ 0,μa2 6¼ 0 and εa1 6¼ 0, εa2 6¼ 0

In this case, one can use solutions Eqs. (18) and (23) for TM and TE waves, respectively.

3. Analysis of the propagation of TE and TM waves in MPCs

3.1. General aspects of wave propagation in MPCs

Let us do a physical analysis of the obtained results and determine general rules of electro-
magnetic wave propagation in MPC. If the wave number K(β) is real, then the electromagnetic
wave propagates in a MPC without attenuation. These particular Floquet-Bloch wave num-
bers K(β) correspond to the transmission bands and satisfy the condition |cosK(β)L| ≤ 1. On
the other hand, a different behavior is observed when the wave number is complex: K(β)
=K

0
(β) + iK

00
(β). Such waves cannot propagate in a MPC and thus decay along the direction of

periodicity. As a result, the forbidden zones are formed that satisfied the condition |cosK(β)
L| > 1. This condition allows easy determination of the imaginary part K

00
(β) of the wave

number. When K
00
(β) 6¼ 0, then sinK

0
(β)L = 0 and K

0
(β)L =πm (where m = 0, 1, 2… are forbidden

zone numbers). As a result, we can obtain the equation for K
00
(β): chK00 β

� �
L ¼ �1ð Þm 1

2 AþDð Þ.
The value m = 0 corresponds to the zeroth forbidden zone where the wave number is purely
imaginary. It is important to distinguish two cases: the absence (εaj = 0, μaj = 0) and presence
(εaj 6¼ 0, μaj 6¼ 0) of gyrotropy in a MPC. Besides of that, if in jth layer the conditions
k2ε⊥jμ∥j� β2 < 0 or k2μ⊥jε∥j� β2 < 0 are satisfied, and in one layer ε⊥1 < 0 (orμ⊥1 < 0) and in
another layer ε⊥2 > 0(μ⊥2 > 0), then the wave in such layer would decay in amplitude along the
x-axis. This wave is a surface wave and delayed in respect to the speed of light.

3.2. Analysis of dispersion characteristics

Let us consider first the case of a MPC in the absence of gyrotropy (εaj = 0 and μaj = 0). This
structure is a periodic sequence of magnetodielectric layers. Dispersion equations for these
structures were previously considered in a simplified version by many authors. However,
the first investigation of such characteristic (dispersion) equations was carried out as early as
the nineteenth century by Rayleigh [29] in the solution of the one-dimensional Hill equation.
If the medium is periodic, then the latter equation becomes the traditional one-dimensional
Helmholtz equation. Further investigations were performed by various researchers, for
example, Brillouin [30], Yeh et al. [25], and Bass [31].

The solutions of the dispersion equations for the magnetodielectric periodic structures written
out in this section include all possible combinations of the signs andmagnitudes of the material
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parameters. As an example, let us consider dispersion characteristics of one-dimensional
magnetodielectric PCs for several combinations of the parameters.

Figure 2 shows dispersion curves for the value of the longitudinal wave number β = 0.9. In this
case, the periodic structure consists of two dielectrics (μ1 =μ2 =μ∥ = 1) with positive values of
permittivity ε1 = ε∥1 = 2 and ε2 = ε∥2 = 9. The normalized width of the layers is a/L = 0.8 and b/
L = 0.2. Solid and dotted curves denote the real and imaginary parts of the Floquet-Bloch wave
number, respectively. The imaginary parts of the Floquet-Bloch wave number characterize the
degree of wave decay in the forbidden bands. The wave decay is different in forbidden zones.
Moreover, the maximum attenuation is observed for the zeroth zone.

If we consider a MPC consisting of two different magnetodielectrics, then there are no funda-
mental differences.

Figure 3 shows the dispersion diagrams for PC with two dielectric layers (μ1 =μ2 = 1) on the
structure period and with different signs of the permittivities (ε1 > 0 and ε2 < 0), namely,
ε1 = ε∥1 = 2 and ε2 = ε∥2 = � 6. First the problem of wave propagation at the boundary of two
half-spaces from dielectrics with opposite signs of permittivity values was considered by
Sommerfeld [32].

The existence of surface waves at the boundaries of PC layers is illustrated in the dispersion
diagram (Figure 3) for TE waves (p-polarization). The region of these waves existence is
located below the light line k = β(ε1)

�1/2 (the solid line on the diagram). Taking into account
the identical physical nature of the surface wave existence in PC and Zenneck-Sommerfeld
wave for two media [33], this regime can be classified as a modified surface Zenneck-

Sommerfeld wave. For this wave, the condition β ¼ k
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is satisfied approximately, as

follows from the dispersion equation. It should be noted that if we consider PC with magnetic
layers, then a surface wave will exist for s-polarization.
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With the advent of new artificial media (metamaterials) for which the permittivity and perme-
ability are simultaneously negative, optoelectronics devices with new functionalities are devel-
oped. In this connection, it is expedient to consider a MPC, one of whose layers on the
structure period is a metamaterial (e.g., ε2 < 0,μ2 < 0).

In Figure 4, dispersion diagrams are calculated for the one-dimensional PC with alternative
layers of magnetodielectric and metamaterial (ε2 < 0,μ2 < 0). The following parameters were
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parameters. As an example, let us consider dispersion characteristics of one-dimensional
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selected: ε1 = 4,μ1 = 3, ε2 = � 2,μ2 = � 6, and a/L = 0.5. Figure 5a and b shows the dispersion
characteristics for such MPC at the values β = 0 and β = 2π/L, respectively. On the presented
graphs, identical dispersion diagrams for both polarizations are seen. Therefore, it is a case of
polarization indifference for the forbidden zones and transmission ones. For the presented
case, the refractive indices of the layers are the same in absolute value and have phase

difference of π, namely, n1 ¼ ffiffiffiffiffiffiffiffiffiffiε1μ1
p ¼ ffiffiffiffiffi

12
p

and n2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2j je�iπ μ2

�� ��e�iπ
q

¼ e�iπ
ffiffiffiffiffi
12

p
. For this case,

the complete Floquet-Bloch wave transmission in PC for two polarizations is possible.

It is clear that there are transmission bands only for surface slow waves (modified Zenneck-

Sommerfeld waves) that are located below the light line ω
ffiffiffiffiffi
12

p ¼ βc. For bulk waves (k2εjμj > β
2),

the transmission bands degenerate into curves. These curves are described by equation (2πm)2 =
(k2|εjμj|� β2)L2 (m =1, 2,…) for both polarizations.

Dispersion curves for real K
0
and imaginary K

00
values (Figure 5a and b) show that the wave

decay for both polarizations is the same. The propagation of waves is observed at discrete
points on which the conditions K

00
= 0 and |cosK(β)L| = 1 are satisfied. These points are located

outside the transmission bands of surface waves. The phenomenon of polarization indifference
makes it possible to develop devices with a finite number of periods of a MPC in which a
complete narrow-band propagation of the wave is possible simultaneously for a whole spec-
trum of discrete frequencies and both polarizations [34].

We now turn to an analysis of the propagation of waves in MPC consisting of a magnetodi-
electric and a semiconductor plasma layer [35]. It is advisable to consider two cases in the
presence of gyrotropy of the medium (εa2 6¼ 0), when ε⊥2 > 0 and ε⊥2 < 0 for TE waves. We note
that the dispersion characteristics for TM waves are the same as for a conventional magnetodi-
electric. Let us first consider the features of TE wave propagation inMPCwhen the plasma layer
gyrotropy is such that condition ε⊥2 > 0 (εa2 < ε2) is fulfilled. From an analysis of the solutions of
the dispersion equation, it follows that in the periodic structure at such a value of the effective
permittivity of a plasma medium, there can exist two modes of TE wave propagation. The first

Figure 5. Dispersion characteristics for different values of longitudinal wavenumber: (a) β = 0; (b) β = 2π/L.
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mode is bulk waves whose domain of existence is determined by the simultaneous fulfillment of
two conditions: k2ε⊥1μ∥1� β2 > 0 and k2ε⊥2μ∥2� β2 > 0. The second mode is the propagation
mode of gyrotropic surface waves. This mode is observed when three conditions are fulfilled

simultaneously: k2ε⊥1μ∥1� β2 < 0, k2ε⊥2μ∥2� β2 < 0, and ξ1
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If the above conditions are satisfied, then the existence of real values of the Floquet-Bloch wave
number other than zero is possible when the condition |cosK(β)L| ≤ 1 is fulfilled for pure
imaginary values of transverse wave numbers ξ1 and ξ2.

The results of calculations of the dispersion diagram are shown in Figure 6. The calculation
was carried out with the following parameters: a/L = 0.8, μ1 =μ2 =μ∥1 =μ∥2 = 1, ε1 = 2, ε2 = 4,
εa2 = 3.2, and ε⊥2 = 1.44. The solid line shows the light line for the first layer on the period
of the structure. It can be seen from the figure that when the conditionsk
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> 0 are satisfied, there exists a

region of real values of the Floquet-Bloch wave number for which the gyrotropic surface wave
regime is observed (more shaded area of the transmission zone).

In the case ε⊥2 < 0, as for PC with dielectric layers, the regime of a modified Zenneck-
Sommerfeld surface wave can exist in MPC. However, in addition to that wave, there is also a
gyrotropic surface wave for other parameters of the problem. Indeed, such a wave exists when
both transverse wave numbers in two layers are pure imaginary ξ21 < 0; ξ22 < 0

� �
. Also under

these conditions and ε⊥2 < 0, the condition β2
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ε⊥2j j must be fulfilled,

that is, opposite to the condition for positive values of the second-layer effective permittivity.

Figure 6. Band structure for TE polarization.
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selected: ε1 = 4,μ1 = 3, ε2 = � 2,μ2 = � 6, and a/L = 0.5. Figure 5a and b shows the dispersion
characteristics for such MPC at the values β = 0 and β = 2π/L, respectively. On the presented
graphs, identical dispersion diagrams for both polarizations are seen. Therefore, it is a case of
polarization indifference for the forbidden zones and transmission ones. For the presented
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that the dispersion characteristics for TM waves are the same as for a conventional magnetodi-
electric. Let us first consider the features of TE wave propagation inMPCwhen the plasma layer
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mode is bulk waves whose domain of existence is determined by the simultaneous fulfillment of
two conditions: k2ε⊥1μ∥1� β2 > 0 and k2ε⊥2μ∥2� β2 > 0. The second mode is the propagation
mode of gyrotropic surface waves. This mode is observed when three conditions are fulfilled
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If the above conditions are satisfied, then the existence of real values of the Floquet-Bloch wave
number other than zero is possible when the condition |cosK(β)L| ≤ 1 is fulfilled for pure
imaginary values of transverse wave numbers ξ1 and ξ2.

The results of calculations of the dispersion diagram are shown in Figure 6. The calculation
was carried out with the following parameters: a/L = 0.8, μ1 =μ2 =μ∥1 =μ∥2 = 1, ε1 = 2, ε2 = 4,
εa2 = 3.2, and ε⊥2 = 1.44. The solid line shows the light line for the first layer on the period
of the structure. It can be seen from the figure that when the conditionsk
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region of real values of the Floquet-Bloch wave number for which the gyrotropic surface wave
regime is observed (more shaded area of the transmission zone).

In the case ε⊥2 < 0, as for PC with dielectric layers, the regime of a modified Zenneck-
Sommerfeld surface wave can exist in MPC. However, in addition to that wave, there is also a
gyrotropic surface wave for other parameters of the problem. Indeed, such a wave exists when
both transverse wave numbers in two layers are pure imaginary ξ21 < 0; ξ22 < 0
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Figure 7 shows the dispersion diagrams for both polarizations in the case ε⊥2 < 0. Parameters of
the problem were chosen as follows: a/L = 0.8, μ1 =μ2 =μ∥1 =μ∥2 = 1, ε1 = 2, ε2 = 4, εa2 = 6.7, and
ε⊥2 = � 7.2. The solid line k = β(ε⊥1μ∥1)

�1/2 separates the areas of the existence of bulk waves
and surface waves for p-polarization. One area relates to the modified Zenneck-Sommerfeld
waves, and the other one relates to the gyrotropic surface wave which also exists for positive
values of the effective permittivity, as shown above. We note that in the transmission bands of
TE waves in dispersion diagrams, there are two regions in which surface waves propagate.

The case of MPC with a magnetodielectric and ferrite layer is analogous to that considered
earlier by virtue of the permutation duality principle. Let us now consider the following case,
when both layers on the structure period are ferrite with different material parameters. In this
case, modes of bulk wave’s existence in the transmission bands can be observed when two
conditions ξ21 ¼ k2μ⊥1ε∥1 � β2 > 0 and ξ22 ¼ k2μ2⊥ε∥2 � β2 > 0 are fulfilled. Regime of surface

waves is realized when opposite conditions (ξ21 < 0, ξ22 < 0) and also the additional condition
are fulfilled:
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" #

< 0 (24)

Note that this condition is equally suitable for both positive and negative values of the effective
magnetic permeability of ferrite μ⊥j. Here, as in the case of the plasma semiconductor layer, the
existence of gyrotropic surface waves is possible [36].

In Figure 8, we represent the dispersion diagrams of TM waves for the considered above MPC
with two ferrite layers at the period of the structure. In the calculation, the following task
parameters were chosen: a/L = 0.5, μ1 =μ∥1 = 2, μ2 =μ∥2 = 3, ε1 = 2, ε2 = 4, μa2 = 2.9,μ⊥2 = 0.197μa1 = 0.1,
and μ⊥1 = 1.995.

Figure 7. Dispersion diagrams of the magnetophotonic crystal containing plasma layers.
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The solid line in the figure, below which the solutions of the dispersion equation are in the
regime of surface waves, is determined by the equation k = β(μ⊥1ε∥1)

�1/2. Analysis of the
dispersion equation solutions and the conditions for the existence of surface waves show that
for the chosen values of the material parameters in the ferrite MPC, there exists a range of
parameters on the dispersion diagram that corresponds to the regime of propagation of the
surface wave at the boundaries of the layers (in this figure it is marked as more shaded area in
transmission zone). We emphasize that the regime of the surface wave is realized with positive
values of the both magnetic permeabilities of the ferrite layers.

Figure 9 illustrates the case of the existence of a modified Zenneck-Sommerfeld wave for the
case when the effective magnetic permeability of one of the layers is negative. Here, the
dispersion diagrams are calculated with the following parameters of the problem: a/L = 0.85,
μ1 =μ∥1 = 2, μ2 =μ∥2 = 3, ε1 = 1.5, ε2 = 1.8, μa2 = 7.9, μ⊥2 = � 17.8, μa1 = 0.7, and μ⊥1 = 1.755.

Figure 10 illustrates the evolution of dispersion diagrams at change of ferrite effective mag-
netic permeability μ⊥2(μa2 = 5.6; 5.8; 6.1) for a/L = 0.83, μ1 =μ∥1 = 2, μ2 =μ∥2 = 3, ε1 = 4, ε2 = 2, and
μa1 = 0.4. A darker shade shows the transmission bands in which the conditions of existence of
surface waves are fulfilled. The change of the bias magnetic field value leads to a significant
change of the parameters of these areas. An increase in the value of the effective magnetic
permeability μ⊥2 owing to the magnitude μa2 results in a change in the width and location of
the transmission band of the modified Zenneck-Sommerfeld surface wave.

Figure 11 shows dispersion diagrams for the modified Zenneck-Sommerfeld surface wave of
MPC with two ferrite layers on the structure period at change of width of the layer b (b/
L = 0.3; 0.5; 0.7; 0.8) with μ⊥2 < 0 and for the following parameters of the problem: μ1 =μ∥1 = 2,
μ2 =μ∥2 = 3, ε1 = 4, ε2 = 2, μa1 = 0.4, μ⊥1 = 1.92, μa1 = 5.6, and μ⊥2 = � 7.45.

Increase of the second-layer width b leads to an expansion of existence area of surface waves
with a simultaneous shift of the bandwidth toward the value β = 0 (Figure 11a and b). The

Figure 8. Band structure of the ferrite magnetophotonic crystal.
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Figure 7 shows the dispersion diagrams for both polarizations in the case ε⊥2 < 0. Parameters of
the problem were chosen as follows: a/L = 0.8, μ1 =μ2 =μ∥1 =μ∥2 = 1, ε1 = 2, ε2 = 4, εa2 = 6.7, and
ε⊥2 = � 7.2. The solid line k = β(ε⊥1μ∥1)

�1/2 separates the areas of the existence of bulk waves
and surface waves for p-polarization. One area relates to the modified Zenneck-Sommerfeld
waves, and the other one relates to the gyrotropic surface wave which also exists for positive
values of the effective permittivity, as shown above. We note that in the transmission bands of
TE waves in dispersion diagrams, there are two regions in which surface waves propagate.

The case of MPC with a magnetodielectric and ferrite layer is analogous to that considered
earlier by virtue of the permutation duality principle. Let us now consider the following case,
when both layers on the structure period are ferrite with different material parameters. In this
case, modes of bulk wave’s existence in the transmission bands can be observed when two
conditions ξ21 ¼ k2μ⊥1ε∥1 � β2 > 0 and ξ22 ¼ k2μ2⊥ε∥2 � β2 > 0 are fulfilled. Regime of surface

waves is realized when opposite conditions (ξ21 < 0, ξ22 < 0) and also the additional condition
are fulfilled:
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Note that this condition is equally suitable for both positive and negative values of the effective
magnetic permeability of ferrite μ⊥j. Here, as in the case of the plasma semiconductor layer, the
existence of gyrotropic surface waves is possible [36].

In Figure 8, we represent the dispersion diagrams of TM waves for the considered above MPC
with two ferrite layers at the period of the structure. In the calculation, the following task
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dispersion equation solutions and the conditions for the existence of surface waves show that
for the chosen values of the material parameters in the ferrite MPC, there exists a range of
parameters on the dispersion diagram that corresponds to the regime of propagation of the
surface wave at the boundaries of the layers (in this figure it is marked as more shaded area in
transmission zone). We emphasize that the regime of the surface wave is realized with positive
values of the both magnetic permeabilities of the ferrite layers.

Figure 9 illustrates the case of the existence of a modified Zenneck-Sommerfeld wave for the
case when the effective magnetic permeability of one of the layers is negative. Here, the
dispersion diagrams are calculated with the following parameters of the problem: a/L = 0.85,
μ1 =μ∥1 = 2, μ2 =μ∥2 = 3, ε1 = 1.5, ε2 = 1.8, μa2 = 7.9, μ⊥2 = � 17.8, μa1 = 0.7, and μ⊥1 = 1.755.

Figure 10 illustrates the evolution of dispersion diagrams at change of ferrite effective mag-
netic permeability μ⊥2(μa2 = 5.6; 5.8; 6.1) for a/L = 0.83, μ1 =μ∥1 = 2, μ2 =μ∥2 = 3, ε1 = 4, ε2 = 2, and
μa1 = 0.4. A darker shade shows the transmission bands in which the conditions of existence of
surface waves are fulfilled. The change of the bias magnetic field value leads to a significant
change of the parameters of these areas. An increase in the value of the effective magnetic
permeability μ⊥2 owing to the magnitude μa2 results in a change in the width and location of
the transmission band of the modified Zenneck-Sommerfeld surface wave.

Figure 11 shows dispersion diagrams for the modified Zenneck-Sommerfeld surface wave of
MPC with two ferrite layers on the structure period at change of width of the layer b (b/
L = 0.3; 0.5; 0.7; 0.8) with μ⊥2 < 0 and for the following parameters of the problem: μ1 =μ∥1 = 2,
μ2 =μ∥2 = 3, ε1 = 4, ε2 = 2, μa1 = 0.4, μ⊥1 = 1.92, μa1 = 5.6, and μ⊥2 = � 7.45.

Increase of the second-layer width b leads to an expansion of existence area of surface waves
with a simultaneous shift of the bandwidth toward the value β = 0 (Figure 11a and b). The

Figure 8. Band structure of the ferrite magnetophotonic crystal.
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largest existence area of surface waves is realized in dispersion diagram for approximately
equal values of the layer thicknesses. Further increase of the parameter b is accompanied by a
displacement of this area to the opposite direction (Figure 11c and d). Thus the surface wave
modes in a ferrite MPC are determined both by the material parameters of the system and by
the width of the layers on the period of the structure.

Let us move on the dispersion diagrams for two bigyrotropic layers on the structure period.
Taking into account the complete symmetry of the dispersion for TE and TMwaves, the case of
polarization indifference can be realized in this case. We will show this by example.

Figure 12 shows the dispersion diagrams for TE and TM waves for MPC consisting of two
bigyrotropic layers on the period of the structure. Figure 12a corresponds to the following

Figure 9. Dispersion diagrams of the ferrite magnetophotonic crystal for both polarizations.

Figure 10. Dispersion diagrams for different values of bias magnetic field: (a) μa2 = 5.6; (b) μa2 = 5.8; (c) μa2 = 6.1.
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values of the parameters: a/L = 0.85, μj =μ∥j = 2, εj = ε∥j = 2, εa1 =μa1 = 0.5, εa2 =μa2 = 5.2, μ⊥1 = 1.875,
and μ⊥2 = � 11.52. In Figure 12b, only the values of the effective permittivity and permeability
of the second layer differ: εa2 =μa2 = 6.8.

The solid lines in the figures distinguish the area of fast (upper part of figures) and slow wave
(the lower part of figures). The complete identity of the dispersion diagrams for the transmis-
sion bands of both surface and bulk waves follows from the figures and formulas (18) and (23).
By changing the bias magnetic field, it is possible to control the width and location of trans-
mission bands for both polarizations.

Dispersion diagrams in Figure 13 correspond to the case when only the surface wave trans-
mission bands for both polarizations are realized. The parameters of the problem were chosen
as follows: a/L = 0.28, μ1 =μ∥1 = 1.5, μ2 =μ∥2 = 2, ε1 = ε∥1 = 1.2, ε2 = ε∥2 = 1.8, εa1 = 4.95, εa2 = 1.7,
μa1 = 0.7, and μa2 = 5. The polarization sensitivity of the MPC is realized in this case. Only the
surface waves with certain polarization can propagate through the periodic structure for
defined values of parameters k and β.

Figure 11. Dispersion diagrams for different values of second layer thickness: (a) b/L = 0.3; (b) b/L = 0.5; (c) b/L = 0.7; (d) b/L = 0.8.
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largest existence area of surface waves is realized in dispersion diagram for approximately
equal values of the layer thicknesses. Further increase of the parameter b is accompanied by a
displacement of this area to the opposite direction (Figure 11c and d). Thus the surface wave
modes in a ferrite MPC are determined both by the material parameters of the system and by
the width of the layers on the period of the structure.

Let us move on the dispersion diagrams for two bigyrotropic layers on the structure period.
Taking into account the complete symmetry of the dispersion for TE and TMwaves, the case of
polarization indifference can be realized in this case. We will show this by example.

Figure 12 shows the dispersion diagrams for TE and TM waves for MPC consisting of two
bigyrotropic layers on the period of the structure. Figure 12a corresponds to the following

Figure 9. Dispersion diagrams of the ferrite magnetophotonic crystal for both polarizations.

Figure 10. Dispersion diagrams for different values of bias magnetic field: (a) μa2 = 5.6; (b) μa2 = 5.8; (c) μa2 = 6.1.

Theoretical Foundations and Application of Photonic Crystals62

values of the parameters: a/L = 0.85, μj =μ∥j = 2, εj = ε∥j = 2, εa1 =μa1 = 0.5, εa2 =μa2 = 5.2, μ⊥1 = 1.875,
and μ⊥2 = � 11.52. In Figure 12b, only the values of the effective permittivity and permeability
of the second layer differ: εa2 =μa2 = 6.8.

The solid lines in the figures distinguish the area of fast (upper part of figures) and slow wave
(the lower part of figures). The complete identity of the dispersion diagrams for the transmis-
sion bands of both surface and bulk waves follows from the figures and formulas (18) and (23).
By changing the bias magnetic field, it is possible to control the width and location of trans-
mission bands for both polarizations.

Dispersion diagrams in Figure 13 correspond to the case when only the surface wave trans-
mission bands for both polarizations are realized. The parameters of the problem were chosen
as follows: a/L = 0.28, μ1 =μ∥1 = 1.5, μ2 =μ∥2 = 2, ε1 = ε∥1 = 1.2, ε2 = ε∥2 = 1.8, εa1 = 4.95, εa2 = 1.7,
μa1 = 0.7, and μa2 = 5. The polarization sensitivity of the MPC is realized in this case. Only the
surface waves with certain polarization can propagate through the periodic structure for
defined values of parameters k and β.

Figure 11. Dispersion diagrams for different values of second layer thickness: (a) b/L = 0.3; (b) b/L = 0.5; (c) b/L = 0.7; (d) b/L = 0.8.

Dispersion Properties of TM and TE Modes of Gyrotropic Magnetophotonic Crystals
http://dx.doi.org/10.5772/intechopen.71273

63



Therefore, we have considered the main features of the propagation of TE and TM waves in
various magnetophotonic gyrotropic crystals. Important application of this one-dimensional
PC theory is the problem of the electromagnetic waves scattering by a structures with limited
number of periods.

4. Scattering of a plane wave by a MPC

In this section, the scattering of the plane wave on gyromagnetic MPC with N periods is
considered. When a p-polarized plane wave is scattered on MPC with a limited number of
periods, the problem is divided into three stages. At the first stage, the problem of scattering
of a plane wave on the first gyromagnetic layer of MPC is solved. In the second stage, the
coupling between the field coefficients of the first and last layers of the MPC is used in the
problem for the MPC modes. And, finally, in the third stage, the problem of wave transmis-
sion from the last layer of the structure to the surrounding area is considered. Following

Figure 12. Dispersion diagrams of the bigyrotropic magnetophotonic crystal: (a) εa2 =μa2 = 5.2; (b) εa2 =μa2 = 6.8.

Figure 13. Transmission bands for surface waves in the bigyrotropic magnetophotonic crystal.
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[37], we write out the final expression for the reflection and transmission coefficients for
gyrotropic MPC:

R ¼ n21M11 þ n22M21ð Þk11 þ n21M12 þ n22M22ð Þk21½ �
n11M11 þ n12M21ð Þk11 þ n11M12 þ n12M22ð Þk21½ � (25)

T ¼ 1
n11M11 þ n12M21ð Þk11 þ n11M12 þ n12M22ð Þk21½ � (26)

Here, matrix M is the Nth power of an ABCD matrix. Other notations correspond to Ref. [37].
Figure 14a shows the dependences of the transmission coefficient modulus on the normalized
frequency in the case of normal wave incidence (β = 0) on MPC with 20 periods in the regime of
bulk waves. Calculation parameters are the same as in Figure 7.

There are three transmission bands in the frequency range under consideration. Each of these
bands contains resonances which observed with respect to the frequency of the complete
transmission of the wave (Figure 14b and c). Frequency resonances correspond to different
modes of the periodic structure. The number of modes is determined by the number of periods
of the structure (N� 1).

Figure 15 depicts the frequency dependences of the transmission coefficient modulus in the
regime of the surface waves. In this case the incident angle of wave is greater than the angle of
total internal reflection. We can see one transmission band in this case. Inset in Figure 15 shows
enlarged frequency dependence within this band. Complete propagation is observed for each
resonant frequency of modes of the limited periodic structure.

Figure 14. The transmittance vs frequencies for the case of normal incidence ofwave: (a) spectral characteristic; (b) fine structure
of spectral characteristic in second transmission band; (c) fine structure of spectral characteristic in third transmission band.
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5. Conclusions

The electrodynamic problem is solved for the proper TE and TM waves of a MPC with two
gyrotropic layers. The elements of the transmission matrix, the dispersion equation, and its
solution are obtained analytically. An analysis of the dispersion properties of TE and TM
waves for MPC is carried out, and features of the existence of fast and slow waves are revealed.
Different regimes of gyrotropic surface waves are found. The conditions for the existence of
surface waves are established for positive and negative values of the permittivity and perme-
ability. Analytic expressions for the reflection and transmission coefficients for a limited MPC
are obtained, and their analysis is performed for the regime of bulk and surface waves.
Complete transmission of the wave through this structure is realized at resonant frequencies
that correspond to different spatial distributions of the mode field in limited MPC.
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Abstract

This chapter presents the recent progress on structure-induced ultratransparency in
both one- and two-dimensional photonic crystals (PhCs). Ultratransparent PhCs not
only have the omnidirectional impedance matching with the background medium, but
also have the ability of forming aberration-free virtual images. In certain frequency
regimes, such ultratransparent PhCs are the most transparent solid materials on earth.
The ultratransparency effect has many applications such as perfectly transparent lens,
transformation optics (TO) devices, microwave transparent devices, solar cell packag-
ing, etc. Here, we demonstrate that the ultratransparent PhCs with “shifted” elliptical
equal frequency contour (EFC) not only provide a low-loss and feasible platform for
transformation optics devices at optical frequencies, but also enable new degrees of
freedoms for phase manipulation beyond the local medium framework. In addition,
microwave transparent devices can be realized by using such ultratransparent PhCs.

Keywords: ultratransparency, photonic crystals, impedance matching, spatial
dispersion, transformation optics

1. Introduction

Photonic crystals (PhCs), as periodic arrangement of dielectrics, affect the motion of photons
and electromagnetic (EM) waves in much the same way that semiconductor crystals affect the
propagation of electrons, providing a new mechanism to control and manipulate the flow of
light at wavelength scale [1–5]. The key property of the PhCs is the photonic band gap induced
from the periodic modulation of photons and EMwaves, which can block wave propagation in
certain or all directions. As photonic band-gap materials, PhCs play vital roles in light confine-
ment and optical manipulation, promising many important applications, such as omnidirec-
tional reflectors [6, 7], waveguides [8, 9], fibers [10], high-Q nanocavities and laser [11, 12], and
angular filters [13].
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However, little attention has been paid to the effect of enhancing transparency. Although there
are pass bands in PhCs, they are usually reflective and, therefore, not transparent enough. As
we know, transparent media are the foundation of almost all optical instruments, such as
optical lens. However, perfect transparency has never been realized in natural transparent
solid materials such as glass because of the impedance mismatch with free space. On the other
hand, in the past decades, artificial EM materials like metamaterials [14–20] have been pro-
posed to realize unusual EM properties beyond natural materials. However, most of the
researches were focused on the realization of abnormal refractive behaviors such as negative
refraction. Transparency over a large range of incident angle or a large frequency spectrum is
theoretically possible, but the experimental realization is very difficult as complex and unusual
parameters are required.

The photonic band-gap effect is actually induced by the periodic modulation of the reflections
on the surfaces of dielectrics. That is, the periodic modulation strengthens the reflections on the
surfaces of dielectrics to form a complete band gap at particular frequencies. Then, a natural
question is: Is it possible to rearrange the periodic modulation of the reflections on the surfaces
of dielectrics to make them cancel each other for all incident angles, so that omnidirectional
impedance matching and omnidirectional perfect transmission can be realized?

In this chapter, we show the opposite effect of the band-gap effect in PhCs, i.e., the structure-
induced ultratransparency effect [21, 22]. Ultratransparent PhCs not only have the omnidirec-
tional impedance matching with the background medium, but also have the ability of forming
aberration-free virtual images. The equal frequency contours (EFCs) of such ultratransparent
PhCs are designed to be elliptical and “shifted” in the k-space and thus contain strong spatial
dispersions and provide more possibilities for omnidirectional impedance matching. Interest-
ingly, the combination of perfect transparency and elliptical EFCs satisfies the essential require-
ment of ideal transformation optics (TO) devices [23–27]. Therefore, such ultratransparent PhCs
not only provide a low-loss and feasible platform for TO devices at optical frequencies, but also
enable new freedom for phase manipulation beyond the local medium framework. Moreover,
such ultratransparent PhCs have shown enormous potential applications in the designs of
microwave transparent wall, nonreflection lens, omnidirectional polarizer, and so on.

2. Ultratransparency effect: the opposite of the band-gap effect

2.1. Definition of ultratransparency: omnidirectional impedance matching and aberration-
free virtual image

It is well known that the band-gap effect induced by the periodic distribution of dielectrics can
block the propagation of EM waves in certain or all directions, as illustrated in Figure 1(a). The
forbiddance of wave propagation is the result of lacking propagation modes within the PhCs,
which can be seen from the EFCs in Figure 1(a). The circle in the left denotes the EFC of free
space, and there is no dispersion of the PhCs within the band gap. Interestingly, we would like
to rearrange the periodic array of dielectrics to obtain the omnidirectional impedance
matching effect, which allows near 100% transmission of light at all incident angles, as illus-
trated in Figure 1(b).

Theoretical Foundations and Application of Photonic Crystals72

Moreover, we expect such media to have the ability of forming aberration-free virtual images,
which is absent in normal transparent media like glass. By using ray optics, it can be easily
shown that transmitted rays from a point source behind a dielectric slab would form a
“blurred” area of virtual image rather than a point image. For demonstration, we placed a
point source on the left side of a glass slab (with a thickness of d and a refractive index of 1.46)
at a distance of d, as shown in Figure 2(a). The virtual image is formed by the back tracing lines
(thin lines) of the transmitted waves in the right side (thick lines), showing evident aberrations.
In Figure 2(b), we present the zoom in “blurred” image in the region marked by dashed lines
in Figure 2(a), showing the spatial distribution of the formed virtual image. This implies that
the position of the virtual image will change if we observe from different positions, as illus-
trated in Figure 2(c).

Actually, such aberrations of the virtual image originate from the mismatch between the
EFCs of free space and dielectrics, i.e., their EFCs do not have the same height in the
transverse direction (i.e., the ky direction in Figure 1) [21]. By using ray optics, it can be
demonstrated that a circle or elliptical EFC having the same height of the EFC of free space
in the ky direction enables the formation of aberration-free virtual images [21], i.e., the EFC
has the form of

kx � pð Þ2
q

þ k2y ¼ k20, (1)

Figure 1. (a) Total reflection by a PhC slab with complete photonic band gap. (b) Aberration-free virtual image formation
through an ultratransparent medium without any reflection due to omnidirectional impedance matching. The arrows and
dashed lines in (a) and (b) represent the light rays from a point source, and the back-tracing lines, respectively. The inset
graphs show the corresponding EFCs.
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where k0 is the wave number in air, kx yð Þ is the x yð Þ component of the wave vector, p denotes the
displacement from the Brillouin zone center, and q determines the ratio of the ky and kx axes of
the ellipse, as shown in Figure 1(b). We note that the “shift” of p in the kx direction does not
affect the formation of virtual images, because such a “shift” does not change the refractive
behavior at all in this case.

Supposing that the rearrangement of the periodic array of dielectrics not only makes the whole
structure impedance matched to free space for all incident angles, but also creates the unique
EFC described by Eq. (1); thus, both omnidirectional 100% perfect transmission and
aberration-free virtual imaging are enabled simultaneously. Apparently, such a level of trans-
parency is superior to that of normal transparent media like dielectrics and is thus hereby
denoted as ultratransparency.

2.2. Ultratransparency based on local and nonlocal media

According to Fresnel equations, reflection of light on the surface of dielectrics is inevitable,
except at a single-incident angle referred to as the Brewster angle under transverse magnetic
(TM) polarization, as demonstrated in Figure 3(a). Here, we extend the impedance matching
from one particular angle (i.e., Brewster angle) to all incident angles in a nonlocal or spatial
dispersive medium, whose effective permittivity ε ky

� �
and permeability μ ky

� �
are dependent

on wave vectors.

To begin with, we assume that the nonlocal medium exhibits an irregular-shaped EFC shown
in Figure 3(b). An incident wave of transverse electric (TE) polarization with electric fields
polarized in the z direction is considered. For the TE polarization, the dispersion relation of the
nonlocal medium can be expressed in a general form as,

k2x
μy ky
� �þ k2y

μx ky
� � ¼ εz ky

� �
k20 , (2)

which determines the relationship between the components of wave vectors kx and ky.

Figure 2. The formation of “blurred” virtual image by a glass slab. (a) The existence of general reflection and aberration in
virtual images behind a glass slab. (b) The zoom in “blurred” image in the region marked by dashed lines in (a). (c) The
position of the virtual image for the observation from different positions.
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In this case, the wave impedance of free space can be derived as Z0 � Ez
Hy

¼ � μ0
kx,0 ω for TE

polarization [28–30]. Ez and Hy are the z-component of electric fields and the y-component of
magnetic fields, respectively. kx,0, μ0, and ω are the x-component of wave vector in free space,
the permeability of vacuum, and angular frequency of the EMwave, respectively. Similarly, the

wave impedance of the nonlocal medium can be written as Z ¼ � μ0μy kyð Þ
kx

ω. Then, the imped-

ance matching of the nonlocal medium and free space requires Z ¼ Z0. By considering disper-
sion relations, the impedance matching condition is obtained as,

μx ky
� �

μy ky
� �

μx ky
� �

εz ky
� �

k20 � k2y
¼ 1

k20 � k2y
(3)

If Eq. (3) can be satisfied for all ky
�� �� < k0, then omnidirectional impedance matching can be

achieved, leading to near 100% transmission of light for all incident angles.

An obvious local medium solution of Eq. (3) is that μxμy ¼ 1 and μxεz ¼ 1, which correspond to

elliptical EFCs centered at the Brillouin zone center, are consistent with transformation optics
theory [23–27]. However, this is not the only possible solution for spatially dispersive media.

Now, we consider medium with the EFC described by Eq. (1), i.e., kx ¼ p�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q k20 � k2y
� �r

. By

substituting this relation into Eq. (3) and the spatial dispersion, we obtain the analytical forms of
spatially dispersive parameters as:

μ2
y ky
� � ¼

p�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q k20 � k2y
� �r� �2

k20 � k2y
and εz ky

� �
k20 �

k2y
μx ky
� � ¼ � p�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q k20 � k2y
� �r� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k20 � k2y
q

(4)

Eq. (4) shows that when EM parameters possess spatial dispersions, there exist infinite solu-
tions of μy ky

� �
, εz ky
� �

, and μx ky
� �

for the satisfaction of Eq. (4) for all ky
�� �� < k0, indicating

infinite solutions for omnidirectional impedance matching.

Figure 3. (a) There exist reflected waves at the interface of free space and dielectrics except for the Brewster angle for TM
polarization. (b) Nonreflection and total transmission on the surface of ultratransparent nonlocal media for all incident
angles. The thin circle, thick circle, and curves in the inset graphs denote the EFCs of air, dielectrics, and the nonlocal
media, respectively.
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3. Structure-induced ultratransparency in two-dimensional PhCs

3.1. Nonlocal effective medium theory

For the design of ultratransparent PhCs, we first propose a nonlocal effective medium theory
for the homogenization of PhCs. Here, we consider uniform plane wave incidence. In this
situation, the validity of the nonlocal effective medium theory lies in the satisfaction of the
following four premises: (1) single-mode approximation [28], i.e., only one eigen-mode is
excited; (2) the amplitudes of fields at the incident boundary are almost constant; (3) the phases
of fields at the incident boundary obey the trigonometric functions; and (4) the electric and
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almost independent of y. This indicates that the eigen-fields are the boundary and have the
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Compared with Eqs. (5) and (6), the effective parameters can be derived as,
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With Eq. (7), the effective parameters of the PhC can be obtained by analyzing the eigen-fields
with Bloch wave vector kB ¼ kxbx þ kyby. We note that the Bloch wave vector is restricted in the
first Brillouin zone, and the choice of the eigen-fields of �kB or þkB depends on the direction
of group velocity. In addition, we find that this method is still valid even for the eigen-modes
far away from the Brillouin center, but the effective parameters are generally k-dependent, i.e.,
nonlocal or spatially dispersive.

3.2. Two-dimensional ultratransparent PhCs

PhCs contain strong spatial dispersions and thus provide the perfect candidate for realization of
ultratransparency effect. Here, we demonstrate a type of PhCs composed of a rectangular array
of dielectric rods in free space, with the unit cell shown in Figure 5(a). Under TE polarization, the
band structure is presented in Figure 5(b), and the EFC of the third band is plotted in the
reduced first Brillouin zone in Figure 5(c). The working frequency is chosen as fa=c ¼ 0:3183,
where f , a, and c are the frequency, the lattice constant, and the speed of light in free space,
respectively. We see that the corresponding EFC (the right dashed lines in Figure 5(c)) is indeed
a “shifted” ellipse that can be described by Eq. (1) with p ≈π=a. And the dispersion can be
approximately written as,

kx � π=a1
0:4541a2=0:5097a1

� �2

þ k2y ¼
0:5097π

a2

� �2

(8)

Figure 5(d) shows the impedance difference of the PhC and free space of the third band, i.e.,
Z�Z0
ZþZ0

���
���, where Z is the impedance of the PhC obtained from Eq. (5) and Z0 is the impedance of

free space. From Figure 5(d), it is seen that the impedance difference is very small for a very
large range of ky at the working frequency, indicating impedance matching in a large range of
incidence angles.

Moreover, in Figure 6(a), we present the effective parameters εz, eff (square dots), μx, eff (circular

dots), and μy, eff (triangular dots) of the PhC based on Eq. (7), showing the k-dependence.
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Interestingly, we find μx, eff ≈ 1, while εz, eff and μy, eff are both dependent on ky. The result of

μx, eff ≈ 1 can be physically understood. Since the resonances are localized in the dielectrics and

far away from the incident boundary, the modes propagating in the y direction are weakly
modulated by the periodicity. As a consequence, μx, eff has the same value as the relative

permeability of the background medium.

Now, by substituting the condition μx, eff ≈ 1 and the dispersion Eq. (8) into Eq. (4), the analyt-

ical form of the effective parameters εz, eff and μy, eff can be solved as,

εz, eff ky
� � ¼ � π
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k20 � k2y

q (9)

The choice of �kx depends on the direction of group velocity. Here, we choose �kx, because
hereby the band branch in the region �π=a1 < kx < 0 in the first Brillouin zone is excited, as
determined by the direction of group velocity. In Figure 6(a), εz, eff and μy, eff based on Eq. (9)

(dashed lines) show perfect match with those obtained from Eq. (7) for all ky < k0, demonstrating
the omnidirectional impedance matching effect.

For further verification, the transmittance through such a PhC slab consisting ofN (= 4, 5, 6, 15)
layers of unit cells in the x direction is numerically calculated, as presented in Figure 6(b). It is
shown that the transmittance is near unity (>99%) for nearly all incident angles (θ < 89 ∘ ) and is

Figure 5. (a) Illustration of the unit cell of the ultratransparent PhC. (b) The band structure of the PhC. The dashed line
denotes the working frequency fa=c ¼ 0:3183. (c) The EFC of the third band. The left and right dashed lines denote the
EFCs of air and the PhC at the frequency fa=c ¼ 0:3183. (d) The impedance difference of the PhC and free space of the third
band. Reprinted (figure) with permission from Ref. [21]. Copyright (2016) by the American Physical Society.
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almost irrespective of the layer number N, indicating that the total transmission is a result of
impedance matching instead of tunneling effects.

3.3. Microwave experimental verification

In fact, for transparency in a relatively smaller range of incident angles, the design process is
much easier and the effect can exist in much simpler structures. In the following, we demon-
strate a simple ultratransparent PhC, which is verified by proof-of-principle microwave exper-
iments. The PhC consists of rectangular alumina (ε ¼ 8:5) bars in a square lattice, as illustrated
by the inset in Figure 7(a). The lattice constant is set to be a = 12 mm, and the length (W1) and
width (W2) are 9.6 mm and 4.8 mm, respectively, corresponding to 0.8a and 0.4a. We consider
TE polarization with electric fields polarized along the z direction, and the band structure is
presented in Figure 7(a). The normalized frequency is chosen to be fa=c ¼ 0:4723 (marked by a
dashed line), corresponding to a working frequency around 11.8 GHz. In Figure 7(b), we can
see that the shape of EFC of fa=c ¼ 0:4723 is nearly a part of “shifted” ellipse. And the
dispersion can be approximately written as,

kx � π=a1
0:4541a2=0:5097a1

� �2

þ k2y ¼
0:5097π

a2

� �2

(10)

In addition, the impedance difference between the PhC and the free space is calculated by
using Eq. (5), as shown in Figure 7(c). Clearly, the impedance difference is very small on the

Figure 6. (a) The effective parameters εz, eff , μx, eff , and μy, eff retrieved from the eigen-fields based on Eq. (7) (symbols) and

predicted by the ultratransparency condition based on Eq. (9) (dashed lines). (b) Calculated transmittance through a PhC
slab withN (= 4, 5, 6, 15) layers of unit cells as the function of incident angles. Reprinted (figure) with permission from Ref.
[21]. Copyright (2016) by the American Physical Society.
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almost irrespective of the layer number N, indicating that the total transmission is a result of
impedance matching instead of tunneling effects.

3.3. Microwave experimental verification

In fact, for transparency in a relatively smaller range of incident angles, the design process is
much easier and the effect can exist in much simpler structures. In the following, we demon-
strate a simple ultratransparent PhC, which is verified by proof-of-principle microwave exper-
iments. The PhC consists of rectangular alumina (ε ¼ 8:5) bars in a square lattice, as illustrated
by the inset in Figure 7(a). The lattice constant is set to be a = 12 mm, and the length (W1) and
width (W2) are 9.6 mm and 4.8 mm, respectively, corresponding to 0.8a and 0.4a. We consider
TE polarization with electric fields polarized along the z direction, and the band structure is
presented in Figure 7(a). The normalized frequency is chosen to be fa=c ¼ 0:4723 (marked by a
dashed line), corresponding to a working frequency around 11.8 GHz. In Figure 7(b), we can
see that the shape of EFC of fa=c ¼ 0:4723 is nearly a part of “shifted” ellipse. And the
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EFC of fa=c ¼ 0:4723 for a large range of ky, demonstrating the wide-angle impedance
matching effect.

Moreover, the effective parameters obtained from Eq. (7) are presented in Figure 8(a) by solid
lines with symbols, showing μx, eff ≈ 1 for ky < 0:818π=a as the result of weakly modulated

Figure 7. (a) Band diagram of the experimental PhC for TE polarization. The dashed line denotes the working frequency
fa=c ¼ 0:4723. The inset is the illustration of the unit cell of the PhC. (b) EFCs in the frequency range 0:397 ≤ fa=c ≤ 0:547.
The left and right dashed lines denote the EFCs of air and the PhC at the frequency fa=c ¼ 0:4723. (c) The impedance
difference of the PhC and the free space in the frequency range 0:397 ≤ fa=c ≤ 0:547.

Figure 8. (a) Effective parameters εz, eff , μx, eff , and μy, eff retrieved from the eigen-fields based on Eq. (7) (solid lines with

symbols) and predicted by the ultratransparency condition based on Eq. (11) (dashed lines). (b) Transmittance through a
N (= 4, 5, 6, 15)-layered PhC slab as the function of incident angles.

Theoretical Foundations and Application of Photonic Crystals80

modes propagating in the y direction. By inserting the condition μx, eff ≈ 1 and the dispersion

Eq. (10) into Eq. (4), the analytical expressions of εz, eff and μy, eff can be derived as,
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(11)

In Figure 8(a), the dashed lines denote εz, eff and μy, eff based on Eq. (11) (negative sign is

chosen), showing excellent coincidence with those from Eq. (7) for ky < 0:818π=a (i.e., θ < 60 ∘ ).

Furthermore, we calculate the transmittance through the PhC slab with N (= 4, 5, 6, 15) unit
cells, as shown in Figure 8(b). It is clearly seen that there exists near-unity transmittance for all

Figure 9. (a) Photo of the PhC composed of alumina bars (white) placed inside the microwave field mapper. The
measured electric-field distributions for microwave beams with incident angles of (b) 0�, (c) 30�, and (d) 45�. Reprinted
(figure) with permission from Ref. [21]. Copyright (2016) by the American Physical Society.
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incident angles of θ < 60 ∘ (i.e., ky < 0:818π=a) irrespective of N, demonstrating the wide-angle
impedance matching effect.

Next, we show microwave experimental results to verify the above theory. A 23 � 5 array of
such a PhC is assembled in the xy plane inside a parallel-plate waveguide composed of two flat
aluminum plates, as shown in Figure 9(a). The separation between the two aluminum plates is
10.5 mm, slightly larger than the height of the bars (10 mm), but smaller than half of the
wavelength of interest (25.4 mm for 11.8 GHz) to make sure that the whole experimental
chamber can only support transverse EM modes. A microwave beam with a finite width was
launched through a waveguide made of absorbing materials (in black in Figure 9(a)). The
lower metal plate along with the PhC array was mounted on a translational stage. The electric
field was measured via an antenna fixed in a hole in the upper metal plate (not shown here).
Both the emitting and probing antennas are connected to our Agilent E5071C network ana-
lyzer to acquire the transmitted magnitude and phase of microwave signals. Such a setup
allows us to measure the spatial distributions in the xy plane for a series of incident angles
from 0� to 60� at the working frequency of 11.8 GHz.

The measured electric fields for 0�, 30�, and 45� incident angles are displayed in Figure 9(b),
(c), and (d), respectively. Clearly, the reflection is barely noticeable, indicating impedance
matching for all these incident angles. In Figure 10, the measured transmittance (triangular
dots) coincides with simulation results (solid lines) quite well, both showing great enhance-
ment compared with that through an alumina slab with the same thickness (dashed lines).
Although the ultratransparency effect is hereby only verified at the microwave frequency
regime, the principle can be extended to optical frequency regime by using PhCs composed of
silicon or other dielectrics.

Figure 10. Transmittance through the PhC slab in simulations (solid lines) and experiments (triangular dots) and an
alumina slab having the same thickness (dashed lines) as the function of incident angles. Reprinted (figure) with
permission from Ref. [21]. Copyright (2016) by the American Physical Society.
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4. Structure-induced ultratransparency in one-dimensional PhCs

In the above, we have shown the structure-induced ultratransparency in two-dimensional
PhCs. In the following, we demonstrate the structure-induced ultratransparency in one-
dimensional PhCs [22].

The one-dimensional ultratransparent PhC we studied is composed of two dielectric materials
A and B stacked along the x direction (Figure 11(c)). As we know, neither the dielectric
material A nor B is perfectly transparent due to impedance mismatch. As a result, a large
amount of EMwaves are always reflected at the surface of dielectrics, as illustrated in Figure 11
(a) and (b). Interestingly, when we periodically stack the two dielectric slabs with appropriate
filling ratio and lattice constant, the reflection waves on the dielectrics can cancel each other;
thus, wide-angle and even omnidirectional nonreflection can be obtained, as illustrated in
Figure 11(c).

Figure 12(a) presents the band structure of the PhC, whose unit cell is constructed in a
symmetric form, i.e., ABA structure, as shown by the inset in Figure 12(a). The relative
permittivity and filling ratio of the material A (B) are 2 (6) and 0.6 (0.4), respectively. The
dashed line denotes the normalized frequency fa=c ¼ 0:397, which is chosen as the working
frequency.

In Figure 12(b) and (d), the EFCs at the frequency fa=c ¼ 0:397 for the TE and TM polarizations
are plotted, respectively. It is seen that the EFCs can be approximately regarded as a part of an
ellipse with the center located at the X point. In addition, the impedance difference between
the PhC and air is shown in Figure 12(c) (for the TE polarization) and Figure 12(e) (for the TM
polarization). It is seen that the impedance difference is very small for a large range of ky in the

Figure 11. (a) and (b) show general reflection on the slab made of materials A and B, respectively. (c) Elimination of
general reflection by a one-dimensional ultratransparent PhC composed of ABA unit cells. The orange arrows represent
the rays of light emitted by a point source. Reprinted (figure) with permission from Ref. [22]. Copyright (2016) by the
Optical Society.
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incident angles of θ < 60 ∘ (i.e., ky < 0:818π=a) irrespective of N, demonstrating the wide-angle
impedance matching effect.
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lower metal plate along with the PhC array was mounted on a translational stage. The electric
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regime, the principle can be extended to optical frequency regime by using PhCs composed of
silicon or other dielectrics.

Figure 10. Transmittance through the PhC slab in simulations (solid lines) and experiments (triangular dots) and an
alumina slab having the same thickness (dashed lines) as the function of incident angles. Reprinted (figure) with
permission from Ref. [21]. Copyright (2016) by the American Physical Society.
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4. Structure-induced ultratransparency in one-dimensional PhCs
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Figure 12. (a) Band structures of the PhC for TE and TM polarizations. The dashed lines denote the working frequency
fa=c ¼ 0:397. The inset denotes the illustration of the unit cell. (b, d) the EFCs of the PhC and (c, e) the impedance
difference between PhC and free space in the second band for (b, c) TE and (d, e) TM polarizations. Reprinted (figure)
with permission from Ref. [22]. Copyright (2016) by the Optical Society.
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reciprocal space for both polarizations, demonstrating a wide-angle and polarization-
insensitive impedance matching effect. Moreover, from Figure 12(b) and (c), it is also seen that
the impedance difference is small in the frequency range from fa=c ¼ 0:376 to fa=c ¼ 0:428,
indicating a broadband impedance matching effect. Therefore, a one-dimensional PhC
exhibiting a broadband, wide-angle, and polarization-insensitive impedance matching effect
is realized.

For further verification, the transmittance through the PhC slab composed of N unit cells is
calculated. The numerical setup for the transmission computation is shown in Figure 13(a). A
TE-polarized plane wave is incident from air in the left side. The upper and lower boundaries
are set as periodic boundary condition. From the electric-field distribution in Figure 13(a), we
see that almost all the waves can propagate through the PhC slab with 6 unit cells under the
incident angle of 45 ∘ . In Figure 13(b), the transmittance is plotted as the functions of the
incident angle and the number of unit cells (N = 4, 5, 6, 15) for the frequency fa=c ¼ 0:397,
showing N-independent almost perfect transmission for all incident angles of θ < 70 ∘ .

Moreover, in Figure 14(a) and (b), the transmittance through a PhC slab (N ¼ 10) as the func-
tions of the incident angle and normalized frequency for TE and TM polarizations is presented,
which clearly demonstrates the broadband, wide-angle, and polarization-insensitive transpar-
ency of the PhC.

Although awide-angle (0–70 ∘ ) rather than omnidirectional impedancematching effect is obtained
in such a one-dimensional PhC, we may still view such a PhC as an ultratransparent PhC. Com-
pared with the two-dimensional ultratransparent PhCs, the one-dimensional ultratransparent
PhCs have the advantages of broadband and polarization-insensitive impedance matching.

Figure 13. (a) The numerical setup for the transmission computation. The color denotes the distribution of electric fields
under θ ¼ 45 ∘ incident angle. (b) Transmittance as the function of the incident angle when EM waves propagate through
the PhC slab composed ofN (= 4, 5, 6, 15) unit cells. Reprinted (figure) with permission from Ref. [22]. Copyright (2016) by
the Optical Society.
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indicating a broadband impedance matching effect. Therefore, a one-dimensional PhC
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see that almost all the waves can propagate through the PhC slab with 6 unit cells under the
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ency of the PhC.

Although awide-angle (0–70 ∘ ) rather than omnidirectional impedancematching effect is obtained
in such a one-dimensional PhC, we may still view such a PhC as an ultratransparent PhC. Com-
pared with the two-dimensional ultratransparent PhCs, the one-dimensional ultratransparent
PhCs have the advantages of broadband and polarization-insensitive impedance matching.
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In addition, the easy design and fabrication of the one-dimensional PhCs may lead to more
practical applications.

5. Applications

5.1. For transformation optics

In the above, we have demonstrated the ultratransparency in both one- and two-dimensional
PhCs. In the following, we show some applications of such ultratransparent PhCs. It is inter-
esting to note that the omnidirectional perfect transparency and elliptical EFCs of the
ultratransparent media are essential for ideal TO devices. The theory of TO [23–27] promises
many novel and interesting applications, such as invisibility cloaks [23, 25, 31, 32], concentra-
tors [33], illusion optics devices [34–36], and simulations of cosmic phenomena [37, 38]. Gen-
erally, the TO devices are realized by using metamaterials [14–20], which require complicated
designs of electric and magnetic resonances, hindering the realization and applications in
practice. In fact, most of the previous TO experiments were realized by using the so-called
reduced parameters, which maintain the refractive behavior, but sacrifice the impedance
matching as well as the perfect transparency [25, 39–45]. Moreover, at optical frequencies, the
inherent loss in metallic components of metamaterials makes the realization of perfect trans-
parency as well as the ideal nonreflecting TO devices extremely difficult [46, 47], if not
impossible. Interestingly, we find that the ultratransparent PhCs provide a low-loss and feasi-
ble platform for TO devices at optical frequencies.

To begin with, we consider a TO medium obtained by stretching the coordinate along the x
direction in background medium of air. For TE polarization with electric fields polarized in the
z direction, the parameters of the TO medium have the relationship [48]:

εz ¼ 1=μx ¼ μy ¼ 1=s (12)

where s is the stretching ratio. εz, μx and μy are the z component of relative permittivity tensor,

x and y components of relative permeability tensor, respectively.

Figure 14. Transmittance as the functions of the incident angle and the frequency for (a) TE- and (b) TM-polarized waves
propagating through the PhC slab with 10 unit cells. Reprinted (figure) with permission from Ref. [22]. Copyright (2016)
by the Optical Society.
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Considering Eq. (12), the dispersion of the TO medium, i.e., k2x
μy
þ k2y

μx
¼ εzk20, can be rewritten as

k2x
1=s2

þ k2y ¼ k20 (13)

which has the similar form as that of Eq. (1). The EFC of the TO medium is an ellipse having the
same height as the EFC of air in the ky direction (Figure 15(a)), as that of the ultratransparent
media. When the stretching ratio is larger than unity, i.e., s > 1, the EFC of the TO medium (the
right ellipse) seems slimmer than the EFC of air (the left circle) in Figure 15(a), and the coordi-
nate mesh is looser in the x direction in the TO medium region, as illustrated in Figure 15(a).

The only difference of the EFCs between the TO medium and the ultratransparent medium is
that there may exist a “shift” of p in the kx direction (Eq. (1)) for the ultratransparent medium
(Figure 15(b)). Interestingly, such a “shift” does not affect the refractive behaviors, but enables
new freedom for phase manipulation beyond the local medium framework.

For demonstration, we show a specific example in Figure 16. The ultratransparent PhC is one-
dimensional and composed of components I and II. The unit cell is constructed in a symmetric
way with a lattice constant of a, as illustrated by the inset in Figure 16(a). The relative
permittivity and thickness of the component I (II) are 2.132 (5.522) and 0:3a (0:4a), respectively.
In Figure 16(a), the EFC of the PhC at the normalized frequency fa=c ¼ 0:402 for TE polariza-
tion is plotted as the solid lines, which can be viewed as a part of an elliptical located at the X

point. Compared with the EFC of the TO medium with εz;μx;μy

n o
¼ 0:5; 2; 0:5f g (dashed

lines in Figure 16(a)), we see that the EFC of the PhC has the same height in the ky direction,
which satisfies the requirement proposed above.

Moreover, simulations of wave propagation through the TO medium slab with a thickness of 5a
(upper inset) and a PhC slab with 5 unit cells (lower inset) are performed, as shown in Figure 16(b).

Figure 15. (a) Upper inset: the EFCs of air (the left circle) and TO media obtained by stretching air in the x direction (the
right ellipse). Lower inset: scheme of the TOmedium slab (with loose mesh) in the background medium of air (with dense
mesh). (b) Upper: the EFC of the ultratransparent PhC (the right ellipse with solid lines), which has a “shift” in the kx
direction compared with the EFC of the TO media (dashed lines). Lower inset: the ultratransparent PhC is used to replace
the TO medium slab in (a).
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that there may exist a “shift” of p in the kx direction (Eq. (1)) for the ultratransparent medium
(Figure 15(b)). Interestingly, such a “shift” does not affect the refractive behaviors, but enables
new freedom for phase manipulation beyond the local medium framework.
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dimensional and composed of components I and II. The unit cell is constructed in a symmetric
way with a lattice constant of a, as illustrated by the inset in Figure 16(a). The relative
permittivity and thickness of the component I (II) are 2.132 (5.522) and 0:3a (0:4a), respectively.
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¼ 0:5; 2; 0:5f g (dashed

lines in Figure 16(a)), we see that the EFC of the PhC has the same height in the ky direction,
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Simulation results show perfect transmission under the incident angle of 45�. Interestingly, we notice
a π phase difference in the transmission waves, which actually is caused by the “shift” of the PhC’s
EFC and odd number of unit cells. On the other hand, if the total number is even, there will be no
phase difference, which is confirmed in the simulation results in Figure 16(c). In Figure 16(c), the
thickness of the TOmedium slab is 6a (upper inset), and the number of unit cells of the PhC slab is 6
(lower inset). Comparing the transmissionwaves, we see identical phases under the incident angle of
45�. The results demonstrate that the ultratransparent PhC can approximately work as the TO

medium with εz;μx;μy

n o
¼ 0:5; 2; 0:5f g.

Next, we show an example of TO device by using one-dimensional ultratransparent PhCs. The
design process is shown in Figure 17(a), in which the original shell of a concentrator [33] is
discretized into four layers and each layer is further replaced by a corresponding
ultratransparent PhC. Figure 17(b) shows the parameters of the discretized layers of TO media
and the ideal profile. The corresponding four types of ultratransparent PhCs are of the same
lattice constant a and of 4, 2, 2, and 1 units for the A, B, C, and D layers, respectively. The EFCs
of PhCs and the discretized layers of TO media are shown in Figure 17(c). It can be seen that
the EFCs of PhCs have almost the same shapes with their corresponding layers, but are
“shifted” by π=a in the k-space.

The detailed parameters of the PhCs are presented in Figure 18. The insets present the illustra-
tions of unit cells, relative permittivities, and thicknesses of each component of the four
different PhCs. Moreover, the transmittance through PhC slabs with 10 unit cells is plotted as
the function of incident angles, as shown by the solid lines in Figure 18(a–d). During the
calculation, the background media are chosen as the discretized TO media (Figure 17(b)) with

the parameters μx;μy; εz
n o

being 1:52; 0:658; 0:793f g, 1:64; 0:61; 0:855f g, 1:84; 0:543; 0:96f g,
and 2:045; 0:489; 1:067f g, respectively. It is clearly seen that the four PhCs all have near-unity
transmittance in a wide-angle range (0� 70 ∘ ).

Figure 16. (a) The EFCs of the PhC for TE polarization. The solid line and dashed line denote the EFCs of the PhC and the
TO medium at the normalized frequency fa=c ¼ 0:402, respectively. (b, c) The snapshot of electric fields for wave propa-
gating through a TO medium slab (upper inset) and a PhC slab (lower inset) under an incident angle of 45�. The thickness
of the TO medium slab is (b) 5a, (c) 6a, and the number of unit cells of the PhC slab is (b) 5, (c) 6.
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Moreover, numerical simulations are performed to demonstrate the functionality of the con-
centrator. Figure 19(a) and (b) corresponds to the concentrator composed of the original
discretized TO media and the ultratransparent PhCs, respectively. It is seen that under an
incident beam of Gaussian wave from the lower left, both concentrators exhibit good concen-
tration effects in the core areas and induce almost no scattering of waves. Interestingly, the
waves inside the core areas exhibit a distinct phase difference of π. This discrepancy is a result
of the new freedom introduced by the “shift” of EFCs in the k-space, i.e., spatial dispersion.

Therefore, we have demonstrated that ultratransparent media can work as the TO media to
realize TO devices. Such ultratransparent media not only provide a low-loss and feasible
platform for TO devices at optical frequencies, but also enable new freedom for phase manip-
ulation beyond the local medium framework.

5.2. For microwave transparency

In the microwave regime, the ultratransparent media are also very useful and may have many
applications in the design of radome, transparent wall, and so on. Here, we show an example

Figure 17. (a) Illustration of the design process from a concentrator composed of discretized layers of TO media (upper)
to one composed of ultratransparent PhCs (lower). (b) Parameters of the discretized layers of TO media and the ideal
profile. (c) EFCs of the discretized layers of TO media (dashed lines) and the corresponding PhCs (solid lines). Reprinted
(figure) with permission from Ref. [21]. Copyright (2016) by the American Physical Society.
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Figure 18. Transmittance through the PhC slabs with 10 unit cells as the function of incident angles. The PhCs in (a), (b),
(c), and (d) correspond to the PhCs in regions A, B, C, and D, respectively. The insets are the structure, the relative
permittivities, and the thicknesses of the components of the PhCs.

Figure 19. Electric field distributions in the concentrators made of (a) discretized TO media and (b) ultratransparent
PhCs. Reprinted (figure) with permission from Ref. [21]. Copyright (2016) by the American Physical Society.
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of microwave transparent wall which allows the WiFi and 4G signals to pass through freely,
and thus may find applications in architectural designs.

The microwave transparent wall is composed of one-dimensional ultratransparent PhCs with
ABA unit cells. Materials A and B are chosen as polypropylene (εA ¼ 2:3) and concrete
(εB ¼ 9). As we know, a wall (with a thickness of 42.5 cm) composed of only material A or B
would lead to Fabry-Pérot resonance-induced oscillation in the transmission spectrum, as
shown by the Figure 20(a) and (b). Interestingly, if we utilize the composite structure with
ABA unit cells, broadband, wide-angle, and polarization-insensitive transparency can be
obtained. Specifically, the lattice constant a of the unit cell is set to be 4.25 cm, and the filling
ratio of the material A (B) is 0.6 (0.4). In Figure 20(c) and (d), the transmittance through a wall
of 10 unit cells is plotted as the function of the incident angle and the working frequency for TE
and TM polarizations, respectively. Obviously, almost 100% transmittance is obtained in a
broad frequency band (from 2.3 GHz to 2.7 GHz) and a wide-angle range (for almost all
θ < 60 ∘ ) for both polarizations. We note that the frequency range covers the working fre-
quency of Wi-Fi signal (with 2.4 GHz) and 4G signal (2.3 GHz~2.7 GHz). Thus, such micro-
wave transparent walls may have applications in architectural designs.

6. Conclusions and outlook

In this chapter, we introduced the recent results of the structure-induced ultratransparency
effect in both one- and two-dimensional PhCs, which allow near 100% transmission of light

Figure 20. Transmittance with respect to the incident angle and the frequency for EM waves propagating through a slab
made of (a) material A for the TE polarization, (b) material B for the TE polarization, (c, d) 10 unit cells of ABA for the (c)
TE and (d) TM polarizations. Reprinted (figure) with permission from Ref. [22]. Copyright (2016) by the Optical Society.

Structure-Induced Ultratransparency in Photonic Crystals
http://dx.doi.org/10.5772/intechopen.71274

91



Figure 18. Transmittance through the PhC slabs with 10 unit cells as the function of incident angles. The PhCs in (a), (b),
(c), and (d) correspond to the PhCs in regions A, B, C, and D, respectively. The insets are the structure, the relative
permittivities, and the thicknesses of the components of the PhCs.

Figure 19. Electric field distributions in the concentrators made of (a) discretized TO media and (b) ultratransparent
PhCs. Reprinted (figure) with permission from Ref. [21]. Copyright (2016) by the American Physical Society.

Theoretical Foundations and Application of Photonic Crystals90

of microwave transparent wall which allows the WiFi and 4G signals to pass through freely,
and thus may find applications in architectural designs.

The microwave transparent wall is composed of one-dimensional ultratransparent PhCs with
ABA unit cells. Materials A and B are chosen as polypropylene (εA ¼ 2:3) and concrete
(εB ¼ 9). As we know, a wall (with a thickness of 42.5 cm) composed of only material A or B
would lead to Fabry-Pérot resonance-induced oscillation in the transmission spectrum, as
shown by the Figure 20(a) and (b). Interestingly, if we utilize the composite structure with
ABA unit cells, broadband, wide-angle, and polarization-insensitive transparency can be
obtained. Specifically, the lattice constant a of the unit cell is set to be 4.25 cm, and the filling
ratio of the material A (B) is 0.6 (0.4). In Figure 20(c) and (d), the transmittance through a wall
of 10 unit cells is plotted as the function of the incident angle and the working frequency for TE
and TM polarizations, respectively. Obviously, almost 100% transmittance is obtained in a
broad frequency band (from 2.3 GHz to 2.7 GHz) and a wide-angle range (for almost all
θ < 60 ∘ ) for both polarizations. We note that the frequency range covers the working fre-
quency of Wi-Fi signal (with 2.4 GHz) and 4G signal (2.3 GHz~2.7 GHz). Thus, such micro-
wave transparent walls may have applications in architectural designs.

6. Conclusions and outlook

In this chapter, we introduced the recent results of the structure-induced ultratransparency
effect in both one- and two-dimensional PhCs, which allow near 100% transmission of light

Figure 20. Transmittance with respect to the incident angle and the frequency for EM waves propagating through a slab
made of (a) material A for the TE polarization, (b) material B for the TE polarization, (c, d) 10 unit cells of ABA for the (c)
TE and (d) TM polarizations. Reprinted (figure) with permission from Ref. [22]. Copyright (2016) by the Optical Society.

Structure-Induced Ultratransparency in Photonic Crystals
http://dx.doi.org/10.5772/intechopen.71274

91



for all incident angles and create aberration-free virtual images. The ultratransparency
effect is well explained by nonlocal effective medium theory for PhCs and verified by both
simulations and proof-of-principle microwave experiments. The design principle lies in
systematic tuning of the microstructures of the PhCs based on the retrieved nonlocal effec-
tive parameters.

With the ultratransparent media, many applications can be expected such as the perfectly
transparent optical lens, ideal TO devices, microwave transparent devices, and solar cell pack-
aging. Interestingly, the ultratransparent media with “shifted” elliptical EFC not only provides a
low-loss and feasible platform for TO devices at optical frequencies, but also enables new
degrees of freedoms for phase manipulation beyond the local medium framework. In addition,
microwave transparent walls allowing the WiFi and 4G signals to pass through freely can also
be realized.

Although the ultratransparency effect is mainly demonstrated for TE polarization here, the
principle is general and can be extended to TM polarization, or even both polarizations.
Polarization-independent ultratransparency has wide and important applications. On the
other hand, polarization-dependent ultratransparent media could also have some special
applications. For instance, if the PhC is ultratransparent for TE polarization, while the working
frequency falls in an omnidirectional band gap for TM polarization, such a PhC would work as
an omnidirectional polarizer.

The concept and theory of ultratransparency give a guideline for pursuing solid materials with
the ultimate transparency, i.e., broadband, omnidirectional, and polarization-insensitive total
transparency. In the future, ultratransparent solid materials may be optimized to exhibit an
unprecedented level of transparency and find vital applications in various fields.
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Abstract

In this paper, we presented a detailed discussion about the influence of the substrate wet-
tability on the colloidal assembly and the resultant functionality of the films. It covers the 
basic assembly principle for colloidal crystals, the basic understanding of the substrate 
wettability on colloidal assembly, and the detailed explanation of the influence by give 
a full examples of various assembly from the substrate with distinct wettability, such as 
superhydrophilic, hydrophilic, hydrophobic, superhydrophobic and hydrophilic-hydro-
phobic pattern substrate.
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1. Introduction

Colloidal crystals [1–4] has aroused wide research attention owing to its fascinating light 
manipulation properties and important application in sensing [5–18], detecting [19–22], cata-
lytic [23, 24] and some special optic devices [25–32]. Colloidal crystals are generally fabricated 
from the well-ordered assembly of the monodispersed latex particles or infiltrating the func-
tional materials into the template and subsequent template removal (the typical fabrication 
process for the inverse opals). Accordingly, colloidal assembly plays an important role on the 
resultant functional, unique properties and the resulted potential applications. In this paper, 
we presented a detailed discussion about the influence of the substrate wettability on the col-
loidal assembly and the resultant functionality of the films. It covers the basic assembly prin-
ciple for colloidal crystals, the basic understanding of the substrate wettability on colloidal 
assembly, and the detailed explanation of the influence by giving a full examples of various 
assembly from the substrate with distinct wettability, such as superhydrophilic, hydrophilic, 
hydrophobic, superhydrophobic and hydrophilic-hydrophobic pattern substrate.
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tability on the colloidal assembly and the resultant functionality of the films. It covers the 
basic assembly principle for colloidal crystals, the basic understanding of the substrate 
wettability on colloidal assembly, and the detailed explanation of the influence by give 
a full examples of various assembly from the substrate with distinct wettability, such as 
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1. Introduction

Colloidal crystals [1–4] has aroused wide research attention owing to its fascinating light 
manipulation properties and important application in sensing [5–18], detecting [19–22], cata-
lytic [23, 24] and some special optic devices [25–32]. Colloidal crystals are generally fabricated 
from the well-ordered assembly of the monodispersed latex particles or infiltrating the func-
tional materials into the template and subsequent template removal (the typical fabrication 
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we presented a detailed discussion about the influence of the substrate wettability on the col-
loidal assembly and the resultant functionality of the films. It covers the basic assembly prin-
ciple for colloidal crystals, the basic understanding of the substrate wettability on colloidal 
assembly, and the detailed explanation of the influence by giving a full examples of various 
assembly from the substrate with distinct wettability, such as superhydrophilic, hydrophilic, 
hydrophobic, superhydrophobic and hydrophilic-hydrophobic pattern substrate.
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2. Basic assembly principle for colloidal crystals

Colloidal assembly has become a well-known process since more than 5 decades’ investi-
gation of the colloidal assembly [33]. As shown in Figure 1, the colloidal assembly process 
includes the crystal nucleus by capillary force among latex particles, when the liquid front 
covers the half of the particles and crystal growth driven by the convective force owing to 
solvent evaporation and solvent reflux. A common mode for colloidal assembly includes ver-
tical deposition approach. Where, the substrate is vertically placed in a colloidal solution, 
then a film of colloidal particles is formed at the interface between the substrate and the liquid 
surface with the solvent evaporation and the liquid surface drops. The formation of colloidal 
assembly is mainly originated from the driven force of capillary force between the drying col-
loidal particles at the meniscus of the solvent [34].

It is well known that the colloidal assembly is mainly depended on the assembly tempera-
ture, assembly humidity, and plenty of researches literatures took a careful investigation of 
the influence of various influencing factors on assembly behavior, assembly structure, and 
resultant property of colloidal crystals. Meantime, many assembly approach, such as spin 
coating, spray coating, inkjet printing, has been developed to improve the duplicated, assem-
bly rate, controllable assembly, scalable assembly and high-quality assembly. Where, the ver-
tical deposition approach has become a common method owing to its economic and easily 
duplicated in most laboratory (Figure 1C). In this following part, we would like to discuss the 
influence of the substrate wettability on colloidal assembly.

Figure 1. Mechanism of colloidal PCs assembly. (A) Colloidal particles assembly forced by the liquid flow as evaporation 
of the solvent; (B) acting on a colloid trapped at an air water substrate interface; (C) schematic illustration of the 
convective self-assembly technique in vertical deposition way [33, 34].
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3. Basic understanding of the substrate’s wettability on colloidal 
assembly

To understand the basic influence of the wettability on colloidal assembly, we present a basic 
concept of the substrate wettability and depict a detailed analysis about the effect of substrate 
wettability on the assembly process, assembly force and etc.

3.1. Basic concept of substrate wettability and the basic understanding of the 
wettability on the colloidal assembly

Wettability is a basic property of liquid on solid surface, it is determined by surface chemical com-
position and surface roughness, as shown in Figure 2. Generally, the wettability is evaluated by the 
water contact angle (CA), i.e., static CA. It is defined by integrated angle for the three-phase contact 
line of liquid, gas and solid after a droplet spread on the substrate (Figure 2A). Based on different 
statistic CA, distinct substrate is determined. The hydrophilic substrate with CA < 65°, indicat-
ing a strong attraction of liquid on solid surface, which results in droplet spreading. Especially 
superhydrophilic substrate is obtained when CA is around 0° (Figure 2C). Hydrophobic substrate 
with CA > 90°, meaning a limited attraction between solid and liquid surface, a less spread is 
observed for droplet on the substrate. Recently, the diving line is set as 65°, a new dividing line 

Figure 2. Wettability of interfaces. (A) Statistic contact angle, (B) sliding angle with different substrate adhesive, (C) schematic 
illustration of different wettability state [35].
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Figure 3. Formation of colloidal PCs as substrate is hydrophilic. (A) Illustration of coffee stain formation and a 
microscope image of a coffee stain formed by fluorescently labeled 5-μm particles; (B) on a hydrophilic substrate, the 
competition of Marangoni flow (red arrows) and the evaporation-driven capillary flow (black arrows) resulted the ring-
shape or the disk shape. (C) Schematic depiction of the aggregation of monodisperse spheres on hydrophilic PMMA and 
hydrophobic FAS-coated glass substrates [36].

between hydrophilic and hydrophobic, is defined by Prof. Lei Jiang. Superhydrophobic substrate 
with water CA > 150°, is a special substrate, it is difficult for the droplet to spread upon it. Such as 
the lotus surface. Besides statistic CA, sliding angle is also a judgment of wettability of substrate. 
As shown in Figure 2B, when a droplet and three phase contact line (TCL) can stay steadily on a 
solid substrate it indicates high-adhesive, in the contrast, droplet and TCL can easily move on a 
low-adhesive substrate. Both static CA and the sliding angle plays an important role on the col-
loidal assembly. The substrate with different water CA showed various potential applications.

3.2. Basic understanding of the influence of the substrate wettability on colloidal 
assembly from static and dynamic wettability

Here, we understand the influence of the substrate’s wettability on colloidal assembly by 
qualitatively analyzing the relationship between the substrate wettability on the evaporation 
time/rate and the evaporation force when a droplet spreading on the substrate. As shown in 
Figure 3, for the hydrophilic substrate with lower CA, having a large spreading area. In this 
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case, the droplet keeps constant contact area and decreased water CA during evaporation 
process, as a result, a short time or fast evaporation rate is observed for the droplet evapora-
tion. In contrast, when droplet is on the hydrophobic substrate, the droplet keeps constant 
CA but a decreased contact area during evaporation process. As a result, a longer evapora-
tion time and slower evaporation rate occurs in the evaporation system. Accordingly, there 
would be a short assembly time on hydrophilic substrate, and a longer assembly time on 
hydrophobic substrate. On the other hand, substrate wettability will affects the pinning or 
sliding or TCL on the substrate, the sliding TCL will produce an addition driven force for the 
latex assembly, will contributing to distinct assembly structure and colloidal property as well.

As regarding of the research progress related to the influence of the wettability on colloidal 
assembly, there is an obvious increased paper published after Year 2004, as shown in Figure 4. 
Which presented the research papers number (related to colloidal assembly & wettability) 
ranging from 1991 to 2014, the data is searched from database of Web of Science. Clearly, less 
papers is related to the colloidal assembly &wettability prior to 2004, there are only 1–2 papers 
published in 1991. In comparison, a rapid growth of the paper numbers related to colloidal 
assembly/wettability occurred after the period. More than 100 papers published related to the 
topic in Year 2014. In the following part, we will list a full example to understand what the 
influence of the substrate’s wettability on the colloidal assembly.

4. Full examples for the understanding of the influence of wettability 
on colloidal assembly

Wettability of substrate plays an important effect on the colloidal assembly by affecting its 
assembly time, assembly rate and assembly process. In this section, we summarized various 

Figure 4. Number of science articles that searching result of “assembly” + “wettability”.
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examples to give a full description of the influence of the wettability on the colloidal assem-
bly process and its resultant assembly structure. Wherein, the substrate with wettability, 
such as superhydrophilic, hydrophilic, hydrophobic, superhydrophobic, pattern-substrate is 
considered.

4.1. Superhydrophilic substrate

Superhydrophilic substrate with water CA of 0o, shows excellent spreading behavior for 
the colloidal suspension. In this case, the resultant colloidal assembly structure showed an 
uniform distribution. Therefore, superhydrophilic substrate is generally thought to be opti-
mal substrate for the colloidal assembly at the earlier assembly literature. How to achieve a 
superhydrophilic substrate has ever to be an important technical issue for the well-ordered 
colloidal assembly [37]. Accordingly, many early assembled literatures are carried out on 
superhydrophilic substrate. Many outstanding and impressing assembly work is done on 
superhydrophilic substrate. Typically, many colloidal crystals are assembled on superhydro-
philic substrate by vertical deposition, spin coating, spray coating.

4.2. Hydrophilic substrate

Hydrophilic substrate with water CA <65o have a special “coffee-ring” effect on colloidal 
assembly. Coffee ring is aroused owing to the faster evaporation rate in the exterior region 
of the droplet comparing that interior region, thus more latex transfer from the interior 
toward the exterior region, which resulted in the more deposit and assembly of the latex 
particles at the brim of the droplet, leaving less latex at the center of the droplet, forming 
a ring-shaped structure (left part of Figure 3B and C). Much work is developed to remove 
coffee ring effect by introducing temperature filed, surfactant. Of course, some research-
ers fabricated some interesting pattern by taking advantage of the coffee-ring effect. For 
example, Gu et al. [36] displayed different assemble modes of PC in hydrophilic and hydro-
phobic substrate in Figure 3. They used different concentration suspension dripple onto 
polymethyl methacrylate (PMMA) substrate and FAS-treated glass substrate in the hydro-
philic substrate, ring and crater structure can be obtained, while on hydrophobic substrate, 
hemisphere structure also appear for the liquid shrink to a dot. The assembly process of col-
loidal particles on different wettability substrate can be described as follows. Furthermore, 
Gu et al. developed a ring-shape colloidal crystal by taking advantage of coffee-ring phe-
nomenon for artificial eye-pupil structure.

4.3. Hydrophobic substrate

Hydrophobic substrate with water CA of higher than 65o, showed special evaporation behav-
ior than that on the hydrophilic substrate. Particularly, TCL recedes owing to the lower adhe-
sive force of particles on the substrate when droplet evaporating on hydrophobic substrate. 
Just because the receding TCL, the coffee ring effect can be effectively removed on hydropho-
bic substrate (right part in Figure 3B and C). In this case, a sphere-rich phase near the sol-
vent/air interface was caused by evaporation of the solvent (first stage); the crystallization of 
spheres at the rim of drop occurred when the concentration exceeded a critical value (second 
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stage); receding TCL aggregate the latex toward the center of the droplet (third stage). As a 
result, a final compact assembly structure can be obtained “similar to dome”. The application 
of the hydrophobic substrate may produce some novel and functional assembly structure.

Liu et al. [38] fabricated controllable inkjet printing lines by adjusting the ink droplets’ dynamic 
wettability on hydrophobic substrate (Figure 5A and B). Mixing the ink with water and ethyl-
ene glycol to adjust the ink droplet’s surface tension and the nanoparticle concentration. Distinct 
dynamic wettability of ink droplets on the hydrophobic substrate could be achieved owing to 
the different surface tension and nanoparticle concentration. In the first case, the surface ten-
sion of droplet 1 and 2 were similar, the TCL of droplet was hardly pinned owing to no particle 
assembly at TCL. A spherical cap was obtained after coalescing and drying of ink, as shown in 
Figure 5A1. In contrast, if the surface tension of droplet 1 was smaller than droplet 2, the TCL 
of droplet was pinned and a straight line could be obtained after coalescing and drying owing 
to nanoparticles assembled at the TCL of the droplet 1. Furthermore, a stronger pinning TCL 
and dumbbell shape was formed with more nanoparticles assembling at the TCL, as shown in 
Figure 5A2 and A3. As a result, different line shapes of wave, straight footprint and wave with 
straight footprint were obtained, as shown in Figure 5B. Hydrophobic substrate was used for 
the removal of the coffee ring. Typically, Cui et al. [40] made a research about a drop of a col-
loidal suspension of latex spheres dropped onto a hydrophobic-silica pillar array (HSPA) with 
high contact hysteresis to remove coffee ring effect. In details, a drop of colloidal suspension 
with latex spheres presents a Wenzel state with high CA hysteresis on the surface of HSPA, 
which leads to the pinning of contact line (CL) during the solvent evaporation. Then more latex 
spheres will be deposited on the periphery of the drop to accelerate growth of the porous gel foot 
(means the aggregation of latex spheres at the edge of the droplet). Subsequently, the  capillary 

Figure 5. (A) Three typical coalescing cases of the neighboring ink droplets induced by different dynamic wettability 
of ink droplets on the substrates. (B) Optical microscope images of the as-printed PC lines with wave and straight 
footprints. Three typical straight PC lines (red, green, and blue) demonstrating good optical properties and the insets 
are the corresponding SEM images [38]. (C, D) fabrication of photonic crystal dome on hydrophobic substrate by inkjet 
printing [39].
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flow formed based on a growing gel foot. Finally, a uniform colloidal deposition without a 
coffee ring structure is obtained owing to the existence of gel foot and capillary flow. Finally, 
“coffee ring” diminished as well as closed-packing PC structure can be obtained. Due to the fast 
shrinking of the TPCL. Furthermore, hydrophobic substrate was used for the fabricated of the 
PC dome array by inkjet printing by Kuang et al. [39] in Figure 5C–D. They inkjet printed latex 
suspension on the hydrophobic substrate, obtained dome-like PC sphere, which can effectively 
avoid the angle-dependent property of the stopband of PC, providing an important insight for 
the wide-view display applications of PCs. That is, the hydrophobic substrate provides an effec-
tive approach for the fabrication of colloidal crystals with excellent wide-angle property [41–46].

4.4. Superhydrophobic substrate

Superhydrophobic substrate is a special substrate with water CA > 150o, the rolling angle less 
than 5°, as well as low adhesive surface. The large water CA makes it possible for the spherical 
colloidal assembly. While the low-adhesive property of substrate contributed to the formation 
of crack-free colloidal assembly.

The application of superhydrophobic substrate is helpful for the fabrication of spherical 
PCs and crack-free colloidal PCs. For example, Velev et al. [47] reported an approach for 
colloidal assembly in droplets on superhydrophobic substrates (Figure 6A), which yields 

Figure 6. (A) Schematics of the process for making spherical colloidal assemblies on superhydrophobic. The inset 
displays the hexagonal close-packed structure of latex spheres inside an opal ball of 540 nm latex [47]. (B) Schematic 
of supra-particle formation by evaporating a droplet containing suspension of silica and gold nanoparticles. Top and 
angled view of “golden doughnut” supra-particles on the right-down inset. The inset on the left-down shows an overlay 
of experimental images for the side-view profile of a drying droplet with silica particles over time fabricated from a 
droplet containing 330-nm-diameter silica [48]. (C) Schematic illustrations of the microshape fabrication of PC particles 
on superhydrophobic substrates based on different dynamic behaviors of the TCL, (i) continuous receding, (ii) receding 
and then pinning, and (iii) asymmetric receding of the TCL [49].
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better control over the final shape and creates supra-particles that are easily detached and 
ready to use. The resultant colloidal assembly is near-spherical and spheroidal supraballs. 
The process of sample are as follows: the droplet of colloidal latex or mixed with gold 
nanoparticles showed superhydrophobic and high CA hysteresis owing to the small pin-
ning areas formed between low-density polyethylene and substrate. Thus the colloidal 
spheres were inclined to form a close-packed microsphere crystals with the evaporation of 
solvents due to the decrease of free volume between latex particles. As a result, the spherical 
colloidal PC with colored ringlike diffraction patterns was formed. Later, they developed 
this method and obtained shape-anisotropic (“doughnut”) and composition-anisotropic 
(“patchy magnetic”) supra-particles [48] in Figure 6B. At the initial stage, near-spherical 
shape was obtained due to a high contact angle. During the process of solvent evapora-
tion, silica suspension droplets undergo shape transitions (concaving) leading the structure 
of the final assemblies to doughnut supra-particles. Furthermore, composition anisotropy 
is achieved by drying a droplet containing a mixed suspension of latex and magnetic 
nanoparticles among a magnetic field gradients. The magnetic nanoparticles assembled 
into single, bilateral, or trilateral, patched spherical supra-particles. Additionally, the shape 
of the microsphere can be tuned by Zhou et al. from microbeads to microwells to micro-
ellipsoids via adjusting the dynamic behaviors of the three-phase contact line (TCL) during 
the evaporating process on superhydrophobic substrates [49] (Figure 6C). The assembly of 
PC structure is prepared by dispensing aqueous colloidal latex spheres droplet (acting as 
self-assembly template) onto superhydrophobic substrate and evaporates naturally. The 
high CA (≈151°) of colloidal latex droplet on the superhydrophobic substrate contributed 
to the formation of self-assemblies templates. Microbead PC assemblies was obtained by 
continuous homogeneous receding of the TCL of the aqueous colloidal droplet evaporating 
on superhydrophobic substrate (scheme Ci). But for dimpled microbead or microwell PC 
assemblies (scheme Cii), the reason for its formation maybe the change in the moving direc-
tions of the colloidal spheres caused by pinning of the TCL during aqueous colloidal droplet 
evaporation. Furthermore, asymmetric receding of TCL benefits the interesting anisotropic 
PC assemblies (scheme Ciii). It worth to be noted that high-quality crack-free colloidal PC 
can be fabricated from superhydrophobic substrate. For instance, Huang et al. [50] fabri-
cated a centimeter scale PCs on low-adhesive super-hydrophobic substrates (Figure 7). It 
shows the schematic illustration of colloidal PCs assembled on high Fad substrate and low 
Fad superhydrophobic substrate. The red dashed lines indicate the changing trend of the 
TCL during different drying conditions. The latex particles at first assemble on the surface 
of the suspension, and then shrink with further solvent evaporation. When the latex par-
ticles dry on a substrate with high Fad, the pinned TCL and latex shrinkage causes tensile 
stress and crack formation. In contrast, large-scale crack-free colloidal PCs are achieved 
on a superhydrophobic substrate with low Fad due to the timely release of tensile stress as 
the TCL recedes. The sample showed high quality and crack-free property, it is especially 
important, the sample showed an evident narrow stopband with full-width-at-half-maxima 
of the stopbands of just 12 nm due to the receding TCL during evaporation process, which 
releases the tensile stress induced by latex shrinkage. The work is of great significance for 
the creation of novel and high-quality PC optic devices.
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4.5. Pattern colloidal crystals from the combination of the hydrophilic/hydrophobic 
substrate

Wettability also can be used for design patterned PCs [51]. Colloidal crystals with different 
patterns in various colors may be obtained through tuning the wettability of assemble sub-
strate, and different particles, Also, asymmetric or dissymmetric pattern can also be created 
in wettability gradient surface.

Figure 8A exhibited a detailed description about the fabrication of the substrate with modi-
fied wettability. For example, Young et al. demonstrated the structure of the PS colloidal 
crystals which were fabricated on the hydrophilic/hydrophobic Si wafers by a spin-coating 
technique (Figure 8A). PS spheres organized as ordered close-packed face-centered cubic 
structure on the hydrophilic surface while they gathered without the crystal structure on 
the hydrophobic surface. Lee et al. [52] made site-selective assembly available and designed 
a surface with alternating wetting region and dewetting region in Figure 8B, then the par-
ticles only confined and assembled in the wet region. Therefore, wettability induced PC pat-
tern can be obtained. The basic concept of site-selective assembly of colloidal particles on a 
wettability-patterned surface are shown in Figure 8B. The relative fraction of the wet region 
W to the dewet region D and droplet volume decided the wetting layer morphology includ-
ing the CA. First, a generate patterned wettability was obtained by liquid crystal (LC) align-
ment layer irradiated via UV light through a photomask. Then a periodic array of circular W 
regions surrounded by intact D regions was obtained. When dropping an LC/prepolymer 
solution with colloidal particles on the as-prepared wettability patterned substrate, it could 

Figure 7. (A) Schematic illustration for the fabrication of crack-free PC on low-adhesive superhydrophobic substrate. (B, 
C) SEM images of the as-prepared colloidal PCs with diameter of 224 nm assembled on low-adhesive superhydrophobic 
substrate. The images demonstrate perfectly ordered latex arrangement and close-packed assembly structures of the 
PCs [50].
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be confined to the W regions. A highly close-packed structure of colloidal particles located 
in the W region was formed. Trough different value of H, two assembly cases of colloidal 
particles that in central or boundary regions could be formed.

Wu et al. [53] presented a strategy to fabricate controllable 3D structures and morpholo-
gies from one single droplet via inkjet printing (Figure 9A and B). The 3D morphology of 
microcolloidal crystal pattern was controlled by hydrophilic pattern induced asymmet-
ric dewetting. First, using a hydrophobic silicon wafer with patterned hydrophilic pin-
ning spots (green shading) as substrate. Then nanoparticles contained precisely designed 
droplets array was prepared by inkjet printing. Arrayed 3D microcolloidal crystals with 
controllable morphology were achieved owing to the hydrophilic pattern induced asym-
metric dewetting. Many morphologies of quadrilateral, pentagon, hexagon and etc. could 
be obtained through different hydrophilic patterns. Wang et al. [54] fabricated a micro-
ring PC made of colloidal particles by taking advantage of a superhydrophilic flat transfer 
substrate and a superhydrophobic groove–structured silicon template (Figure 9C). The 
process of “sandwich assembly” was mainly used by a superhydrophobic groove struc-
tured template and a flat superhydrophilic transfer substrate. The as-prepared microrings 
showed homogeneous bring–green color owing to the fluorescent signal and favorable 
waveguide property. Yoo et al. [55] reported a flexible superhydrophobic PDMS cage 
formed by superhydrophobic patterns encompassing the unmodified region for aqueous 

Figure 8. (A) a detailed description about the fabrication of the substrate with modified wettability. (B) schematic 
diagrams showing underlying concept of site-selective assembly of colloidal particles: Liquid crystal (LC)/prepolymer 
solution containing colloidal particles on wettability-patterned surface with wet regions (W) and dewet regions (D) and 
wettability-patterning process using UV exposure on LC alignment layer (top) and array of LC/prepolymer droplets 
produced only in wet regions where the colloidal particles are confined (bottom) [52].
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controllable morphology were achieved owing to the hydrophilic pattern induced asym-
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be obtained through different hydrophilic patterns. Wang et al. [54] fabricated a micro-
ring PC made of colloidal particles by taking advantage of a superhydrophilic flat transfer 
substrate and a superhydrophobic groove–structured silicon template (Figure 9C). The 
process of “sandwich assembly” was mainly used by a superhydrophobic groove struc-
tured template and a flat superhydrophilic transfer substrate. The as-prepared microrings 
showed homogeneous bring–green color owing to the fluorescent signal and favorable 
waveguide property. Yoo et al. [55] reported a flexible superhydrophobic PDMS cage 
formed by superhydrophobic patterns encompassing the unmodified region for aqueous 

Figure 8. (A) a detailed description about the fabrication of the substrate with modified wettability. (B) schematic 
diagrams showing underlying concept of site-selective assembly of colloidal particles: Liquid crystal (LC)/prepolymer 
solution containing colloidal particles on wettability-patterned surface with wet regions (W) and dewet regions (D) and 
wettability-patterning process using UV exposure on LC alignment layer (top) and array of LC/prepolymer droplets 
produced only in wet regions where the colloidal particles are confined (bottom) [52].
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droplet  positioning and trapping in Figure 9D. A PTFE film with nano-sized bumpy struc-
tures could be fabricated by femtosecond laser ablation under ambient conditions. Then a 
superhydrophobic PDMS surface was easily replicated from the superhydrophobic PTFE 
mold owing to the tribological properties of PTFE. As a result, a superhydrophobic cage 
structure on a PDMS replica surface was prepared by laser enabled direct writing. The opti-
cal image of one superhydrophobic cage structure was shown in Figure 9D. Subsequently, 
dropping a liquid with colloidal particles on the surface of superhydrophobic PDMS, col-
loidal particles self-assembly in this superhydrophobic cage during evaporation process, 
forming a self-assembled PC.

Choi et al. [44] employed a fast, high-through method to fabricate size-tunable micro/nanopar-
ticle clusters via evaporative assembly in picoliter-scale droplets of particle suspension on 
hydrophobic substrate. Various morphologies that particle clusters with accurate positioning 

Figure 9. (A) Manipulating 3D morphology of microcolloidal crystal pattern through hydrophilic pattern induced 
asymmetric dewetting. (B) SEM images of various assembly units through designed hydrophilic pinning pattern [53]. (C) 
Fluorescence optical and SEM images of micro-ring PC and its waveguide property [54]. (D) Schematics of superhydrophobic 
surface production by FS laser direct writing. Photographs of superhydrophobic polytetrafluoroethylene (PTFE) film and 
superhydrophobic polydimethylsiloxane (PDMS) replica. (E) PDMS superhydrophobic cage. (F) Microscopic pictures of 
self-assembled structures on a superhydrophobic cage. The scale bars are 1 mm. Magnified reflection and transmission 
microscopic pictures of self-assembled structures consisting of 280 nm PS particles from colloidal droplets. Scale bars 
are 500 μm [55].
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and alignment are demonstrated (shown in Figure 10A and B). the whole fabrication process 
includes: (i) Particle suspension menisci are extruded to the upfront end of the membrane 
by gravity. (ii) Contact of the head with the substrate is achieved. (iii) Surface tension of the 
substrate attracts a fraction of the suspension fluid. (iv) Picoliter-scale droplets are transferred 
to the substrate via pinch-off processes. (v) Rapid evaporative self-assembly of the particles 
forms 3-D clusters. In this case, the printing head was fabricated by the method of apply-
ing traditional microfabrication technology to SOI (Silicon-On-Insulator) substrates while a 
micro/nanoparticle suspension container was achieved by being wet-etched of backside. A 
microporous membrane with a 200 nm thickness was released on the head after the above 
whole process. After the suspension was loaded into the head, the meniscus of the droplet 
was completely extruded to the front of the head. Then, multiple picoliter-scale (2 − 20pL) 
droplet of particle suspension was transferred from the bulk suspension to the substrate by 
direct contact of the head with the substrate. This whole process could be achieved less than 
5 s. The evaporative self-assembly process is controlled by gravity force and surface tension 
force of a contacting surface and controlled sizes and spacing of particle clusters.

Kim et al. [56] reported a novel and controllable patterning technique for 3D or 2D colloidal 
arrays of polymeric domes using photocurable emulsion droplets as templates (Figure 10C–E). 
The oil-in-water emulsion droplets will adhere selectively on the surface with a high interfacial 
affinity. The preparation process includes the following parts: first, a patterned glass substrate 
was prepared by microcontact printing with a hydrophobic ink of octadecyltrichlorosilane (OST). 
The OTS molecules binded covalently on the clean glass which from a poly(dimethylsiloxane) 
(PDMS) stamp. PDMS stamps had cylindrical posts of patterned arrays or characters by soft-
lithography. Then, dropping oil-in-water emulsion in the surface of prepatterned glass substrate. 

Figure 10. Schematics of printing procedure. (A) Serial processes for the fabrication of the PC sphere on hydrophobic 
substrate. (B) SEM views of zinc oxide nanoparticle (diameter ≈ 30 nm) clusters [44]. (C) Schematic of mounting and 
solidifying of droplets on a substrate pre-patterned with a hydrophobic moiety. (D) Optical microscopy images of 
patterned photonic domes of a 260-mm diameter with a 500-mm interval. They are composed of 170-nm silica particles 
(33 vol%) in an ETPTA matrix. (E) SEM image of the dome pattern; the inset shows the surface morphology of the dome. 
Scale bars, 500 μm [56].
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Figure 11. (A) Photography of the bio-inspired PC microchip with hydrophilic PC dots on hydrophobic substrate. The 
inset shows the magnified picture corresponding to PC dots of different stopbands. The scale bar is 200 mm. The CA of 
PDMS substrate is 115.0 ± 3.1° while CA of the PC dot was 46.4 ± 3.4°.(B) schematic representation of the cocaine detection 
mechanism and the fluorescence intensities at different cocaine concentrations. The inset shows a linear relationship 
between fluorescence intensity and the logarithm of the cocaine concentration (1 × 10−10 to 1 × 10−16 mol L−1) [20].

The oil phase was ethoxylated trimethylolpropane triacrylate (ETPTA), which could be photocur-
abled. In water, a high CA of 158.4°for ETPTA on the bare glass was showed but it was inclined 
to spread over the OTS-coated glass with a low CA of 8°. As a result, the ETPTA drops could be 
selectively adsorbed on the patterned OTS dots. Finally, a pattern of hemispherical colloidal PC 
was prepared by using ETPTA droplets with SiO2 particles. The as-prepared colloidal PC dome 
presented hexagonal arrangement of colloidal silica particles on its surface, which corresponded 
to the (111) plane of the FCC lattice.

Ultratrace detection is of enormous interest in early diagnosis, drugs testing, explosives detec-
tion, and ecopollution determination [57–60]. Fog collecting structure on Stenocara beetle’s 
back gives a good example to fabricate a PC microchip with hydrophilic–hydrophobic micropa-
ttern by inkjet printing. It makes high-sensitive ultratrace detection of fluorescence analytes 
and fluorophore-based assays possible. For example, Hou et al. [20] prepared a PC micro-
chip which was printed by the hydrophilic monodispersed poly(styrene-methylmethacrylate-
acrylic acid) (poly(St-MMA-AA)) spheres on a hydrophobic polydimethylsiloxane (PDMS) 
substrate. All PC dots (Figure 11A) were about 200 mm in diameter. They were assembled 
from the monodispersed colloidal spheres with diameters of 180, 215, and 240 nm, named as 
PC180, PC215, and PC240, respectively. The wettability between a PC dot and a PDMS substrate 
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is quite different. Because of hydrophilic-hydrophobic micropattern, the analyte in the highly 
diluted solution droplet can be concentrated onto the PC dot. This phenomenon is mainly 
due to the wettability difference between the hydrophilic PC dot and the hydrophobic PDMS 
substrate. The solution dewetted from the hydrophobic substrate and was concentrated to the 
hydrophilic PC dot with the water evaporation. In Figure 11B, the PC dot was functionalized 
with capture DNA. By enriching the cocaine molecules and the R6G-labeled target DNA from 
solution onto the PC dot, it was possible to detect cocaine. After enriching cocaine on the PC 
dot and specifically capturing by a DNA-functionalized PC dot and R6G-labeled target DNA, 
the high-efficient fluorescence detection could be realized (Figure 11C and D).

5. Conclusions

In conclusion, we presented a summarization about the influence of the substrate wettability 
on colloidal assembly. It is clear that the substrate with different wettability produces a distinct 
influence on the colloidal assembly process, the resultant assembly structure and the resulting 
functionality, it will bring about new insight for the creation of novel-type PC optic devices.
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chip which was printed by the hydrophilic monodispersed poly(styrene-methylmethacrylate-
acrylic acid) (poly(St-MMA-AA)) spheres on a hydrophobic polydimethylsiloxane (PDMS) 
substrate. All PC dots (Figure 11A) were about 200 mm in diameter. They were assembled 
from the monodispersed colloidal spheres with diameters of 180, 215, and 240 nm, named as 
PC180, PC215, and PC240, respectively. The wettability between a PC dot and a PDMS substrate 
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is quite different. Because of hydrophilic-hydrophobic micropattern, the analyte in the highly 
diluted solution droplet can be concentrated onto the PC dot. This phenomenon is mainly 
due to the wettability difference between the hydrophilic PC dot and the hydrophobic PDMS 
substrate. The solution dewetted from the hydrophobic substrate and was concentrated to the 
hydrophilic PC dot with the water evaporation. In Figure 11B, the PC dot was functionalized 
with capture DNA. By enriching the cocaine molecules and the R6G-labeled target DNA from 
solution onto the PC dot, it was possible to detect cocaine. After enriching cocaine on the PC 
dot and specifically capturing by a DNA-functionalized PC dot and R6G-labeled target DNA, 
the high-efficient fluorescence detection could be realized (Figure 11C and D).

5. Conclusions

In conclusion, we presented a summarization about the influence of the substrate wettability 
on colloidal assembly. It is clear that the substrate with different wettability produces a distinct 
influence on the colloidal assembly process, the resultant assembly structure and the resulting 
functionality, it will bring about new insight for the creation of novel-type PC optic devices.
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Abstract

In this chapter, a new paradigm is developed for optical computation using photonic
crystals. As photonic crystals are the most sophisticated optical materials to date, infor-
mation processing using this structure is one of the most sought-after technologies in
photonics. While the semiconductor industry is striving hard to increase the micropro-
cessors’ processing power, it is certain that the trend would not last forever as against
Moore’s prediction. At this juncture, photonics technologies have to compete with the
upcoming quantum computing technology to emerge as a promising successor for
semiconductor microprocessors. This chapter is devoted to the introduction of photonic
crystals as the workhorse for an all-optical computational system with a myriad of logic
gates, memory units, and networks which can be constructed using these structures.

Keywords: optical computing, optical logic gates, optical memory, nanocavity,
optical Kerr effect

1. Introduction

Modern computers evolved out of the semiconductor technology which began with the inven-
tion of transistor in 1948 [1]. Compared to previous generation of computers which used
vacuum tubes, transistors were smaller, reliable, and efficient. In a subsequent development,
integrated circuit which incorporates several transistors into a single chip was invented in 1958
[2]. This was a real revolution for the semiconductor technology which has enabled scalability
of the processing power with an increase in the number of transistors that are inducted into the
chip. In addition, these chips consume less power, run faster, and are smaller than their
transistor counterparts. With an ever-increasing demand for processing power, there is a
corresponding increase in demand for fabricating chips with more and more transistors in
them. This has resulted in miniaturization of the individual transistor components in the chip,
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which has now crossed into the nano regime [3]. This trend is supposed to end somewhere in
the near future, due to the size of individual components reaching the size of individual atoms.
This roadblock in semiconductor technology can be solved by embracing alternative technolo-
gies such as optical computing.

Ever since the advent of lasers, there have been deliberate efforts to develop an optical analog
for computation. Optical computation was initially envisaged as a hybrid system consisting of
electronic and optical components. This venture turned out to be unsuccessful due to the
unfeasible conversion time required from one system to another [4]. Even today, this is a
daunting task, provided the communication networks are all made of optical fibers. However,
the processing part is currently done by semiconductor microprocessors. With the introduction
of photonic crystals, there is again a renewed interest in an otherwise dropped plan of optical
computation. Photonic crystals have got the potential to create an all-optical information
processing system. This will have an overwhelming influence on the information processing
capacity of the communication system as a whole. In this chapter, an overview of such an
optical computational system which can be implemented using a photonic crystal is outlined.
An introduction to computer architecture is given in Section 2. The basics of planar photonic
crystals are described in Section 3. The implementation of logic gates using photonic crystals is
discussed in Section 4. An optical memory unit which can be implemented using photonic
crystals is delineated in Section 5. The chapter is concluded in Section 6.

2. Computer architecture

Computer architecture deals with the design which stipulates the working of a computer with
its components such as microprocessor, memory, and input/output devices [5]. Ever since the
introduction of von Neumann architecture in 1945 for the computer called EDVAC, it has been
the de facto architecture for electronic computers for the subsequent generations to date [6].
Although the discussion in this section centers on this architecture, one cannot be sure if the
future optical computers would continue to lean on this architecture. For the first time, the von
Neumann architecture embarked on the concept of stored program for realizing a general
purpose computer. This enabled the computer to perform different computational tasks based
on the program stored in its memory. Other salient features of this architecture include the
usage of binary digits and sequential execution of instructions from a given program. Major
components of von Neumann architecture consist of central processing unit (CPU), memory
unit, and input/output units. The general outline of von Neumann architecture is shown in
Figure 1.

In a modern computer, microprocessor occupies the position of central processing unit by
handling data processing and system control [7]. The data processing part is done by arith-
metic/logic unit and register array of the microprocessor, whereas the system control is done
by the control unit. Primitive computers had these units separately, but with the advancement
in circuit integration technology, it is possible to incorporate them onto a single chip. A micro-
processor takes data from input devices such as keyboard and mouse, processes those data
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according to the instructions stored in the memory, and sends the processed data into an
output device such as monitor [8]. In this process, the data and control signals are transferred
between microprocessor, memory, and input/output devices through a communication network
known as the system bus. A typical microprocessor operation consists of fetch-execute cycles. A
microprocessor fetches an instruction from the memory and executes that instruction on the
input data. Afterward, it goes to the next instruction in the memory, fetches, and executes it. This
process goes on until the last instruction before finishing a given task according to the program
stored in the memory.

3. Planar photonic crystals

Photonic crystals (PhCs) are artificial periodic structures made of dielectric materials [9]. They
are generally classified into three categories based on the dimensionality of the structure—1D,
2D, and 3D. Two dimensional structures such as planar photonic crystals, which are useful in
integrated photonic circuits, are considered here for discussion. In these structures, air holes
are arranged periodically across the plane of the structure such that the spacing between them
is less than the wavelength of light propagating through them [10]. This causes light to reflect
away from the air hole structure when trying to pass through them. On the other hand, light
can propagate through a channel made within this structure with width more than the wave-
length of light [11]. In some ways, this is analogous to cutting a road for transportation. This
type of light localization feasible within these structures has made them suitable for integrated
photonics circuits. Similar to optical fibers used in communication, these structures also exhibit
very low loss for the passage of light as against the case of their electronic counterparts [12]. In
this way, this technology is an energy efficient alternative for integrated circuits with minimal
heat loss. A schematic representation of PhC slab with channel for light passage is shown in
Figure 2.

Figure 1. Outline of von Neumann architecture for computer.
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3.1. Structure of photonic crystal slabs

Photonic crystal slab is a planar structure made of silicon or other compound semiconductor
material with periodically varying refractive index [13]. Toward this goal, air holes are etched
in these structures such that a photonic band gap (PBG) is formed for certain wavelengths at
which light cannot propagate through this structure. For these wavelengths, when some
defects are created within the structure by disturbing the periodicity, light can be channelized
through them with little propagation loss [14]. This is the working principle of a PhC slab. The
PBG formation in a periodically varying refractive index structure is analogous to band gap
formation for electrons in a crystal structure with Bragg diffraction from multiple ion lattice
sites [15]. In planar photonic crystals, the Bragg diffraction is due to the periodic variation in
refractive index by air holes. The PBG formed in a planar photonic crystal is not three dimen-
sional. Rather, the band formed in it is two dimensional. In this way, there is light confinement
for a defect in the horizontal plane of the PhC slab, whereas the vertical directions remain
unconfined [16]. This can give rise to loss along the vertical directions. To do away with this
loss, total internal reflection with the underlying silica or air layer is sought such that the light is
confined within the structure [17]. Accordingly, for a silicon PhC slab, two types of structures are
possible, one with silica and another with air as the underlying medium, as shown in Figure 3.

3.2. Nanocavities in photonic crystal slabs

Similar to a line defect which creates a channel waveguide, a point defect can create a nanocavity
in the PhC slab structure [18]. Due to the requirement of tight light confinement in the vertical
directions, an air-cladding photonic crystal structure having high refractive index contrast with
the slab is preferred to a silica cladding for realizing a nanocavity [19]. A nanocavity can be
created in a PhC slab by various means. It can be realized by creating a point defect, a line
defect, or a width-modulated line defect in a photonic crystal [20]. A fourth method is also in
practice wherein a double heterostructure results in a nanocavity. Each one of these

Figure 2. Schematic representation of photonic crystal slab with channel for light passage.
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nanocavities is illustrated in Figure 4. For a point-defect nanocavity, a slight shift of the air
holes from their regular positions away from the cavity region is found to produce significant
increase in the Q factor of the cavity. Similarly, for a line defect cavity, a shift in the end holes

Figure 3. Schematic diagrams of two classes of photonic crystal slab structures, (a) with silica as the cladding layer and
(b) with air as the cladding layer.

Figure 4. Schematic representation of nanocavities along with various coupling schemes: (a) a point-defect nanocavity
with side coupling with the waveguide, (b) a line-defect nanocavity with in-line coupling with the waveguide, and (c) a
width-modulated line defect nanocavity with shoulder coupling with the waveguide.
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away from the cavity region offers an appreciable increase in the Q factor. Among these
configurations, width-modulated line defect cavity and double-heterostructure cavity offer
the highest Q factors and are the preferred configurations for nanocavity-based applications.
There are various coupling schemes for coupling a nanocavity with a channel waveguide. Of
these, side coupling, in-line coupling, and shoulder coupling schemes which are commonly in
use are represented in Figure 4.

3.3. Fabrication of photonic crystal slabs

PhC slabs can be fabricated using electron beam lithography or UV lithography technique [21].
While electron beam (e-beam) lithography is suitable for fabrication on a laboratory scale, UV
lithography suits to the requirements for mass production. In both schemes, there are a series
of steps to be followed for realizing a PhC slab with an air cladding. For silicon PhC slabs, the
readily available SOI (silicon-on-insulator) wafer used in semiconductor industry is used as a
substrate for realizing PhC slabs [22, 23]. On the other hand, for compound semiconductors,
the substrates have to be custom-made in the laboratory [24]. The process steps involved in the
fabrication of silicon PhC slabs are considered here. Initially, the SOI wafer is coated with an
e-beam resist such as polymethyl methacrylate (PMMA). The pattern that has to be imprinted
is transferred from a CAD onto the surface of the resist using an e-beam. The resist is sensitive
to e-beam, and the exposed parts of the resist are subsequently removed using chemicals in the
development stage. This process is analogous to photographic film development in analog
photography. The resulting resist which contains holes at lattice points serves as a template for
the subsequent etching process on SOI. After etching is done in the silicon layer, the resist and
the underneath silica layer are removed to form the air-cladding PhC slab. These process steps
involved in the fabrication of silicon PhC slabs are illustrated in Figure 5.

Figure 5. Series of process involved in the fabrication of silicon photonic crystal slabs.
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4. Logic gates using photonic crystals

Many of the phenomena in optics can very well be described within the framework of wave
theory of light based on Maxwell’s equations, without resorting to the complexity of quantum
mechanics. Even today, this is the preeminent theory which stands out against the test of time
[25]. Nonlinear optics which is an offshoot of classical electrodynamics is also a branch of
optics. Even though nonlinearity is routine in electronic devices such as diodes and transistors,
it was not so in optics until the invention of laser. Laser, due to its high intensity, can have
electric field strength comparable to bond strength between atoms, resulting in nonlinear
response from the optical materials through which it propagates [26]. The nonlinear response
from the medium can be modeled by taking into account of the Taylor series expansion of the
electric field of the laser light. This can be explicitly represented in terms of polarization of the
medium, wherein higher order terms in series describe the nonlinear polarization [27],

P Eð Þ ¼ ε0 χ1Eþ χ2E
2 þ χ3E

3 þ⋯
� �

, (1)

where first term denotes linear polarization, and higher order terms represent nonlinear
polarization. Here, E is electric field strength, ε0 is permittivity in free space, and χ1,χ2,χ3,…
denote first-order, second-order, and third-order electric susceptibilities, and so on. Eq. (1) can
be used for describing various nonlinear optical processes which can occur in a system.
Accordingly, first-order term in Eq. (1) is responsible for linear polarization, second-order term
is responsible for second harmonic generation, and third-order term is responsible for third
harmonic generation, optical Kerr effect, and so on. Optical Kerr effect is responsible for
change in refractive index corresponding to intensity of the light source [28]. Intensity depen-
dent refractive index is expressed as,

n Ið Þ ¼ n0 þ n2I, (2)

where n0 is the linear refractive index and n2 is the nonlinear refractive index coefficient. The
value of n2 can be positive or negative depending on the type of material. Thus, for a material
with positive n2, the overall refractive index increases and vice versa. The intensity dependent
variation in refractive index can be used for making optical logic gates. But, in this approach,
the nonlinearity of the medium turns out to be crucial as it relates to the operation of the logic
gates. Hence, materials with high nonlinearity are preferred to those with weak nonlinearities.
Since nonlinearity of silicon is very low when compared to other compound semiconductors, it
may not be the suitable candidate for realizing such all-optical logic gates [29]. Further, with
the materials of high nonlinearity, deploying ultrashort pulses down to femtosecond range
results in faster switching [30]. In this way, nonlinear response of the medium can be put to
good use for realizing logic gates in PhC slabs.

4.1. NOT gate in a photonic crystal

Logic gates are fundamental building blocks of a digital computer [31]. Basic logic operations
such as NOT, AND, OR, as well as their derivatives can be generated using these digital circuits.
Truth table of a logic circuit represents the output of the circuit under various conditions of input.
The truth table and circuit symbol of a NOT gate are shown in Figure 6(a). It is possible to carry
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configurations, width-modulated line defect cavity and double-heterostructure cavity offer
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use are represented in Figure 4.
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the subsequent etching process on SOI. After etching is done in the silicon layer, the resist and
the underneath silica layer are removed to form the air-cladding PhC slab. These process steps
involved in the fabrication of silicon PhC slabs are illustrated in Figure 5.

Figure 5. Series of process involved in the fabrication of silicon photonic crystal slabs.
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4. Logic gates using photonic crystals
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P Eð Þ ¼ ε0 χ1Eþ χ2E
2 þ χ3E

3 þ⋯
� �

, (1)
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harmonic generation, optical Kerr effect, and so on. Optical Kerr effect is responsible for
change in refractive index corresponding to intensity of the light source [28]. Intensity depen-
dent refractive index is expressed as,
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where n0 is the linear refractive index and n2 is the nonlinear refractive index coefficient. The
value of n2 can be positive or negative depending on the type of material. Thus, for a material
with positive n2, the overall refractive index increases and vice versa. The intensity dependent
variation in refractive index can be used for making optical logic gates. But, in this approach,
the nonlinearity of the medium turns out to be crucial as it relates to the operation of the logic
gates. Hence, materials with high nonlinearity are preferred to those with weak nonlinearities.
Since nonlinearity of silicon is very low when compared to other compound semiconductors, it
may not be the suitable candidate for realizing such all-optical logic gates [29]. Further, with
the materials of high nonlinearity, deploying ultrashort pulses down to femtosecond range
results in faster switching [30]. In this way, nonlinear response of the medium can be put to
good use for realizing logic gates in PhC slabs.

4.1. NOT gate in a photonic crystal

Logic gates are fundamental building blocks of a digital computer [31]. Basic logic operations
such as NOT, AND, OR, as well as their derivatives can be generated using these digital circuits.
Truth table of a logic circuit represents the output of the circuit under various conditions of input.
The truth table and circuit symbol of a NOT gate are shown in Figure 6(a). It is possible to carry
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out the inverting operation done by the NOT gate using a PhC slab by exploiting the optical
nonlinearity. A nonlinear medium with negative value for n2 can be used for achieving this goal
as shown in Figure 6(b). Here, the coupling between the waveguide and nanocavity is such that
when there is no optical pulse at the input waveguide, the bias light would emerge at the output
waveguide. On the other hand, when an optical pulse is passed through the input waveguide,
refractive index of the medium gets reduced due to negative nonlinearity of the medium. As a
result, the resonant wavelength of the resonator differs considerably from the input wavelength
of the bias light, resulting in decoupling of the bias light from the nanocavity and the output
waveguide. In this way, the requirement of a NOT gate can be satisfied using this design,
wherein the presence of an optical pulse at the input end gives no light at the output, and the
absence of an optical pulse gives light at the output end of the waveguide. Here, the presence of a
pulse at the input waveguide denotes a logic one, and the absence of a pulse denotes a logical
zero. The same can also be implemented using materials with positive value for n2.

It would be useful to adopt some naming conventions before dwelling further into the topic. In
this regard, it is useful to note that there are two types of nonlinear media, one with positive
Kerr nonlinearity (n2 is positive) and the other with negative Kerr nonlinearity (n2 is negative).
Here, these two nonlinearities are represented in the sketch of PhC slab by P and N, respec-
tively. In the sketches, a lighter shade is used to represent a material with positive Kerr
nonlinearity, whereas the one with a darker shade represents negative Kerr nonlinearity.
Moreover, based on the resonance wavelength of the nanocavity, three types of cavities are
possible. A cavity having resonance at the same wavelength as that of the input light is
denoted by A in the sketch, whereas a cavity with resonance wavelength lower than the input

Figure 6. (a) Circuit symbol and truth table of a NOT gate and (b) implementation of NOT operation using a photonic
crystal slab.
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light is denoted by L, and a cavity whose resonance wavelength is set higher than the input
light is denoted by H in the sketch. When an incoming radiation satisfies the resonance
condition of the cavity [32],

2nd ¼ pλ, (3)

it is allowed to pass through the cavity. In other cases, the cavity would block the passage of
light through it. In Eq. (3), d is cavity length, λ is wavelength of light, p is an integer, and n is
the refractive index of the medium within the cavity given by Eq. (2). From this equation, it is
clear that the resonance wavelength of the cavity is decided by the cavity length and refractive
index of the medium. A cavity can be designed such that a slight deviation from the resonance
cavity length can be compensated by the variation in refractive index due to the optical Kerr
effect. In this way, when the refractive index of the medium gets altered by the input pulse, the
resonance condition of the cavity sets in, allowing the passage of light through the cavity.
When there is no input light pulse, resonance condition of the cavity is disturbed, resulting in
blockage of the light. This is the working principle of a cavity-based optical switching circuit.
In total, two types of nonlinearities along with three types of cavity configurations result in six
possible combinations. Of these, four can be put to good use for creating logic gates.

4.2. OR gate in a photonic crystal

For an OR gate, the output is a logical one even if either of the inputs is a logical one. It gives a
logical zero only when all of the inputs are at logical zero. For two inputs A and B, the OR
logical operation is expressed by A + B. The circuit symbol and truth table of an OR gate are
given in Figure 7(a). This logical operation can be implemented in a PhC slab by using a
combination of three nanocavities as shown in Figure 7(b). Here, the PhC slab is made of

Figure 7. (a) Circuit symbol and truth table of OR gate and (b) implementation of OR gate operation in a photonic crystal slab.
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tively. In the sketches, a lighter shade is used to represent a material with positive Kerr
nonlinearity, whereas the one with a darker shade represents negative Kerr nonlinearity.
Moreover, based on the resonance wavelength of the nanocavity, three types of cavities are
possible. A cavity having resonance at the same wavelength as that of the input light is
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the refractive index of the medium within the cavity given by Eq. (2). From this equation, it is
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index of the medium. A cavity can be designed such that a slight deviation from the resonance
cavity length can be compensated by the variation in refractive index due to the optical Kerr
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For an OR gate, the output is a logical one even if either of the inputs is a logical one. It gives a
logical zero only when all of the inputs are at logical zero. For two inputs A and B, the OR
logical operation is expressed by A + B. The circuit symbol and truth table of an OR gate are
given in Figure 7(a). This logical operation can be implemented in a PhC slab by using a
combination of three nanocavities as shown in Figure 7(b). Here, the PhC slab is made of
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material with positive Kerr nonlinearity. But, it can also be implemented using a material with
negative Kerr nonlinearity too. The nanocavities adjacent to the input waveguides are set to
have resonance at wavelengths below the input wavelength of light. In this way, they are
opaque when there is no input pulse. On the other hand, when a pulse is sent through the
input waveguide, there is an increase in local refractive index due to optical Kerr effect, and as a
result, the L cavities are set to resonance such that the light reaches the output waveguide
through the A cavity. This can occur when a pulse is sent through both or either of the input
waveguides. Thus, the arrangement of nanocavities in this manner helps mimic the operation
of an OR gate in a PhC slab.

4.3. AND gate in a photonic crystal

For an AND gate, the output can go to logical one only, when all the inputs are at logical one. For
the rest of the cases, the output of an AND gate turns out to be logical zero. The circuit symbol
and truth table of an AND gate are shown in Figure 8(a). For two inputs A and B, AND logical
operation is expressed by A � B. It is possible to achieve AND operation with a proper combina-
tion of NOT and OR gates. This is the usual practice in digital circuits wherein the universal
gates such as NOR and NAND are used for creating other gates. This insight stems from De
Morgan’s theorem in Boolean algebra which is at the very basis of digital circuitry. Accordingly,
the implementation of an AND gate using NOR gates is shown in Figure 8(b) [31]. An optical
logic circuit can also be constructed along the same lines using nanocavities in a PhC slab.

Figure 8. (a) Circuit symbol and truth table of AND gate and (b) implementation of AND operation using NOR gates.
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5. Optical memory using photonic crystals

Memory unit in a computer stores data and instructions required by a microprocessor for
execution. For a modern digital computer, there are two types of memories, namely, a main
memory which communicates directly with the microprocessor and an auxiliary memory
which serves as a secondary storage [33]. Data and programs in auxiliary memory are brought
into the main memory before being executed by the microprocessor. An efficient memory unit
is required for increasing the performance of a computer. A microprocessor can locate memory
addresses of a main memory using the address bus and transfer data through the data bus.
Usually, the main memory which stores the data as electric charge in capacitors are volatile
and cannot store data for more than few milliseconds due to the discharge of capacitor within
this period. So, they need to be refreshed regularly to store data continuously. An optical
analog of capacitors for storing data can be created in a PhC slab by using nanocavities [34,
35]. The scheme is similar to implementation of NOT gate discussed in the previous section.
Here, the memory device is capable of achieving optical bistability as a result of optical Kerr
nonlinearity-induced switching process [36]. The nanocavity can be set to resonance by the
input pulse denoting a logical one, whereas the withdrawal of the pulse distorts the resonance
which resets the cavity back to the logical zero state. Whenever the cavity is set to resonance,
there is light at the output waveguide, denoting the logical one state of the cavity and vice
versa. Light at the output waveguide can be used for identifying the instantaneous state of the
cavity. In this way, nanocavities in a PhC slab can be used for storing digital data. The working
of nanocavity-based memory device is illustrated in Figure 9.

Figure 9. (a) Logical state of nanocavity and its indication in the output waveguide, and (b) implementation of memory in
photonic crystal.

The Dawn of Photonic Crystals: An Avenue for Optical Computing
http://dx.doi.org/10.5772/intechopen.71253

129



material with positive Kerr nonlinearity. But, it can also be implemented using a material with
negative Kerr nonlinearity too. The nanocavities adjacent to the input waveguides are set to
have resonance at wavelengths below the input wavelength of light. In this way, they are
opaque when there is no input pulse. On the other hand, when a pulse is sent through the
input waveguide, there is an increase in local refractive index due to optical Kerr effect, and as a
result, the L cavities are set to resonance such that the light reaches the output waveguide
through the A cavity. This can occur when a pulse is sent through both or either of the input
waveguides. Thus, the arrangement of nanocavities in this manner helps mimic the operation
of an OR gate in a PhC slab.

4.3. AND gate in a photonic crystal

For an AND gate, the output can go to logical one only, when all the inputs are at logical one. For
the rest of the cases, the output of an AND gate turns out to be logical zero. The circuit symbol
and truth table of an AND gate are shown in Figure 8(a). For two inputs A and B, AND logical
operation is expressed by A � B. It is possible to achieve AND operation with a proper combina-
tion of NOT and OR gates. This is the usual practice in digital circuits wherein the universal
gates such as NOR and NAND are used for creating other gates. This insight stems from De
Morgan’s theorem in Boolean algebra which is at the very basis of digital circuitry. Accordingly,
the implementation of an AND gate using NOR gates is shown in Figure 8(b) [31]. An optical
logic circuit can also be constructed along the same lines using nanocavities in a PhC slab.

Figure 8. (a) Circuit symbol and truth table of AND gate and (b) implementation of AND operation using NOR gates.

Theoretical Foundations and Application of Photonic Crystals128

5. Optical memory using photonic crystals

Memory unit in a computer stores data and instructions required by a microprocessor for
execution. For a modern digital computer, there are two types of memories, namely, a main
memory which communicates directly with the microprocessor and an auxiliary memory
which serves as a secondary storage [33]. Data and programs in auxiliary memory are brought
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Usually, the main memory which stores the data as electric charge in capacitors are volatile
and cannot store data for more than few milliseconds due to the discharge of capacitor within
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analog of capacitors for storing data can be created in a PhC slab by using nanocavities [34,
35]. The scheme is similar to implementation of NOT gate discussed in the previous section.
Here, the memory device is capable of achieving optical bistability as a result of optical Kerr
nonlinearity-induced switching process [36]. The nanocavity can be set to resonance by the
input pulse denoting a logical one, whereas the withdrawal of the pulse distorts the resonance
which resets the cavity back to the logical zero state. Whenever the cavity is set to resonance,
there is light at the output waveguide, denoting the logical one state of the cavity and vice
versa. Light at the output waveguide can be used for identifying the instantaneous state of the
cavity. In this way, nanocavities in a PhC slab can be used for storing digital data. The working
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6. Conclusion

In this chapter, the implementation of an all-optical computational system has been delineated
using photonic crystal slabs. Following the introduction to the computer architecture which
comprises of microprocessor, memory, and input/output devices, the implementation of the
same using photonic crystal slabs has also been discussed. Further, we have demonstrated
optical logic operations in photonic crystals using optical nanocavities which can be created in
these structures. The key feature which decides the working of photonic crystal slab-based
logic gates is the change in refractive index which arises due to the optical Kerr effect upon the
passage of laser pulses. An attempt has also beenmade for creating optical memory in photonic
crystals, wherein resonance condition decides the logical state inside the cavity. Photonic
crystal slabs with nanocavity-enabled logic gates and memory units can be used for cons-
tructing an all-optical information processor analogous to semiconductor microprocessors.
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Abstract

A simple and low-cost technique called low one-photon absorption (LOPA) direct laser 
writing (DLW) is demonstrated as an efficient method for structuration of multidimen-
sional submicrostructures. Starting from the diffraction theory of the electromagnetic 
field distribution of a tightly focused beam, the crucial conditions for LOPA-based 
DLW are theoretically investigated, and then experimentally demonstrated using a 
simple optical confocal microscope. Various 1D, 2D, and 3D submicrostructures were 
successfully fabricated in different materials, such as commercial SU8 photoresist and 
magnetic nanocomposite. The advantages and drawbacks of this LOPA-based DLW 
technique were also studied and compared with the conventional two-photon absorp-
tion based DLW. Several methods were proposed to overcome the existing problem 
of the DLW, such as the dose accumulation and shrinkage effect, resulting in uniform 
structures with a small lattice constant. The LOPA-based DLW technique should be 
useful for the fabrication of functionalized structures, such as magneto-photonic and 
plasmon photonic crystals and devices, which could be interesting for numerous 
applications.

Keywords: direct laser writing, one-photon absorption, photonic crystal, magnetic 
nanocomposite, magneto-photonic microstructures

1. Introduction

In recent years, various fabrication techniques have been proposed and implemented to realize 
structures at micro- and nanoscales, opening numerous applications such as micro-machin-
ing, optical data storage, nanophotonics, plasmonics, and bio-imaging, etc. [1–4]. Among 
those techniques, optical lithography, which includes mask lithography [5, 6], interference 
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or holography photolithography [7–9], and direct laser writing [10–13], is the most popular 
because of its simplicity, flexibility and capability of producing different kinds of microstruc-
tures, addressing a variety of applications.

The fundamental working principle of the optical lithography involves the use of a photore-
sist, a light-sensitive material, which changes its chemical property when exposed to light. 
Based on the reactions of photoresists to light, they are classified into two types: positive 
photoresist and negative photoresist. With positive photoresists, the areas exposed to the light 
absorb one or more photons and become more soluble in the photoresist developer. These 
exposed areas are then washed away with the photoresist developer solvent, leaving the 
unexposed material. With negative resists, exposure to light causes the polymerization of the 
photoresist chemical structure, which is just the opposite of positive photoresists. The unex-
posed portion of the photoresist is then dissolved by the photoresist developer. Light sources 
of different wavelengths are used based on the purposes of the fabrication, which involve the 
absorption mechanisms of the used photoresist. There are two types of absorption mecha-
nisms, namely one-photon absorption (OPA) and two-photon absorption (TPA). The OPA 
excitation method is an ideal way to fabricate one- and two-dimensional (1D and 2D) thin 
structures [14]. In this technique, a simple and low-cost continuous-wave (CW) laser operat-
ing at a wavelength located within the absorption band of the thin film material is used as the 
excitation source. Wavelengths in the UV range or shorter are commonly used to achieve high 
resolution [15]. This method is usually applied in mask lithography and interference tech-
niques, where an entire pattern over a wide area is created in seconds. All structures are often 
realized at the same time; therefore, these techniques are called parallel processes. However, 
due to the strong absorption effect, light is dramatically attenuated from the input surface. 
Thus, it is impossible for OPA to address thick film materials or 3D optical structuring.

The TPA (or multi-photon absorption) technique presents a better axial resolution. In this case, 
two low energy photons are simultaneously absorbed inducing the optical transition from the 
ground state to the excited state of the material, equivalent to the case of linear absorption 
(OPA). Two-photon absorption is a nonlinear process, which is several orders of magnitude 
weaker than linear absorption, thus very high light intensities are required to increase the 
number of such rare events. In practice, the process can be achieved using a pulsed (picosec-
ond or femtosecond) laser. The TPA method is commonly applied for the technique called 
direct laser writing (DLW), in which a pulsed laser beam is focused into a sub-micrometer 
spot, resulting in a dramatic increase of the laser intensity at the focusing spot. Hence, TPA-
based 3D imaging or fabrication can be achievable [4, 11, 12] with high spatial resolution.

Indeed, DLW has been proved to be an ideal way to fabricate sub-micrometric arbitrary struc-
tures, offering flexibility, ease of use, and cost effectiveness. As opposed to mask lithography 
and interference techniques, DLW is a serial process in which a structure is realized by scan-
ning the focusing spot following a desired pattern. Thus, any arbitrary 1D, 2D, and 3D peri-
odic or non-periodic pattern can be fabricated on demand.

However, as mentioned above, the TPA-based DLW requires the use of a femtosecond or 
picosecond laser and a complicated optical system, making it a rather expensive fabrication 
technique. Recently, an original method called LOPA (low one-photon absorption) DLW has 
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been demonstrated [16, 17], allowing one to combine the advantages of both OPA and TPA 
methods. Indeed, the LOPA method employs a simple, CW and low power laser, as in the case 
of conventional OPA, but it allows the optical addressing of 3D objects, as what could be real-
ized by the TPA method, by using a combination of an ultralow absorption effect and a tightly 
focusing spot. The illustration of an absorption spectrum of photoresist shown in Figure 1(a) 
represents three absorption mechanisms, which are shown in Figure 1(b): conventional OPA 
(solid ring), LOPA (dashed ring) and TPA (dash-dotted ring), respectively. If a laser beam, 
whose wavelength is positioned at the edge of the absorption band where the absorption is 
ultralow, is applied, the light intensity distribution remains almost the same as in the absence 
of material. In short, by tightly focusing an optical beam inside a thick material with a very 
low absorption at the operating wavelength, it is possible to address 3D imaging and 3D fabri-
cation, as what realized by TPA method. As compared to the latter one, this LOPA-based DLW 
is very simple and inexpensive and it allows one to achieve very similar results.

This chapter presents theoretically and experimentally this original fabrication method, 
LOPA-based DLW technique, which allows the realization of multidimensional sub-microm-
eter photonic crystals. The advantages of this fabrication method will also be presented and 
compared with other fabrication techniques.

In Section 2, the theory of the LOPA-based DLW method and experimental conditions to 
realize 3D sub-microstructures are presented. In this case, the vectorial diffraction theory of 
a laser beam, tightly focused by a high numerical aperture objective lens, is extended taking 
into account the very low absorption of the propagating medium. Numerical calculations will 
also be shown.

In Section 3, it will be demonstrated experimentally that any sub-micrometer 1D, 2D, and 
3D structures can be realized by the LOPA-based DLW technique, by choosing appropriate 
photoresist and excitation laser wavelength.

Figure 1. (a) Illustration of the absorption spectrum of a photoresist. The three rings illustrate three ranges of wavelength 
corresponding to (b) three absorption mechanisms: standard one-photon absorption (OPA), low one-photon absorption 
(LOPA), and two-photon absorption (TPA).
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tures, addressing a variety of applications.

The fundamental working principle of the optical lithography involves the use of a photore-
sist, a light-sensitive material, which changes its chemical property when exposed to light. 
Based on the reactions of photoresists to light, they are classified into two types: positive 
photoresist and negative photoresist. With positive photoresists, the areas exposed to the light 
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two low energy photons are simultaneously absorbed inducing the optical transition from the 
ground state to the excited state of the material, equivalent to the case of linear absorption 
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methods. Indeed, the LOPA method employs a simple, CW and low power laser, as in the case 
of conventional OPA, but it allows the optical addressing of 3D objects, as what could be real-
ized by the TPA method, by using a combination of an ultralow absorption effect and a tightly 
focusing spot. The illustration of an absorption spectrum of photoresist shown in Figure 1(a) 
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a laser beam, tightly focused by a high numerical aperture objective lens, is extended taking 
into account the very low absorption of the propagating medium. Numerical calculations will 
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In Section 4, different additional methods to optimize the LOPA-based DLW are demon-
strated in order to obtain sub-microstructures, which show high uniformity, less shrinkage, 
and with a lattice constant smaller than the diffraction limit.

To demonstrate the versatility of the LOPA-based DLW, in Section 5, the fabrication of mag-
neto-photonic sub-microstructures for biomedical engineering realized by the LOPA-based 
DLW technique is presented. This opens many promising applications, such as tunable pho-
tonic structures based on magneto-optical effect and development of microrobotic tools for 
transport in biological systems.

In the last section, some conclusions of the newly developed LOPA-based DLW technique, 
advantages this technology brings to the photonic crystal field, as well as some prospects will 
be discussed.

2. Theory of LOPA-based DLW technique

In this section, the vectorial Debye approximation is presented, based on which a new math-
ematics representation is further established, where the absorption effect of the material is 
taken into account when a light beam propagates through an absorbing medium. Based on 
the new evaluation form of vectorial Debye theory, the influence of absorption coefficient of 
the studied material, the numerical aperture (NA) of the objective lens (OL), and the penetra-
tion depth of light beam on the formation of a tight focusing spot are investigated. From that, 
the crucial conditions for the realization of LOPA microscope and LOPA DLW are established.

2.1. Electromagnetic field distribution of a tight focused beam in an absorbing medium

The mathematical representation of the electromagnetic field distribution in the focal region 
of an OL was proposed by Wolf in the 1950s [18]. This theory based on the vectorial Debye 
approximation allows the calculation and prediction of the intensity and polarization distri-
butions of a light beam focused inside a material by a high NA OL. Nonetheless, the influ-
ence of material absorption on the intensity distribution and the focused beam shape of a 
propagating optical wave have not been systematically investigated yet. In this section, the 
mathematical representation proposed by Wolf [18] will be employed, taking into account the 
absorption effect of the material when a focused light beam propagates through it, in order to 
investigate the intensity distribution, especially in the focal region.

The schematic representation of light focusing in an absorption medium is shown in Figure 2. 
D is the interface between the transparent material, such as a glass substrate or air, and the 
absorbing material. To simplify the problem, it is assumed that the refractive index mismatch 
problem arising at any interface is negligible. d represents the distance between the D inter-
face and the focal plane. The electromagnetic field near the focal plane in Cartesian coordi-
nates (x, y, z) [16, 19] is represented by,

  E = −   ikC ___ 2π    ∬  Ω   T (s) A (s)   e    [ik ( s  x  x+ s  y  y+ s  z  z) ]    ds  x    ds  y  ,  (1)
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where C is a constant, k is the wave number (k = 2πn/λ), n is the refractive index of the absorb-
ing medium, λ is the excitation wavelength, Ω is a solid angle corresponding to the objective 
aperture, S = (sx, sy, sz) is the vector of an arbitrary optical ray, and T(s) = P(s)B(s)is a transmis-
sion function where P(s) is the polarization distribution and B(s) is the amplitude distribution 
at the exit pupil. A(s) represents the absorption effect of the material, which is expressed as 
A(s) = exp(−σr), where σ is the absorption coefficient and r indicates the optical path of each 
diffracted light ray in the absorbing medium, which is defined as the distance from a random 
point located in the D plane to the focal point, as shown in Figure 2. For calculations, r is 
determined by

  r =  √ 
____________________

    (x'− x)    2  +   (y'− y)    2  +   (d − z)    2   ,  (2)

where (x', y', d) gives the position of an arbitrary diffracted light ray located on the D plane. 
Theoretically, Eq. (1) allows calculation of the light distribution resulting from the interfer-
ence of all light rays diffracted by the exit pupil of the OL. However, in practice, the light 
intensity and the focus shape at the focus region depend strongly on the absorption term A(s) 
since light is absorbed by the material in which it propagates and its amplitude decreases 
along the propagation direction.

The light intensity distribution, also called point spread function (PSF), in the focal region of 
the OL is defined as

   I  PSF   =  EE   ∗   (3)

This theory is applicable for any cases, OPA, LOPA, or TPA. It can be seen that the EM field 
distribution in the focal region depends on various parameters, such as the polarization of 

Figure 2. Schematic representation of a tightly focused light beam inside an absorbing medium. σ is the absorption 
coefficient of the medium, O is the focal point, D is the interface between the transparent and the absorbing media, r is 
the distance from an arbitrary point on the D plane to the focal point, and d is the distance between the D plane and the 
focal plane of the objective lens.
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In Section 4, different additional methods to optimize the LOPA-based DLW are demon-
strated in order to obtain sub-microstructures, which show high uniformity, less shrinkage, 
and with a lattice constant smaller than the diffraction limit.

To demonstrate the versatility of the LOPA-based DLW, in Section 5, the fabrication of mag-
neto-photonic sub-microstructures for biomedical engineering realized by the LOPA-based 
DLW technique is presented. This opens many promising applications, such as tunable pho-
tonic structures based on magneto-optical effect and development of microrobotic tools for 
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In the last section, some conclusions of the newly developed LOPA-based DLW technique, 
advantages this technology brings to the photonic crystal field, as well as some prospects will 
be discussed.

2. Theory of LOPA-based DLW technique

In this section, the vectorial Debye approximation is presented, based on which a new math-
ematics representation is further established, where the absorption effect of the material is 
taken into account when a light beam propagates through an absorbing medium. Based on 
the new evaluation form of vectorial Debye theory, the influence of absorption coefficient of 
the studied material, the numerical aperture (NA) of the objective lens (OL), and the penetra-
tion depth of light beam on the formation of a tight focusing spot are investigated. From that, 
the crucial conditions for the realization of LOPA microscope and LOPA DLW are established.

2.1. Electromagnetic field distribution of a tight focused beam in an absorbing medium

The mathematical representation of the electromagnetic field distribution in the focal region 
of an OL was proposed by Wolf in the 1950s [18]. This theory based on the vectorial Debye 
approximation allows the calculation and prediction of the intensity and polarization distri-
butions of a light beam focused inside a material by a high NA OL. Nonetheless, the influ-
ence of material absorption on the intensity distribution and the focused beam shape of a 
propagating optical wave have not been systematically investigated yet. In this section, the 
mathematical representation proposed by Wolf [18] will be employed, taking into account the 
absorption effect of the material when a focused light beam propagates through it, in order to 
investigate the intensity distribution, especially in the focal region.

The schematic representation of light focusing in an absorption medium is shown in Figure 2. 
D is the interface between the transparent material, such as a glass substrate or air, and the 
absorbing material. To simplify the problem, it is assumed that the refractive index mismatch 
problem arising at any interface is negligible. d represents the distance between the D inter-
face and the focal plane. The electromagnetic field near the focal plane in Cartesian coordi-
nates (x, y, z) [16, 19] is represented by,

  E = −   ikC ___ 2π    ∬  Ω   T (s) A (s)   e    [ik ( s  x  x+ s  y  y+ s  z  z) ]    ds  x    ds  y  ,  (1)
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where C is a constant, k is the wave number (k = 2πn/λ), n is the refractive index of the absorb-
ing medium, λ is the excitation wavelength, Ω is a solid angle corresponding to the objective 
aperture, S = (sx, sy, sz) is the vector of an arbitrary optical ray, and T(s) = P(s)B(s)is a transmis-
sion function where P(s) is the polarization distribution and B(s) is the amplitude distribution 
at the exit pupil. A(s) represents the absorption effect of the material, which is expressed as 
A(s) = exp(−σr), where σ is the absorption coefficient and r indicates the optical path of each 
diffracted light ray in the absorbing medium, which is defined as the distance from a random 
point located in the D plane to the focal point, as shown in Figure 2. For calculations, r is 
determined by

  r =  √ 
____________________

    (x'− x)    2  +   (y'− y)    2  +   (d − z)    2   ,  (2)

where (x', y', d) gives the position of an arbitrary diffracted light ray located on the D plane. 
Theoretically, Eq. (1) allows calculation of the light distribution resulting from the interfer-
ence of all light rays diffracted by the exit pupil of the OL. However, in practice, the light 
intensity and the focus shape at the focus region depend strongly on the absorption term A(s) 
since light is absorbed by the material in which it propagates and its amplitude decreases 
along the propagation direction.

The light intensity distribution, also called point spread function (PSF), in the focal region of 
the OL is defined as

   I  PSF   =  EE   ∗   (3)

This theory is applicable for any cases, OPA, LOPA, or TPA. It can be seen that the EM field 
distribution in the focal region depends on various parameters, such as the polarization of 

Figure 2. Schematic representation of a tightly focused light beam inside an absorbing medium. σ is the absorption 
coefficient of the medium, O is the focal point, D is the interface between the transparent and the absorbing media, r is 
the distance from an arbitrary point on the D plane to the focal point, and d is the distance between the D plane and the 
focal plane of the objective lens.
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incident light, the NA of OL, the absorption coefficient of the material, etc. It is impossible to 
have an analytical solution of the light field at the focusing spot of a high NA OL. However, it 
can be numerically calculated, which will be shown in the next part.

2.2. Numerical calculation of point spread function

In order to numerically calculate the light intensity distribution, the IPSF equation was pro-
grammed by a personal code script based on Matlab software, with the influence of different 
input parameters including the absorption coefficient of the studied material, the NA of the 
OL, and the penetration depth of the light beam.

First, the influence of the absorption effect of the SU8 material, which will be used later for 
experimental demonstration in the next sections, was investigated. Based on the absorption 
spectrum of SU8 shown in Figure 5(b), three typical wavelengths to calculate the intensity 
distribution in the focal region were chosen, representing three cases of interest: conventional 
OPA (308 nm), LOPA (532 nm) and TPA (800 nm), respectively. The corresponding absorp-
tion coefficients in each case are: σ1 = 240,720 m−1 (λ1 = 308 nm), σ2 = 723 m−1 (λ2 = 532 nm), and  
σ3 = 0 m−1 (λ3 = 800 nm). The absorption interface (D) was arbitrarily assumed to be separated 
from the focal point O by a distance of 25 μm, the NA of the OL was chosen to be 0.6, the 
refractive index (n) of SU8 is 1.58. As seen in Figure 3(a1), the incoming light is totally attenu-
ated at the interface D because of the strong absorption of SU8 at 308 nm, which explains why 
it is not possible to optically address 3D object with the conventional OPA method. However, 
when using an excitation light source emitting at 800 nm, the absorption coefficient is zero, 
thus light can penetrate deeply inside the material, resulting in a highly resolved 3D intensity 
distribution. The numerical calculation result derived from the quadratic dependence of the 
EM field is shown in Figure 3(a3). The size of the focusing spot (full width at half maximum, 
FWHM) is quite large due to the use of a long wavelength. However, in practice, two pho-
tons can only be simultaneously absorbed at an intensity above the polymerization threshold. 
Therefore, a small effective focusing spot below the diffraction limit can be achieved with the 
TPA method by controlling the excitation intensity.

The case where the linear absorption is very low (LOPA) was considered. At the wavelength 
λ = 532 nm, the absorption coefficient is only 723 m−1, which is much smaller than that at 308 nm. 
Simulation results show that light can penetrate deeply inside the absorbing material without 
significant attenuation thanks to this very low linear absorption. As shown in Figure 3(a2), 
the light beam can be tightly confined at the focusing spot, which can then be moved freely 
inside the thick material, exactly as in the case of TPA. Furthermore, LOPA requires a shorter 
wavelength as compared with TPA, the focusing spot size (FWHM) is therefore smaller. The 
diagram depicted in Figure 3(a4) shows clearly the difference of the intensity distribution along 
the optical axis of three excitation mechanisms. It is important to note that there is no inten-
sity threshold in the case of LOPA, because it is a linear absorption process. Therefore, LOPA 
requires a precise control of light dose in order to achieve high resolution optical addressing.

The NA of OL is also an important parameter to be taken into account for LOPA case. It was 
demonstrated that the use of a high NA OL is a crucial condition. The intensity distributions 
at the focusing spot obtained with OLs of different NA values (with the same low absorption 
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Figure 3. (a) Numerical calculations of light propagation inside SU8, by using different wavelengths, (a1) 308 nm, (a2) 
532 nm, and (a3) 800 nm, respectively. (a4) Intensity distributions along z-axis of the light beams shown in (a1–3). In this 
calculation, NA = 0.6, refractive index n = 1.58, and d = 25 μm. (b) Propagation of light (λ = 532 nm) inside SU8, with (b1) 
NA = 0.3, (b2) NA = 0.6, and (b3) NA = 1.3, respectively, d = 30 μm. (b4) Intensity distributions along z-axis of the light 
beams shown in (b1–3).
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incident light, the NA of OL, the absorption coefficient of the material, etc. It is impossible to 
have an analytical solution of the light field at the focusing spot of a high NA OL. However, it 
can be numerically calculated, which will be shown in the next part.

2.2. Numerical calculation of point spread function

In order to numerically calculate the light intensity distribution, the IPSF equation was pro-
grammed by a personal code script based on Matlab software, with the influence of different 
input parameters including the absorption coefficient of the studied material, the NA of the 
OL, and the penetration depth of the light beam.

First, the influence of the absorption effect of the SU8 material, which will be used later for 
experimental demonstration in the next sections, was investigated. Based on the absorption 
spectrum of SU8 shown in Figure 5(b), three typical wavelengths to calculate the intensity 
distribution in the focal region were chosen, representing three cases of interest: conventional 
OPA (308 nm), LOPA (532 nm) and TPA (800 nm), respectively. The corresponding absorp-
tion coefficients in each case are: σ1 = 240,720 m−1 (λ1 = 308 nm), σ2 = 723 m−1 (λ2 = 532 nm), and  
σ3 = 0 m−1 (λ3 = 800 nm). The absorption interface (D) was arbitrarily assumed to be separated 
from the focal point O by a distance of 25 μm, the NA of the OL was chosen to be 0.6, the 
refractive index (n) of SU8 is 1.58. As seen in Figure 3(a1), the incoming light is totally attenu-
ated at the interface D because of the strong absorption of SU8 at 308 nm, which explains why 
it is not possible to optically address 3D object with the conventional OPA method. However, 
when using an excitation light source emitting at 800 nm, the absorption coefficient is zero, 
thus light can penetrate deeply inside the material, resulting in a highly resolved 3D intensity 
distribution. The numerical calculation result derived from the quadratic dependence of the 
EM field is shown in Figure 3(a3). The size of the focusing spot (full width at half maximum, 
FWHM) is quite large due to the use of a long wavelength. However, in practice, two pho-
tons can only be simultaneously absorbed at an intensity above the polymerization threshold. 
Therefore, a small effective focusing spot below the diffraction limit can be achieved with the 
TPA method by controlling the excitation intensity.

The case where the linear absorption is very low (LOPA) was considered. At the wavelength 
λ = 532 nm, the absorption coefficient is only 723 m−1, which is much smaller than that at 308 nm. 
Simulation results show that light can penetrate deeply inside the absorbing material without 
significant attenuation thanks to this very low linear absorption. As shown in Figure 3(a2), 
the light beam can be tightly confined at the focusing spot, which can then be moved freely 
inside the thick material, exactly as in the case of TPA. Furthermore, LOPA requires a shorter 
wavelength as compared with TPA, the focusing spot size (FWHM) is therefore smaller. The 
diagram depicted in Figure 3(a4) shows clearly the difference of the intensity distribution along 
the optical axis of three excitation mechanisms. It is important to note that there is no inten-
sity threshold in the case of LOPA, because it is a linear absorption process. Therefore, LOPA 
requires a precise control of light dose in order to achieve high resolution optical addressing.

The NA of OL is also an important parameter to be taken into account for LOPA case. It was 
demonstrated that the use of a high NA OL is a crucial condition. The intensity distributions 
at the focusing spot obtained with OLs of different NA values (with the same low absorption 
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Figure 3. (a) Numerical calculations of light propagation inside SU8, by using different wavelengths, (a1) 308 nm, (a2) 
532 nm, and (a3) 800 nm, respectively. (a4) Intensity distributions along z-axis of the light beams shown in (a1–3). In this 
calculation, NA = 0.6, refractive index n = 1.58, and d = 25 μm. (b) Propagation of light (λ = 532 nm) inside SU8, with (b1) 
NA = 0.3, (b2) NA = 0.6, and (b3) NA = 1.3, respectively, d = 30 μm. (b4) Intensity distributions along z-axis of the light 
beams shown in (b1–3).
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coefficient σ2 = 723 m−1) are shown in Figure 3(b). It is clearly seen that with an OL of low NA 
(NA = 0.3), the light beam is not well focused, resulting in low contrast intensity distribution 
between the focal region and its surrounding. Therefore, the LOPA-based microscopy using a 
low NA OL cannot be applied for 3D optical addressing. However, in the case of tight focus-
ing (for example, NA = 1.3), the light intensity at the focusing spot is a million time larger than 
that at out of focus, resulting in a highly resolved focusing spot (Figure 3(b3)).

For all the above calculations, it can be concluded that the LOPA-based microscopy is promis-
ing for the realization of 3D imaging and 3D fabrication, similarly to what could be realized 
by TPA microscopy. By using the LOPA technique, 3D fluorescence imaging or fabrication of 
3D structures can be realized by moving the focusing spot inside the material since fluores-
cence (for imaging) or photopolymerization (for fabrication) effects can be achieved efficiently 
within the focal spot volume only.

It is worth noting that in LOPA technique, the absorption exists, even if the probability is very 
small, the penetration depth is therefore limited to a certain level. This effect exists also in the 
case of TPA, but it is more important for LOPA. Figure 4 represents the maximum intensity at the 
focusing spot as a function of the penetration length, d. For this calculation, the ultralow absorp-
tion coefficient of SU8 at λ = 532 nm, σ = 723 m−1 was considered. At the distance of 390 μm, the 
intensity was found to decrease by half with respect to that obtained at the input of absorbing 
material (D interface). This penetration depth of several hundred micrometers is fully compat-
ible with the scanning range of piezoelectric stage (typically, 100 μm for a high resolution), or 
with the working distance of microscope OL (about 200 μm for a conventional high NA OL).

In summary, in order to realize the LOPA-based microscopy, two important conditions are 
required: (i) ultralow absorption of the studied material at the chosen excitation wavelength, 
and (ii) a high NA OL for tight focusing of the excitation light beam. To experimentally dem-
onstrate the application of LOPA in DLW, in the next chapter, SU8 will be used as the material 
and a CW laser at λ = 532 nm as the excitation source.

Figure 4. Red curve: normalization of intensity (If/I0) at the focusing spot as a function of the propagation length. If and I0 
are the intensities obtained with and without absorption medium, respectively. Dot curves: zoom on intensity profiles of 
the focusing spot along the optical axis, calculated at different d. The results are simulated with: σ = 723 m−1; λ = 532 nm; 
NA = 1.3 (n = 1.58).
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3. Experimental demonstration of LOPA-based 3D microfabrication

3.1. Experimental setup and fabrication procedure

The LOPA technique can obviously be used for all 3D applications, including 3D imaging 
and 3D fabrication. As mentioned in section 2, two conditions are required: a photoresist that 
presents an ultralow absorption at the wavelength of the excitation laser, and a high focusing 
confocal laser scanning (CLSM) system. For the first condition, SU8 photoresist is an excel-
lent candidate, thanks to its ultralow absorption in the visible range, for example at 532 nm 
(Figure 5(b)), which is the wavelength of a very popular and low-cost laser. By using a high 
NA oil-immersion OL of NA = 1.3 to focus a laser beam into the photoresist, the second condi-
tion is then satisfied.

Figure 5. (a) A sketch of the experimental setup. PZT: piezoelectric translator, OL: oil immersion microscope objective, 
λ/4: quarter-wave plate, λ/2: half-wave plate, BS: beam splitter, PBS: polarizer beam splitter, M: mirror, S: electronic 
shutter, L1–4: lenses, PH: pinhole, F: 580 nm long-pass filter, APD: avalanche photodiode. (b) Absorption spectrum of SU8 
photoresist. The color bars indicate three cases: OPA (purple bar), LOPA (green bar), and TPA (red bar). To demonstrate 
LOPA DLW, a laser operating at 532 nm is used.
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coefficient σ2 = 723 m−1) are shown in Figure 3(b). It is clearly seen that with an OL of low NA 
(NA = 0.3), the light beam is not well focused, resulting in low contrast intensity distribution 
between the focal region and its surrounding. Therefore, the LOPA-based microscopy using a 
low NA OL cannot be applied for 3D optical addressing. However, in the case of tight focus-
ing (for example, NA = 1.3), the light intensity at the focusing spot is a million time larger than 
that at out of focus, resulting in a highly resolved focusing spot (Figure 3(b3)).

For all the above calculations, it can be concluded that the LOPA-based microscopy is promis-
ing for the realization of 3D imaging and 3D fabrication, similarly to what could be realized 
by TPA microscopy. By using the LOPA technique, 3D fluorescence imaging or fabrication of 
3D structures can be realized by moving the focusing spot inside the material since fluores-
cence (for imaging) or photopolymerization (for fabrication) effects can be achieved efficiently 
within the focal spot volume only.

It is worth noting that in LOPA technique, the absorption exists, even if the probability is very 
small, the penetration depth is therefore limited to a certain level. This effect exists also in the 
case of TPA, but it is more important for LOPA. Figure 4 represents the maximum intensity at the 
focusing spot as a function of the penetration length, d. For this calculation, the ultralow absorp-
tion coefficient of SU8 at λ = 532 nm, σ = 723 m−1 was considered. At the distance of 390 μm, the 
intensity was found to decrease by half with respect to that obtained at the input of absorbing 
material (D interface). This penetration depth of several hundred micrometers is fully compat-
ible with the scanning range of piezoelectric stage (typically, 100 μm for a high resolution), or 
with the working distance of microscope OL (about 200 μm for a conventional high NA OL).

In summary, in order to realize the LOPA-based microscopy, two important conditions are 
required: (i) ultralow absorption of the studied material at the chosen excitation wavelength, 
and (ii) a high NA OL for tight focusing of the excitation light beam. To experimentally dem-
onstrate the application of LOPA in DLW, in the next chapter, SU8 will be used as the material 
and a CW laser at λ = 532 nm as the excitation source.

Figure 4. Red curve: normalization of intensity (If/I0) at the focusing spot as a function of the propagation length. If and I0 
are the intensities obtained with and without absorption medium, respectively. Dot curves: zoom on intensity profiles of 
the focusing spot along the optical axis, calculated at different d. The results are simulated with: σ = 723 m−1; λ = 532 nm; 
NA = 1.3 (n = 1.58).
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3. Experimental demonstration of LOPA-based 3D microfabrication

3.1. Experimental setup and fabrication procedure

The LOPA technique can obviously be used for all 3D applications, including 3D imaging 
and 3D fabrication. As mentioned in section 2, two conditions are required: a photoresist that 
presents an ultralow absorption at the wavelength of the excitation laser, and a high focusing 
confocal laser scanning (CLSM) system. For the first condition, SU8 photoresist is an excel-
lent candidate, thanks to its ultralow absorption in the visible range, for example at 532 nm 
(Figure 5(b)), which is the wavelength of a very popular and low-cost laser. By using a high 
NA oil-immersion OL of NA = 1.3 to focus a laser beam into the photoresist, the second condi-
tion is then satisfied.

Figure 5. (a) A sketch of the experimental setup. PZT: piezoelectric translator, OL: oil immersion microscope objective, 
λ/4: quarter-wave plate, λ/2: half-wave plate, BS: beam splitter, PBS: polarizer beam splitter, M: mirror, S: electronic 
shutter, L1–4: lenses, PH: pinhole, F: 580 nm long-pass filter, APD: avalanche photodiode. (b) Absorption spectrum of SU8 
photoresist. The color bars indicate three cases: OPA (purple bar), LOPA (green bar), and TPA (red bar). To demonstrate 
LOPA DLW, a laser operating at 532 nm is used.
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In order to demonstrate the LOPA DLW technique, a confocal optical system illustrated in 
Figure 5(a) was built. In this system, a CW laser operating at 532 nm is used. The laser power 
is monitored by a combination of a half-wave plate (λ/2) and a polarizer. The laser beam is 
directed and collimated by a set of lenses and mirrors. In order to realize mapping or fabrica-
tion, samples are mounted on a 3D piezoelectric actuator stage (PZT), which is controlled by 
a LabVIEW program. A quarter-wave plate (λ/4) placed in front of the OL is inserted and ori-
ented to generate a circularly polarized beam for mapping and fabrication. The high NA oil-
immersion objective (NA = 1.3) placed beneath the glass coverslip is used to focus the excitation 
laser beam. The fluorescence signal emitted by the samples is collected by the same objective, 
filtered by a 580 nm long-pass filter, and detected by an avalanche photodiode (APD).

For fabrication, SU8 photoresist is coated on a glass substrate. In order to remove all contami-
nation on the surface, glass substrates must be treated with acetone and an ultra-sonication 
prior to the spin coating. After the cleaning process, SU8 of different viscosities (SU8 2000.5, 
SU8 2005, or SU8 2025) is spin coated on the glass substrates, depending on the types of the 
desired structure. For 1D and 2D structures, SU8 2000.5 and 2002, which give a layer thick-
ness of 0.5 and 2 μm, are used. For 3D structures, other types of SU8 at higher viscosity, for 
example SU8 2005 or 2025, are required. The spin coating step is followed by a soft baking 
step at 65°C and 95°C, the soft baking time depends on the types of SU8 used.

Before writing the structure on the photoresist, the interface between the glass substrate and 
the photoresist layer must be determined. To determine the interface, the focusing spot is 
scanned along xz or yz plane at very low laser power to prevent polymerization, and the fluo-
rescence signal can be collected by the APD. This step allows one to precisely write the struc-
ture at the desired position. Then the laser power is increased to several mW to fabricate any 
desired structures by scanning the focusing spot along a path programmed with Labview. Post 
exposure bake (PEB) is carried out after the fabrication, and followed by a development step.

3.2. Verification of LOPA-based fabrication

It has been demonstrated, by analyzing fluorescence emission, that the SU8 photoresist lin-
early absorbs the excitation laser at 532 nm-wavelength [17]. For the LOPA CLSM, the inten-
sity at the focusing region (of the order of 107 W/cm2) is much higher than that at the input 
of the optical system (10−2 W/cm2), allowing the excitation and fluorescence detection of the 
focal spot volume only. The fluorescence measurements in which the emission is quite low 
are enabled by the use of an avalanche photodiode (APD).

By using the standard fabrication process described in the previous part, it was demonstrated 
that polymerization is achieved only at the focusing spot of the microscope objective, where 
the excitation intensity is sufficiently high to compensate the low linear absorption of the 
resist. In the case of TPA, there are two thresholds: the first one related to light intensity, 
above which two photons are simultaneously absorbed, and the second one related to dose, 
above which complete photopolymerization is achieved. However, in the case of LOPA, there 
exists only one threshold related to dose. Thanks to a high intensity at the focusing spot, the 
complete photopolymerization is only achieved in this region. Figure 6 shows SEM images 
of experimental results. For each exposure, a solid structure, called “voxel,” corresponding to 

Theoretical Foundations and Application of Photonic Crystals142

a focusing spot, was obtained. By changing either the excitation power or the exposure time, 
i.e. the dose, the voxel size and shape can be adjusted, as shown in Figure 6(b). A CW green 
laser power of only 2.5 mW and an exposure time of about 1 second per voxel were required 
to create these structures. Figure 6(b) shows, for example, a voxel array realized with three 
different exposure times. The dose dependence can be explained theoretically by calculating 
the iso-intensity of the focusing spot at different levels. Three kinds of voxels obtained with t1, 
t2 and t3 in Figure 6(b) correspond to three different iso-intensities illustrated in Figure 6(a), 
namely 0.9, 0.7 and 0.4, respectively. The operation in the OPA regime is fully confirmed by the 
evolution of voxel size and shape observed experimentally. Indeed, in the case of TPA, the cre-
ation of bone-like voxel shape requires very high excitation intensity and could not be easily 
realized due to the TPA intensity threshold. In the case of LOPA, all these voxels shapes were 
obtained by simply adjusting the exposure time while the laser power is kept at a low value. 
Smaller voxels as shown in Figure 6(c) require shorter exposure times. Certainly, the exposure 
time required to create sub-micrometer structures varies as a function of the laser power.

Pillar arrays were also fabricated by scanning the focusing spot of the laser along the thick-
ness of a 1 μm SU8 film with different writing speeds. Figure 7 shows the pillar size as a 
function of writing velocity for three values of laser power, P = 7.5, 6, and 4.5 mW. The fab-
rication of smaller pillars down to 190 nm is possible [17]. The size of individual pillars is 
quite small when considering the wavelength (532 nm) used for the writing process. As for 
the linear dependence with intensity (OPA vs. TPA) [20, 21], the diameter-dose relationship 
agreement confirms this behavior, as the intensity I0 is used for the fit, instead of I0

2 in the 
case of TPA. This result confirms the fabrication of sub-microstructures by LOPA-based DLW 
method.

Figure 6. Fabrication of voxels by single-shot exposure. (a) Theoretical calculation of the contour plot of light intensity 
at the focusing region (NA = 1.3, n = 1.518, λ = 532 nm). (b) SEM image of a voxels array obtained by different exposure 
doses. Three ranges of voxels are fabricated correspondingly to the exposure time t1, t2 and t3 whose corresponding doses 
are 0.9, 0.7 and 0.4 as indicated in (a). These experimental results explain the OPA nature where the formed voxel shape 
is determined by the exposure dose. (c) Complete voxel lying on the substrate indicated an ellipsoidal form (exposure 
time t1 was applied). This form is similar to that obtained by the TPA method.
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In order to demonstrate the LOPA DLW technique, a confocal optical system illustrated in 
Figure 5(a) was built. In this system, a CW laser operating at 532 nm is used. The laser power 
is monitored by a combination of a half-wave plate (λ/2) and a polarizer. The laser beam is 
directed and collimated by a set of lenses and mirrors. In order to realize mapping or fabrica-
tion, samples are mounted on a 3D piezoelectric actuator stage (PZT), which is controlled by 
a LabVIEW program. A quarter-wave plate (λ/4) placed in front of the OL is inserted and ori-
ented to generate a circularly polarized beam for mapping and fabrication. The high NA oil-
immersion objective (NA = 1.3) placed beneath the glass coverslip is used to focus the excitation 
laser beam. The fluorescence signal emitted by the samples is collected by the same objective, 
filtered by a 580 nm long-pass filter, and detected by an avalanche photodiode (APD).

For fabrication, SU8 photoresist is coated on a glass substrate. In order to remove all contami-
nation on the surface, glass substrates must be treated with acetone and an ultra-sonication 
prior to the spin coating. After the cleaning process, SU8 of different viscosities (SU8 2000.5, 
SU8 2005, or SU8 2025) is spin coated on the glass substrates, depending on the types of the 
desired structure. For 1D and 2D structures, SU8 2000.5 and 2002, which give a layer thick-
ness of 0.5 and 2 μm, are used. For 3D structures, other types of SU8 at higher viscosity, for 
example SU8 2005 or 2025, are required. The spin coating step is followed by a soft baking 
step at 65°C and 95°C, the soft baking time depends on the types of SU8 used.

Before writing the structure on the photoresist, the interface between the glass substrate and 
the photoresist layer must be determined. To determine the interface, the focusing spot is 
scanned along xz or yz plane at very low laser power to prevent polymerization, and the fluo-
rescence signal can be collected by the APD. This step allows one to precisely write the struc-
ture at the desired position. Then the laser power is increased to several mW to fabricate any 
desired structures by scanning the focusing spot along a path programmed with Labview. Post 
exposure bake (PEB) is carried out after the fabrication, and followed by a development step.

3.2. Verification of LOPA-based fabrication

It has been demonstrated, by analyzing fluorescence emission, that the SU8 photoresist lin-
early absorbs the excitation laser at 532 nm-wavelength [17]. For the LOPA CLSM, the inten-
sity at the focusing region (of the order of 107 W/cm2) is much higher than that at the input 
of the optical system (10−2 W/cm2), allowing the excitation and fluorescence detection of the 
focal spot volume only. The fluorescence measurements in which the emission is quite low 
are enabled by the use of an avalanche photodiode (APD).

By using the standard fabrication process described in the previous part, it was demonstrated 
that polymerization is achieved only at the focusing spot of the microscope objective, where 
the excitation intensity is sufficiently high to compensate the low linear absorption of the 
resist. In the case of TPA, there are two thresholds: the first one related to light intensity, 
above which two photons are simultaneously absorbed, and the second one related to dose, 
above which complete photopolymerization is achieved. However, in the case of LOPA, there 
exists only one threshold related to dose. Thanks to a high intensity at the focusing spot, the 
complete photopolymerization is only achieved in this region. Figure 6 shows SEM images 
of experimental results. For each exposure, a solid structure, called “voxel,” corresponding to 
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a focusing spot, was obtained. By changing either the excitation power or the exposure time, 
i.e. the dose, the voxel size and shape can be adjusted, as shown in Figure 6(b). A CW green 
laser power of only 2.5 mW and an exposure time of about 1 second per voxel were required 
to create these structures. Figure 6(b) shows, for example, a voxel array realized with three 
different exposure times. The dose dependence can be explained theoretically by calculating 
the iso-intensity of the focusing spot at different levels. Three kinds of voxels obtained with t1, 
t2 and t3 in Figure 6(b) correspond to three different iso-intensities illustrated in Figure 6(a), 
namely 0.9, 0.7 and 0.4, respectively. The operation in the OPA regime is fully confirmed by the 
evolution of voxel size and shape observed experimentally. Indeed, in the case of TPA, the cre-
ation of bone-like voxel shape requires very high excitation intensity and could not be easily 
realized due to the TPA intensity threshold. In the case of LOPA, all these voxels shapes were 
obtained by simply adjusting the exposure time while the laser power is kept at a low value. 
Smaller voxels as shown in Figure 6(c) require shorter exposure times. Certainly, the exposure 
time required to create sub-micrometer structures varies as a function of the laser power.

Pillar arrays were also fabricated by scanning the focusing spot of the laser along the thick-
ness of a 1 μm SU8 film with different writing speeds. Figure 7 shows the pillar size as a 
function of writing velocity for three values of laser power, P = 7.5, 6, and 4.5 mW. The fab-
rication of smaller pillars down to 190 nm is possible [17]. The size of individual pillars is 
quite small when considering the wavelength (532 nm) used for the writing process. As for 
the linear dependence with intensity (OPA vs. TPA) [20, 21], the diameter-dose relationship 
agreement confirms this behavior, as the intensity I0 is used for the fit, instead of I0

2 in the 
case of TPA. This result confirms the fabrication of sub-microstructures by LOPA-based DLW 
method.

Figure 6. Fabrication of voxels by single-shot exposure. (a) Theoretical calculation of the contour plot of light intensity 
at the focusing region (NA = 1.3, n = 1.518, λ = 532 nm). (b) SEM image of a voxels array obtained by different exposure 
doses. Three ranges of voxels are fabricated correspondingly to the exposure time t1, t2 and t3 whose corresponding doses 
are 0.9, 0.7 and 0.4 as indicated in (a). These experimental results explain the OPA nature where the formed voxel shape 
is determined by the exposure dose. (c) Complete voxel lying on the substrate indicated an ellipsoidal form (exposure 
time t1 was applied). This form is similar to that obtained by the TPA method.
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3.3. LOPA-based DLW for 3D microstructure fabrication

In order to demonstrate 3D fabrication, 3D arbitrary photonic crystals (PCs) have been real-
ized. In the fabrication process, the dose was adjusted by changing the velocity of the PZT 
movement while the input power is fixed. The doses were varied from structure to structure 
depending on the size and separation (periodicity of PC). In the first experiment, a series of 
different size 3D woodpile PC structure on glass substrate was fabricated. It is noted that, 
SU-8 exhibits a strong shrinkage effect, which results in the distortion of the fabricated struc-
ture. After a number of experiments, acceptable parameters for woodpile, which are an input 
power of 2.5 mW and a velocity of 1.4 μm/s, were found. Applying these parameters, 3D 
diamond lattice-like-based PC structures such as woodpile, twisted chiral and circular spiral 
can be realized.

Figure 8(a–f) shows SEM images of 3D woodpile, spiral and chiral PCs fabricated with 
these optimum fabrication parameters. The woodpile structure (Figure 8(a and b)) consists 

Figure 7. (a) SEM image of a pillar arrays fabricated at different writing velocity and laser powers. (b) Dose dependence 
of size of pillars shown in (a), with different laser power values, P = 7.5, 6, 4.5 mW, and different writing velocities, v = 1.0, 
1.5, 2.0, 2.5, and 3.0 μm/s. Scale bar: 10 μm.
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of stacked 20 layers. Each layers consists of parallel rods with period a = 1.5 μm. Rods in 
successive layers are rotated by an angle of 90° relative to each other. Second nearest-neigh-
bor layers are displaced by a/2 relative to each other. Four layers form a lattice constant 
c = 2.1 μm. SEM measurement shows that the line width of rods on the top layer is about 
320 nm, which is 1.5 times of the voxel standard size. This means that the size of the rod 
can be minimized further. Woodpile structure with measured separation between rods on 
the top layer of only 800 nm and the measured line width of 180 nm was also successfully 
fabricated. This result shows evidently that separation of rods and layers are comparable to 
the wavelength of visible light. Figure 8(c–f) shows, as examples, two other kinds of sub-
micrometer 3D structures. Clearly, 3D chiral or spiral structures are well created, which are 
as good as those obtained by TPA DLW. The structures features are well separated, layer by 
layer, in horizontal and in vertical directions. The feature sizes are about 300 nm (horizontal) 
and 650 nm (vertical).

Experimental realization of LOPA-DLW in fabrication of 1D, 2D and 3D photonic crystal 
showed evidently the advantage of LOPA idea in combining with regular DLW. With a few 
milliwatts of a CW laser and in a moderate time, any kind of sub-micrometer structure with 
or without designed defect could be fabricated. However, some fabricated structures are not 
uniform or distorted. The physical causes of the distortion can be attributed to two main 
effects: dose accumulation effect [22] and shrinkage effects [23]. In the next section, some 
techniques to overcome those effects will be experimentally demonstrated.

Figure 8. (a–b) SEM images of a woodpile structure fabricated with the following parameters: distance between 
rods = 1.5 μm; distance between layers = 0.7 μm; number of layers = 20; laser power P = 2.5 mW and scanning speed 
v = 1.4 μm/s. (c and d) SEM images of a chiral structure. Structure and fabrication parameters: distance between rods 
a = 2 μm; distance between layers c/3 = 0.75 μm; number of layers = 28; line width r = 300 nm; laser power P = 2.8 mW and 
scanning speed v = 1.34 μm/s. (e–f) SEM images of a spiral structure (shown in inset). Fabrication parameters: diameter 
of a spiral D = 2 μm; spiral pitch C = 2 μm; lattice constant a = 3 μm; spiral height equals to film thickness = 15 μm; laser 
power P = 2.6 mW and scanning speed v = 1.34 μm/s.
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3.3. LOPA-based DLW for 3D microstructure fabrication

In order to demonstrate 3D fabrication, 3D arbitrary photonic crystals (PCs) have been real-
ized. In the fabrication process, the dose was adjusted by changing the velocity of the PZT 
movement while the input power is fixed. The doses were varied from structure to structure 
depending on the size and separation (periodicity of PC). In the first experiment, a series of 
different size 3D woodpile PC structure on glass substrate was fabricated. It is noted that, 
SU-8 exhibits a strong shrinkage effect, which results in the distortion of the fabricated struc-
ture. After a number of experiments, acceptable parameters for woodpile, which are an input 
power of 2.5 mW and a velocity of 1.4 μm/s, were found. Applying these parameters, 3D 
diamond lattice-like-based PC structures such as woodpile, twisted chiral and circular spiral 
can be realized.

Figure 8(a–f) shows SEM images of 3D woodpile, spiral and chiral PCs fabricated with 
these optimum fabrication parameters. The woodpile structure (Figure 8(a and b)) consists 

Figure 7. (a) SEM image of a pillar arrays fabricated at different writing velocity and laser powers. (b) Dose dependence 
of size of pillars shown in (a), with different laser power values, P = 7.5, 6, 4.5 mW, and different writing velocities, v = 1.0, 
1.5, 2.0, 2.5, and 3.0 μm/s. Scale bar: 10 μm.
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of stacked 20 layers. Each layers consists of parallel rods with period a = 1.5 μm. Rods in 
successive layers are rotated by an angle of 90° relative to each other. Second nearest-neigh-
bor layers are displaced by a/2 relative to each other. Four layers form a lattice constant 
c = 2.1 μm. SEM measurement shows that the line width of rods on the top layer is about 
320 nm, which is 1.5 times of the voxel standard size. This means that the size of the rod 
can be minimized further. Woodpile structure with measured separation between rods on 
the top layer of only 800 nm and the measured line width of 180 nm was also successfully 
fabricated. This result shows evidently that separation of rods and layers are comparable to 
the wavelength of visible light. Figure 8(c–f) shows, as examples, two other kinds of sub-
micrometer 3D structures. Clearly, 3D chiral or spiral structures are well created, which are 
as good as those obtained by TPA DLW. The structures features are well separated, layer by 
layer, in horizontal and in vertical directions. The feature sizes are about 300 nm (horizontal) 
and 650 nm (vertical).

Experimental realization of LOPA-DLW in fabrication of 1D, 2D and 3D photonic crystal 
showed evidently the advantage of LOPA idea in combining with regular DLW. With a few 
milliwatts of a CW laser and in a moderate time, any kind of sub-micrometer structure with 
or without designed defect could be fabricated. However, some fabricated structures are not 
uniform or distorted. The physical causes of the distortion can be attributed to two main 
effects: dose accumulation effect [22] and shrinkage effects [23]. In the next section, some 
techniques to overcome those effects will be experimentally demonstrated.

Figure 8. (a–b) SEM images of a woodpile structure fabricated with the following parameters: distance between 
rods = 1.5 μm; distance between layers = 0.7 μm; number of layers = 20; laser power P = 2.5 mW and scanning speed 
v = 1.4 μm/s. (c and d) SEM images of a chiral structure. Structure and fabrication parameters: distance between rods 
a = 2 μm; distance between layers c/3 = 0.75 μm; number of layers = 28; line width r = 300 nm; laser power P = 2.8 mW and 
scanning speed v = 1.34 μm/s. (e–f) SEM images of a spiral structure (shown in inset). Fabrication parameters: diameter 
of a spiral D = 2 μm; spiral pitch C = 2 μm; lattice constant a = 3 μm; spiral height equals to film thickness = 15 μm; laser 
power P = 2.6 mW and scanning speed v = 1.34 μm/s.
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4. Optimization of LOPA-based DLW technique

4.1. Dose accumulation effect

As a consequence of linear behavior of absorption mechanism, the dose accumulation effect 
is the inherent nature of linear absorption material [24, 25]. In contrast to a conventional TPA 
method, a photoresist operated in OPA regime does not have any threshold of polymerization 
[26], hence the voxel size can be controlled by adjusting the exposure dose. In principle, polym-
erization occurs at the focusing spot with a single-shot exposure resulting in a very small voxel 
(smaller than the diffraction limit) [27]. However, when two voxels are built side-by-side with 
a distance of about several hundred nanometers, two resulting voxels are no longer separated 
[17]. This issue evidently originates from the dose accumulation effect in OPA process.

Similar to OPA microscopy where the microscopy image cannot resolve two small objects 
which localize at about several hundred nanometers from each other, the fabricated voxels 
in DLW also cannot be separated. Abbe’s criterion states that, the minimum resolving dis-
tance of two objects is defined as 0.61λ/NA, where λ is the wavelength of incident light. This 
diffraction barrier thus imposes the minimum distance between different voxels, created by 
different exposures. Moreover, when multiple exposures are applied, although isolated voxel 
fabrication is ideally confined to the focal volumetric spot, the superposition of many out-
of-focus regions of densely-spaced voxels leads to undesired and unconfined reaction. This 
results in the larger effective voxel size, even with a distance far from the diffraction limit. 
Indeed, in the case of OPA, photons could be absorbed anywhere they are, with an efficiency 
depending on the linear absorption cross-section of the irradiated material. The absorbed 
energy is gradually accumulated as a function of exposure time.

Figure 9 shows the theoretical calculations and experimental results of the dependence of 
the voxels size on distance. When two voxels are separated by a distance shorter that 1 μm, 
a clear accumulation effect is observed, resulting in a voxel of larger size. When the separa-
tion changes from 2 to 0.5 μm, the FWHM of each voxel is increased from 190 to 300 nm. 
Moreover, for a short separation, the voxels array is not uniform from the center to the edge 
part, as can be seen in case of a separation of 0.5 μm. In the parts below, two strategies to get 
rid of this accumulation effect are discussed.

4.1.1. Dose compensation strategy

According to the structures fabricated by LOPA DLW and the theoretical calculation, the dose 
accumulation effect should be compensated in order to get superior structure uniformity. The 
compensation technique idea is based on a balance of the exposure doses over the structure. 
In other words, a certain amount of the exposure dose should be reduced at the region (or a 
part or a division) where the dose accumulation effect strongly occurs and should be added 
to the region where the dose is lacking.

As demonstrated above, the accumulation effect depends on the separation distance, s. 2D 
micropillars array was fabricated by scanning the focusing spot along the z-axis to  demonstrate 
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the accumulation effect and the dose compensation technique. The variation of the pillars 
size as a function of s distance, from 0.3 to 3 μm, has been systematically investigated [22]. 
According to the pillars size variation, from the center to the edge of the structure, the size 
difference could be compensated by gradually increasing the exposure doses for outer pillars. 
The intensity distribution of a pillar array and the dose compensation strategy are shown in 
Figure 10(a). Different dose compensation ratios have been experimentally applied, indicated 
by letters A, B, C, and D. Two sets of structures have been fabricated on the same sample in 
order to maintain the same experimental conditions: one without and the other with dose 
compensation. The accumulation effect in the case of s = 0.4 μm, obtained without compen-
sation, is shown in Figure 10(b). It can be seen that the structure is not uniform, and the 
outmost voxels collapse into central pillars. With dose compensation, i.e. the doses for outer 
pillars are increased, 2D micropillars arrays become uniform. Structures realized with dif-
ferent dose ratios, corresponding to A, B, C, and D schemes depicted in Figure 10(a), are 
shown in Figure 10(c–f). With high dose compensation amplitude, the size of outer pillars 
becomes even larger than those in the center. By using an appropriate dose compensation 
ratio, perfectly uniform 2D micropillars array is obtained, as shown in Figure 10(c). The struc-
ture period is only 400 nm, the height of pillars is about 700 nm, and pillar’s diameter is about 
160 nm. Structures with periods of several hundred nanometers are very suitable for photonic 
applications in visible range.

Figure 9. Dependence of voxel sizes on separation between voxels calculated at the iso-intensity = 0.5 (I = I0/2), showing 
the influence of energy accumulation from one focusing spot to another. Insets show simulated images (blue background) 
and SEM images (gray background) of 2D voxel arrays fabricated with different distances between two voxels: 2, 1, and 
0.5 μm. Scale bar (from left to right): 0.5, 1, and 2 μm.

One-Photon Absorption-Based Direct Laser Writing of Three-Dimensional Photonic Crystals
http://dx.doi.org/10.5772/intechopen.71318

147



4. Optimization of LOPA-based DLW technique

4.1. Dose accumulation effect

As a consequence of linear behavior of absorption mechanism, the dose accumulation effect 
is the inherent nature of linear absorption material [24, 25]. In contrast to a conventional TPA 
method, a photoresist operated in OPA regime does not have any threshold of polymerization 
[26], hence the voxel size can be controlled by adjusting the exposure dose. In principle, polym-
erization occurs at the focusing spot with a single-shot exposure resulting in a very small voxel 
(smaller than the diffraction limit) [27]. However, when two voxels are built side-by-side with 
a distance of about several hundred nanometers, two resulting voxels are no longer separated 
[17]. This issue evidently originates from the dose accumulation effect in OPA process.

Similar to OPA microscopy where the microscopy image cannot resolve two small objects 
which localize at about several hundred nanometers from each other, the fabricated voxels 
in DLW also cannot be separated. Abbe’s criterion states that, the minimum resolving dis-
tance of two objects is defined as 0.61λ/NA, where λ is the wavelength of incident light. This 
diffraction barrier thus imposes the minimum distance between different voxels, created by 
different exposures. Moreover, when multiple exposures are applied, although isolated voxel 
fabrication is ideally confined to the focal volumetric spot, the superposition of many out-
of-focus regions of densely-spaced voxels leads to undesired and unconfined reaction. This 
results in the larger effective voxel size, even with a distance far from the diffraction limit. 
Indeed, in the case of OPA, photons could be absorbed anywhere they are, with an efficiency 
depending on the linear absorption cross-section of the irradiated material. The absorbed 
energy is gradually accumulated as a function of exposure time.

Figure 9 shows the theoretical calculations and experimental results of the dependence of 
the voxels size on distance. When two voxels are separated by a distance shorter that 1 μm, 
a clear accumulation effect is observed, resulting in a voxel of larger size. When the separa-
tion changes from 2 to 0.5 μm, the FWHM of each voxel is increased from 190 to 300 nm. 
Moreover, for a short separation, the voxels array is not uniform from the center to the edge 
part, as can be seen in case of a separation of 0.5 μm. In the parts below, two strategies to get 
rid of this accumulation effect are discussed.

4.1.1. Dose compensation strategy

According to the structures fabricated by LOPA DLW and the theoretical calculation, the dose 
accumulation effect should be compensated in order to get superior structure uniformity. The 
compensation technique idea is based on a balance of the exposure doses over the structure. 
In other words, a certain amount of the exposure dose should be reduced at the region (or a 
part or a division) where the dose accumulation effect strongly occurs and should be added 
to the region where the dose is lacking.

As demonstrated above, the accumulation effect depends on the separation distance, s. 2D 
micropillars array was fabricated by scanning the focusing spot along the z-axis to  demonstrate 
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the accumulation effect and the dose compensation technique. The variation of the pillars 
size as a function of s distance, from 0.3 to 3 μm, has been systematically investigated [22]. 
According to the pillars size variation, from the center to the edge of the structure, the size 
difference could be compensated by gradually increasing the exposure doses for outer pillars. 
The intensity distribution of a pillar array and the dose compensation strategy are shown in 
Figure 10(a). Different dose compensation ratios have been experimentally applied, indicated 
by letters A, B, C, and D. Two sets of structures have been fabricated on the same sample in 
order to maintain the same experimental conditions: one without and the other with dose 
compensation. The accumulation effect in the case of s = 0.4 μm, obtained without compen-
sation, is shown in Figure 10(b). It can be seen that the structure is not uniform, and the 
outmost voxels collapse into central pillars. With dose compensation, i.e. the doses for outer 
pillars are increased, 2D micropillars arrays become uniform. Structures realized with dif-
ferent dose ratios, corresponding to A, B, C, and D schemes depicted in Figure 10(a), are 
shown in Figure 10(c–f). With high dose compensation amplitude, the size of outer pillars 
becomes even larger than those in the center. By using an appropriate dose compensation 
ratio, perfectly uniform 2D micropillars array is obtained, as shown in Figure 10(c). The struc-
ture period is only 400 nm, the height of pillars is about 700 nm, and pillar’s diameter is about 
160 nm. Structures with periods of several hundred nanometers are very suitable for photonic 
applications in visible range.

Figure 9. Dependence of voxel sizes on separation between voxels calculated at the iso-intensity = 0.5 (I = I0/2), showing 
the influence of energy accumulation from one focusing spot to another. Insets show simulated images (blue background) 
and SEM images (gray background) of 2D voxel arrays fabricated with different distances between two voxels: 2, 1, and 
0.5 μm. Scale bar (from left to right): 0.5, 1, and 2 μm.
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4.1.2. Local PEB for small and uniform microstructures

The dose compensation technique are presented above and proved to be able to compensate 
the size difference in the structures. Nonetheless, this technique requires numerous calcula-
tion and tests in order to find out the appropriate dose compensation parameters. For exam-
ple, for the fabrication of other 2D structures with a sub-micrometer period containing an 
arbitrary defect, such as a microcavity or a waveguide of arbitrary shape, the dose should be 
controlled for individual voxel (or pillar) as a function of its position in the structure and with 
respect to the defect. This requires many attempts to find out the optimized parameters since 
the dose compensation is different for different structures.

In this part, the thermal effect induced by a CW green laser in the LOPA-based DLW technique 
has been investigated, which plays a role as a heat assistant for completing the crosslinking 
process of the photopolymerization of SU8 [28]. The fabrication of sub-microstructures using 
LOPA DLW with a laser induced thermal effect, also called local PEB, was demonstrated, and 
it was also shown to alter the traditional PEB on a hot plate and help overcome the accumula-
tion effect existing in standard LOPA DLW.

For the demonstration of local PEB, two sets of 2D structures were fabricated, each set con-
tains pillar arrays written at different doses (by varying the laser power and the writing 
speed). One set was realized following the traditional process, i.e., after exposure, the sample 
was post-baked for 1 min at 65°C and then 3 min at 95°C using hot plate. For the other set, the 
PEB step was skipped, which means that the exposure process was followed directly by the 

Figure 10. Compensation of dose accumulation for s = 0.4 μm. (a) Theoretical calculation of the intensity distribution 
as a function of x–position (blue color), and proposition of different doses, indicated by A, B, C, and D (red color) to 
compensate the dose accumulation effect. (b–f) SEM images of 2D hexagonal structures realized without compensation 
(b), and with compensation with different doses: A (c); B (d); C (e), and D (f). The excitation power was fixed at 2.5 mW 
and the dose was adjusted by changing the writing velocity.
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development process. It has been observed that for the same dose, the pillars fabricated with-
out PEB are smaller than those fabricated with PEB [28]. Due to the fact that the structures 
are not formed at low power (low light intensity), it is assumed that the applied laser power 
or intensity must be above a threshold in order to induce enough heat for the crosslinking 
process, and this threshold should be higher than that of standard LOPA (with PEB) for a 
complete photopolymerization.

Figure 11(a) shows the accumulation effect observed in the structures fabricated using tra-
ditional PEB process at different doses. The distance between two pillars is 500 nm, which 
is considered as a sufficiently short separation to induce noticeable accumulation effect. It 
can be observed that the pillar size decreases from the center to the edge, with a variation of 
10–20%, resulting in non-uniform structures. Figure 11(b) shows the SEM images of struc-
tures obtained using local PEB. In this case, in order to induce sufficiently high tempera-
ture, the laser power (5 mW) was higher than that (3 mW) used with traditional PEB step. In 
contrast to the structures fabricated using traditional PEB, which shows accumulation effect 
(Figure 11(a) on the top), the structures obtained with local PEB show nearly perfect unifor-
mity (Figure 11(b) on the top). Moreover, as compared to the dose compensation method, the 
LOPA-based DLW using local PEB does not require testing, since the dose applied is constant 
for all voxels and the range of applicable doses is large. In addition, the PEB step is skipped, 
which is a great advantage in terms of fabrication time. Furthermore, comparing to structures 
realized by TPA-based DLW, the period of these fabricated structures is much shorter (only 
500 nm or even 400 nm) thanks to the use of short laser wavelength, which can be an addi-
tional advantage of this LOPA technique.

The heat equation [29] was also solved using finite element model realized by Matlab to dem-
onstrate that the heat induced by high excitation intensity of a 532 nm CW laser confines 
the crosslinking reaction in the local region where the temperature is higher than the PEB 
temperature. This resulted in fine and uniform structures, since only the material within the 
effective temperature region was properly polymerized. Temperature-depth dependence cal-
culation shows that this technique allows the fabrication of uniform 3D sub-micro structures 
with large thickness. This is then evident by an experimental demonstration of fabrication 
of a uniform 3D woodpile structure without PEB step, with a period as small as 400 nm [28]. 
Compared to the commonly used TPA method, LOPA-based DLW with local PEB shows 
numerous advantages such as simple, low-cost setup and simplified fabrication process, 
while producing same high-quality structures.

4.2. Shrinkage effect

Shrinkage is a fundamental issue for photopolymerization in the photopolymer. It is diffi-
cult to avoid the non-uniformity when the conventional polymerized microstructures are 
attached to substrates. The origin of this effect for TPA polymerization has been investigated 
[30]. It was suggested that the origin of the shrinkage is the collapse of this material during 
the development stage owing to the polymer not being fully cross-linked when they are made 
at the irradiation power close to the photopolymerization threshold. At fabrication intensi-
ties slightly above the photopolymerization threshold, the photopolymerization yield is not 
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4.1.2. Local PEB for small and uniform microstructures

The dose compensation technique are presented above and proved to be able to compensate 
the size difference in the structures. Nonetheless, this technique requires numerous calcula-
tion and tests in order to find out the appropriate dose compensation parameters. For exam-
ple, for the fabrication of other 2D structures with a sub-micrometer period containing an 
arbitrary defect, such as a microcavity or a waveguide of arbitrary shape, the dose should be 
controlled for individual voxel (or pillar) as a function of its position in the structure and with 
respect to the defect. This requires many attempts to find out the optimized parameters since 
the dose compensation is different for different structures.

In this part, the thermal effect induced by a CW green laser in the LOPA-based DLW technique 
has been investigated, which plays a role as a heat assistant for completing the crosslinking 
process of the photopolymerization of SU8 [28]. The fabrication of sub-microstructures using 
LOPA DLW with a laser induced thermal effect, also called local PEB, was demonstrated, and 
it was also shown to alter the traditional PEB on a hot plate and help overcome the accumula-
tion effect existing in standard LOPA DLW.

For the demonstration of local PEB, two sets of 2D structures were fabricated, each set con-
tains pillar arrays written at different doses (by varying the laser power and the writing 
speed). One set was realized following the traditional process, i.e., after exposure, the sample 
was post-baked for 1 min at 65°C and then 3 min at 95°C using hot plate. For the other set, the 
PEB step was skipped, which means that the exposure process was followed directly by the 
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as a function of x–position (blue color), and proposition of different doses, indicated by A, B, C, and D (red color) to 
compensate the dose accumulation effect. (b–f) SEM images of 2D hexagonal structures realized without compensation 
(b), and with compensation with different doses: A (c); B (d); C (e), and D (f). The excitation power was fixed at 2.5 mW 
and the dose was adjusted by changing the writing velocity.
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development process. It has been observed that for the same dose, the pillars fabricated with-
out PEB are smaller than those fabricated with PEB [28]. Due to the fact that the structures 
are not formed at low power (low light intensity), it is assumed that the applied laser power 
or intensity must be above a threshold in order to induce enough heat for the crosslinking 
process, and this threshold should be higher than that of standard LOPA (with PEB) for a 
complete photopolymerization.

Figure 11(a) shows the accumulation effect observed in the structures fabricated using tra-
ditional PEB process at different doses. The distance between two pillars is 500 nm, which 
is considered as a sufficiently short separation to induce noticeable accumulation effect. It 
can be observed that the pillar size decreases from the center to the edge, with a variation of 
10–20%, resulting in non-uniform structures. Figure 11(b) shows the SEM images of struc-
tures obtained using local PEB. In this case, in order to induce sufficiently high tempera-
ture, the laser power (5 mW) was higher than that (3 mW) used with traditional PEB step. In 
contrast to the structures fabricated using traditional PEB, which shows accumulation effect 
(Figure 11(a) on the top), the structures obtained with local PEB show nearly perfect unifor-
mity (Figure 11(b) on the top). Moreover, as compared to the dose compensation method, the 
LOPA-based DLW using local PEB does not require testing, since the dose applied is constant 
for all voxels and the range of applicable doses is large. In addition, the PEB step is skipped, 
which is a great advantage in terms of fabrication time. Furthermore, comparing to structures 
realized by TPA-based DLW, the period of these fabricated structures is much shorter (only 
500 nm or even 400 nm) thanks to the use of short laser wavelength, which can be an addi-
tional advantage of this LOPA technique.

The heat equation [29] was also solved using finite element model realized by Matlab to dem-
onstrate that the heat induced by high excitation intensity of a 532 nm CW laser confines 
the crosslinking reaction in the local region where the temperature is higher than the PEB 
temperature. This resulted in fine and uniform structures, since only the material within the 
effective temperature region was properly polymerized. Temperature-depth dependence cal-
culation shows that this technique allows the fabrication of uniform 3D sub-micro structures 
with large thickness. This is then evident by an experimental demonstration of fabrication 
of a uniform 3D woodpile structure without PEB step, with a period as small as 400 nm [28]. 
Compared to the commonly used TPA method, LOPA-based DLW with local PEB shows 
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attached to substrates. The origin of this effect for TPA polymerization has been investigated 
[30]. It was suggested that the origin of the shrinkage is the collapse of this material during 
the development stage owing to the polymer not being fully cross-linked when they are made 
at the irradiation power close to the photopolymerization threshold. At fabrication intensi-
ties slightly above the photopolymerization threshold, the photopolymerization yield is not 
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Figure 11. Comparison between structures fabricated with standard PEB (a) and local PEB (b) shows the advantage 
of “local PEB” in overcoming the accumulation effect. Left: SEM images of fabricated structures. Top: sizes of pillars 
indicated by the dashed line on SEM images plotted as a function of position. With standard PEB: the pillars are larger at 
center of pattern. With local PEB: pillars are very uniform. All structures are fabricated with a period of 500 nm.
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100%, resulting in a sponge-like material after the development process. Hence, the structural 
shrinkage observed at average laser powers is the result of the collapse of this material at 
a molecular level [30]. However, it has also been confirmed that, although the sponge-like 
materials are formed during the development because of the non-full polymerization at low 
laser power, the shrinkage indeed occurs due to the capillary forces and the dramatic change 
of surface tension during the drying process [31].

For LOPA 3D fabrication, this shrinkage effect is also observed, with different levels of distor-
tion for different exposure doses, i.e., the lower the exposure dose is the higher the shrinkage 
is. (Figure 12a–d) shows the shrinkage effect observed in 3D woodpile structures fabricated 
at different doses (P = 9 mW, writing speed v = 4, 3, 2, and 1 μm/s, from left to right, respec-
tively). It can be clearly seen that the degree of shrinkage at different exposure doses is dif-
ferent, i.e., from left to right, the writing speed decreases (the dose increases), the shrinkage 
decreases. This result is also in agreement with previous report on the shrinkage in the case of 
TPA polymerization [30], which suggests that in both cases, the shrinkage effect might have 
a similar origin.

Non-uniform shrinkage might destroy the structural periodicity of a photonic crystal, result-
ing in the degradation of its optical quality. While shrinkage is an intrinsic problem, which 
cannot be avoided, non-uniform shrinkage problem can be positively resolved. Several 
approaches have been reported on how to overcome this non-uniform shrinkage, including 
pre-compensation for deformation [32], single [33] and multi-anchor supporting method [30, 
34], or freestanding microstructures trapped in cages [35]. All the above methods are investi-
gated for the TPA case. In this work, the multi-anchor supporting method was employed to 
reduce the deformation caused by the non-uniform shrinkage of 3D microstructures by LOPA 
DLW. To demonstrate this idea, instead of fabricating woodpile structures directly on glass 
substrate, four “legs” at four corners of structures were created in order to avoid the attach-
ment of the structures to the glass substrate, which is the direct cause of the non-uniform 

Figure 12. 3D woodpile structures (number of layers =16, rod spacing = 1.5 μm and layer spacing = 0.65 μm) fabricated 
without (a–d) and with “legs” (e–h), at laser power of 9 mW and different writing speeds: v = 4, 3, 2, and 1 μm/s, from 
left to right. Scale bars: 5 μm.
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100%, resulting in a sponge-like material after the development process. Hence, the structural 
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materials are formed during the development because of the non-full polymerization at low 
laser power, the shrinkage indeed occurs due to the capillary forces and the dramatic change 
of surface tension during the drying process [31].
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tion for different exposure doses, i.e., the lower the exposure dose is the higher the shrinkage 
is. (Figure 12a–d) shows the shrinkage effect observed in 3D woodpile structures fabricated 
at different doses (P = 9 mW, writing speed v = 4, 3, 2, and 1 μm/s, from left to right, respec-
tively). It can be clearly seen that the degree of shrinkage at different exposure doses is dif-
ferent, i.e., from left to right, the writing speed decreases (the dose increases), the shrinkage 
decreases. This result is also in agreement with previous report on the shrinkage in the case of 
TPA polymerization [30], which suggests that in both cases, the shrinkage effect might have 
a similar origin.

Non-uniform shrinkage might destroy the structural periodicity of a photonic crystal, result-
ing in the degradation of its optical quality. While shrinkage is an intrinsic problem, which 
cannot be avoided, non-uniform shrinkage problem can be positively resolved. Several 
approaches have been reported on how to overcome this non-uniform shrinkage, including 
pre-compensation for deformation [32], single [33] and multi-anchor supporting method [30, 
34], or freestanding microstructures trapped in cages [35]. All the above methods are investi-
gated for the TPA case. In this work, the multi-anchor supporting method was employed to 
reduce the deformation caused by the non-uniform shrinkage of 3D microstructures by LOPA 
DLW. To demonstrate this idea, instead of fabricating woodpile structures directly on glass 
substrate, four “legs” at four corners of structures were created in order to avoid the attach-
ment of the structures to the glass substrate, which is the direct cause of the non-uniform 

Figure 12. 3D woodpile structures (number of layers =16, rod spacing = 1.5 μm and layer spacing = 0.65 μm) fabricated 
without (a–d) and with “legs” (e–h), at laser power of 9 mW and different writing speeds: v = 4, 3, 2, and 1 μm/s, from 
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shrinkage. These anchors were designed and fabricated as rods of several hundred nanome-
ters and did not affect the main structure. (Figure 12e–h) shows woodpile structures with 
anchors fabricated at different doses. It can be seen that at low dose, the non-uniform shrink-
age still remains as shown in Figure 12(e). However, when the dose is increased by a small 
amount, the distortion decreases and disappears. In this case, a laser power of 9 mW and a 
writing speed of 3 μm/s were sufficient for a considerable uniform structure. Compared to the 
non-anchored structures, the fabrication speed is reduced by three times to obtain a nearly 
deformation-free PC, which is remarkable especially for the fabrication of large structures. 
The shrinkage effect can also be exploited to produce PCs with small lattice constant.

To conclude, the multi-anchor supporting method was successfully applied to reduce the 
non-uniform deformation of 3D microstructure caused by attachment to the substrate. Since 
the support with four anchors allows uniform shrinkage of a polymeric microstructure by 
releasing it from the substrate, the fabricated microstructure shrinks isotropically. The combi-
nation of LOPA with local PEB and this supporting method is a promising way of producing 
small lattice constant photonic structures, which possess a photonic bandgap in the visible 
range.

5. Realization of magneto-photonic microstructures by LOPA-based DLW

LOPA-based DLW has been demonstrated to be not only applicable for SU8 but also other 
materials [36, 37], and be capable of fabricating structures incorporated with nanoparticles 
(NPs), such as plasmonic [38] or magnetic NPs [39]. In this section, as a proof of the versatil-
ity of LOPA DLW, the fabrication of 2D and 3D sub-microstructures from nanocomposite 
consisting of magnetite (Fe3O4) NPs and a commercial SU8 photoresist by employing LOPA 
DLW technique is presented [39]. The nanocomposite was synthesized by incorporating mag-
netic nanoparticles (MNPs) into SU8 matrix. Due to the magnetic force (mainly inter-particle 
interactions), MNPs tend to form large agglomerations, causing difficulties in achieving a 
homogeneous distribution of MNPs in polymer matrix. Hence, different concentrations of 
Fe3O4 MNPs and various types of SU8 with different viscosities have been investigated to 
obtain the best dispersion of MNPs in the polymer environment. Finally, the best compromise 
was achieved between SU8 2005, with moderate viscosity, and a MNP concentration of 2 wt%, 
which is low enough to achieve a homogeneous nanocomposite and high enough to give 
strong response to external magnetic field.

Arbitrary magnetic structures from magneto-polymer nanocomposite have been realized 
using LOPA DLW. Figure 13(a) shows an SEM image of an arbitrary 2D structure, the letter 
”LPQM,” fabricated at the power of 15 mW with a writing speed of 3 μm/s. For this fabri-
cation, a point matrix technique was used to shape the letter. The distance between pillars 
was set at 150 nm, which resulted in a continuous line due to the accumulation of exposure 
energy at the vicinity of each point. An SEM image of a 2D pillar array magneto-photonic 
structure, with a period of 1.5 μm is shown in Figure 13(b). This structure was fabricated at 
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a laser power of 12 mW and a writing speed of 2 μm/s. Similarly, various 3D structures have 
also been realized, with a laser power of about 12 mW. Figure 13(c) shows an SEM image of 
a woodpile structure, which consists of 10 alternating layers separated from each other by 
1 μm. The rod spacing in x- and y-directions is 2 μm. These experimental results confirm that 
the LOPA-based DLW allows the fabrication of any magneto-photonic sub-micrometer struc-
ture or device on this magneto-polymer nanocomposite, which is very promising for a wide 
range of applications using magnetic microdevices and micro-robotic tools.

Indeed, magneto-photonic structures for remote actuation have attracted a great deal of 
attention recently [40]. With the aid of an external magnetic field, the displacement in three 
dimensions of magnetic structures can be controlled as desired. As shown previously, small 
magneto-photonic structures, which are adaptable to small targets, have been created. In 
order to prove the response of magnetic structures to a magnetic field, arrays of micro-pillars 
were fabricated as an example for demonstration [39]. To release the structures from the sub-
strate, before coating the nanocomposite layer, an extra sacrificial layer of PMMA, which can 
be dissolved with acetone to release the structures into solution, was added. A magnetic field 

Figure 13. (a) SEM image of letter LPQM, fabricated at a laser power P = 15 mW, writing speed v = 3 μm/s. (b) SEM image 
of a 2D pillar array, fabricated at P = 12 mW, v = 2 μm/s. (c) SEM image of a 3D woodpile PC. Fabrication parameters: 
rod spacing = 2 μm; distance between layers = 1 μm; number of layers = 10; laser power P = 12 mW and scanning speed 
v = 2 μm/s. Scale bars: 2 μm.
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shrinkage. These anchors were designed and fabricated as rods of several hundred nanome-
ters and did not affect the main structure. (Figure 12e–h) shows woodpile structures with 
anchors fabricated at different doses. It can be seen that at low dose, the non-uniform shrink-
age still remains as shown in Figure 12(e). However, when the dose is increased by a small 
amount, the distortion decreases and disappears. In this case, a laser power of 9 mW and a 
writing speed of 3 μm/s were sufficient for a considerable uniform structure. Compared to the 
non-anchored structures, the fabrication speed is reduced by three times to obtain a nearly 
deformation-free PC, which is remarkable especially for the fabrication of large structures. 
The shrinkage effect can also be exploited to produce PCs with small lattice constant.

To conclude, the multi-anchor supporting method was successfully applied to reduce the 
non-uniform deformation of 3D microstructure caused by attachment to the substrate. Since 
the support with four anchors allows uniform shrinkage of a polymeric microstructure by 
releasing it from the substrate, the fabricated microstructure shrinks isotropically. The combi-
nation of LOPA with local PEB and this supporting method is a promising way of producing 
small lattice constant photonic structures, which possess a photonic bandgap in the visible 
range.

5. Realization of magneto-photonic microstructures by LOPA-based DLW

LOPA-based DLW has been demonstrated to be not only applicable for SU8 but also other 
materials [36, 37], and be capable of fabricating structures incorporated with nanoparticles 
(NPs), such as plasmonic [38] or magnetic NPs [39]. In this section, as a proof of the versatil-
ity of LOPA DLW, the fabrication of 2D and 3D sub-microstructures from nanocomposite 
consisting of magnetite (Fe3O4) NPs and a commercial SU8 photoresist by employing LOPA 
DLW technique is presented [39]. The nanocomposite was synthesized by incorporating mag-
netic nanoparticles (MNPs) into SU8 matrix. Due to the magnetic force (mainly inter-particle 
interactions), MNPs tend to form large agglomerations, causing difficulties in achieving a 
homogeneous distribution of MNPs in polymer matrix. Hence, different concentrations of 
Fe3O4 MNPs and various types of SU8 with different viscosities have been investigated to 
obtain the best dispersion of MNPs in the polymer environment. Finally, the best compromise 
was achieved between SU8 2005, with moderate viscosity, and a MNP concentration of 2 wt%, 
which is low enough to achieve a homogeneous nanocomposite and high enough to give 
strong response to external magnetic field.

Arbitrary magnetic structures from magneto-polymer nanocomposite have been realized 
using LOPA DLW. Figure 13(a) shows an SEM image of an arbitrary 2D structure, the letter 
”LPQM,” fabricated at the power of 15 mW with a writing speed of 3 μm/s. For this fabri-
cation, a point matrix technique was used to shape the letter. The distance between pillars 
was set at 150 nm, which resulted in a continuous line due to the accumulation of exposure 
energy at the vicinity of each point. An SEM image of a 2D pillar array magneto-photonic 
structure, with a period of 1.5 μm is shown in Figure 13(b). This structure was fabricated at 
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a laser power of 12 mW and a writing speed of 2 μm/s. Similarly, various 3D structures have 
also been realized, with a laser power of about 12 mW. Figure 13(c) shows an SEM image of 
a woodpile structure, which consists of 10 alternating layers separated from each other by 
1 μm. The rod spacing in x- and y-directions is 2 μm. These experimental results confirm that 
the LOPA-based DLW allows the fabrication of any magneto-photonic sub-micrometer struc-
ture or device on this magneto-polymer nanocomposite, which is very promising for a wide 
range of applications using magnetic microdevices and micro-robotic tools.

Indeed, magneto-photonic structures for remote actuation have attracted a great deal of 
attention recently [40]. With the aid of an external magnetic field, the displacement in three 
dimensions of magnetic structures can be controlled as desired. As shown previously, small 
magneto-photonic structures, which are adaptable to small targets, have been created. In 
order to prove the response of magnetic structures to a magnetic field, arrays of micro-pillars 
were fabricated as an example for demonstration [39]. To release the structures from the sub-
strate, before coating the nanocomposite layer, an extra sacrificial layer of PMMA, which can 
be dissolved with acetone to release the structures into solution, was added. A magnetic field 

Figure 13. (a) SEM image of letter LPQM, fabricated at a laser power P = 15 mW, writing speed v = 3 μm/s. (b) SEM image 
of a 2D pillar array, fabricated at P = 12 mW, v = 2 μm/s. (c) SEM image of a 3D woodpile PC. Fabrication parameters: 
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(only 8 mT) generated by a permanent magnet was then applied to examine the magnetic 
field response of the magnetic micro-swimmers. The whole process from structural develop-
ment to the movement toward higher gradient of the external magnetic field was observed 
via optical microscope, in which all of the micro-pillars quickly moved toward the magnetic 
tip, confirming the presence of Fe3O4 MNPs inside the structures and their strong response to 
the applied magnetic field. The magnetic structures responded strongly to the external mag-
netic field, opening many promising applications, such as tunable photonic structures based 
on magneto-optical effect and development of microrobotic tools for transport in biological 
systems.

6. Conclusions and prospects

In this chapter, a new technique based on an already-well-known mechanism, one-photon 
absorption (OPA) direct laser writing (DLW), for fabrication of low-cost, high-quality 3D PCs 
was introduced. This technique was demonstrated through both theory and experiment on 
the ultra-low absorption regime (LOPA) of photosensitive material. It was pointed out that 
DLW based on LOPA microscopy enables 3D fabrication in any kind of photoresist material 
with flexible defect engineering.

Some additional methods, such as dose compensation and local PEB, have been also proposed 
and applied to optimize the structures fabricated by LOPA DLW. In particular, by using the 
optically induced thermal effect, the fabrication of accumulation-free sub-micrometer and 
uniform polymeric 2D and 3D structures was realized. Also, the multi-anchor supporting 
method was employed to reduce the deformation caused by the non-uniform shrinkage of 3D 
polymeric microstructures.

As a proof of the versatility of the LOPA-based DLW technique, the capability to fabricate 
magneto-photonic microstructures using a SU8/Fe3O4 nanocomposite has been demon-
strated. The fabricated micro-swimmers showed strong response to an applied external 
magnetic field, which emphasizes the importance of free-floating structures as a robotic 
technology for magnetic devices such as sensors, actuators, magnetic labeling, and drug tar-
geting. 3D magneto-photonic structures have also been successfully fabricated, potentially 
aiding the development of magnetic nanodevices and micro-robotic tools for a wide range 
of applications.
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Abstract

One-dimension (1D) photonic crystals have been widely used in silicon photonics due to 
its simple structure and multiple working regimes: diffraction, Bragg reflection, and sub-
wavelength regimes. Thanks to recent development of photonic technologies and high-
resolution lithography, many 1D photonic crystal-assisted silicon integrated devices have 
been proposed and demonstrated to further increase integration density and improve 
device performance. This chapter first presents some fundamentals of 1D photonic crys-
tals. An overview of the applications of 1D photonic crystals in silicon photonics is then 
given including grating couplers, waveguide crossings, multimode interference couplers, 
polarization-independent directional couplers, hybrid lasers, polarizers, and high-order 
mode filters, among others. Particular attention is paid to providing insight into the 
design strategies for these devices.

Keywords: photonic crystals, diffractive gratings, sub-wavelength gratings, Bragg 
gratings, silicon photonics

1. Introduction

Extensive research has been performed to realize large-scale integration of silicon photonics 
for optical communication networks [1, 2], optical computing [3, 4], and biosensing [5, 6]. The 
impetus of this research lies in the fact that silicon-on-insulator (SOI) technology is fully com-
patible with complementary metal oxide semiconductor (CMOS) technology and possesses 
high refractive index contrast enabling compact devices. Recent efforts in silicon photonic 
devices, such as III–V/silicon hybrid lasers [7–9], modulators [10, 11], photodetectors [12], and 
switches [13, 14], have all paved a path toward realizing silicon-based high-density electronic 
and photonic integration circuits (EPICs) [15]. However, due to high-index contrast, photonic 
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devices based on SOI waveguides always suffer from some issues including high polarization 
sensitivity, limited bandwidth, sever phase errors caused by fabrication, thermal sensitivity, 
and relatively large loss. Those issues greatly limit application range of silicon-based photonic 
devices. There has been considerable effort by the international community to improve device 
performances by designing new structures, introducing new materials, combining different 
effects, developing new fabrication processes, discovering new functionalities, etc. The appli-
cation of 1D photonic crystals in silicon photonics is a representative example.

1D photonic crystals are the simplest structure in photonic crystal family [16]. Interestingly, 
1D photonic crystals still possess many exciting properties such as adjustable dispersion and 
birefringence, acting as homogeneous materials. Compared with 2D or 3D photonic crystals, 
the simple structure of 1D photonic crystals makes them easy to be integrated with the exist-
ing photonic devices without changing fabrication procedures. Consequently, many high-
performance silicon-based devices have been proposed and demonstrated by exploiting those 
exciting properties of 1D photonic crystals. This chapter aims to provide the readers with  
some fundamentals of 1D photonic crystals and present an extensive overview of their appli-
cations in silicon photonics. The chapter is organized as follows. Section 2 describes the fun-
damentals of 1D photonic crystals. For the sake of clarity, the overview of their applications is 
divided into three sections (Sections 3–5) on the basis of three operating regimes.

2. Fundamentals of 1D photonic crystals

In silicon photonics, the 1D photonic crystals can be formed by periodic strip structures 
as shown in Figure 1. Normally, those strips are high-index crystal silicon layer which is 
optical waveguide core layer as well. The high-index strips are surrounded by low-index 
material such as air, silicon oxide, and polymer to form a periodically modulated refrac-
tive index distribution. In general, the incident direction of light could be any direction 
relative to photonic crystals. In practical terms, two special cases are widely employed: (a) 
light propagates crosswise through the 1D photonic crystal (propagation along the y- or 
z-axis in Figure 1), and (b) light propagates lengthwise through the 1D photonic crystal 
(propagation along the x-axis in Figure 1). In this chapter, we will focus on lengthwise peri-
odic structures since lengthwise structures can be easily integrated with  sub-micrometer 

Figure 1. (a) Top view and (b) cross section of a 1D photonic crystal.
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 silicon waveguides and provide more flexibilities than that of crosswise periodic struc-
tures. Nowadays, extensive review papers and books are available for fully understand-
ing the specific electromagnetic properties of the periodic structures considered here [16]. 
However, to provide intuitive guidelines for the design process, a much simpler theory will 
be used in this chapter.

A lengthwise 1D photonic crystal shown in Figure 1 generally operates in the following three 
regimes, depending on the ratio between the structure’s pitch (Λ) and the operating free-
space wavelength (λ):

i. Diffraction regime. The incoming beam is scattered in different orders.

ii. Bragg reflection regime. The incoming beam is reflected backward.

iii. Sub-wavelength regime. The diffraction and reflection effects due to the periodicity of the 
structure are suppressed.

Figure 2 shows a schematic k–ω diagram of a 1D periodic structure with lengthwise propaga-
tion (along the x-axis) [16]. One can see that, for a given pitch periodic structure, the work-
ing regime is strongly related to free-space operating wavelength λ or operating frequency 
ω. When ω > ω2 (above the first photonic bandgap), the waveguide becomes lossy for Bloch 
mode, and the light will be radiated out of the waveguide. This character has been utilized to 
design fiber-to-chip surface couplers (grating couplers). In the frequency range of ω2 > ω > ω1 
(the first photonic bandgap), light cannot propagate through the periodic structure and is 
reflected, and this is Bragg reflection regime. The propagation constant in this regime is 

Figure 2. The schematic band diagrams a 1D photonic crystals with lengthwise propagation (along the x-axis).
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 constant: kB = π/Λ. The bandgap has been extensively exploited to design distributed Bragg 
reflectors (DBRs) on different photonic platforms.

The last regime is located below the first photonic bandgap where the operating frequency is 
smaller than ω1. From Figure 2, one can find that the propagation constant kB grows mono-
tonically as operating frequency increases, indicating that the periodic waveguide behaves 
as a conventional waveguide. Thus, in sub-wavelength regime, periodic structures work as 
homogeneous media. Consider a general case, light propagates (along the x-axis) through the 
structure (shown in Figure 1), with a linear polarization either parallel (E‖) or perpendicular 
(E⊥) to the interfaces between the two media. The equivalent effective index of the structure 
can be expressed with the zeroth-order approximation [17]:

   n   ‖    2  =   w __ Λ    n  1  2  +   Λ − w ____ Λ    n  2  2    (1)

    1 ___  n  ⊥  2     =   w __ Λ     1 __  n  1  2 
   +   Λ − w ____ Λ     1 __  n  2  2 

     (2)

where w/Λ is duty cycle of the structure. Thus, both effective index and effective birefringence 
can be engineered by adjusting the geometry of the structure. This allows for completely new 
design approaches and can be exploited in a variety of devices. Eqs. (1) and (2) also apply to 
crosswise structures.

3. Applications of diffraction regime

For the sake of clarity, the discussion on the applications of 1D photonic crystals in silicon pho-
tonics is divided into three parts. Hereinafter, we will use the general expression “diffractive 
gratings” and “sub-wavelength gratings (SWG)” to indicate the 1D photonic crystals operat-
ing in diffraction regime and in sub-wavelength regime, respectively. This section is devoted 
to applications of the diffraction regime. Applications of sub-wavelength regime and Bragg 
reflection regime are discussed in Sections 4 and 5, respectively. This section focuses on the 
key components in silicon photonics: grating couplers. To further improve the performance, 
combination of diffractive gratings and crosswise sub-wavelength structures is also presented.

A grating coupler is a 1D periodic structure that can diffract light from propagation in the 
waveguide (in plane) to free space (out of plane). By placing an optical fiber above the chip, 
part of the radiated light is collected. It is normally used as an I/O device to couple light 
between fiber and sub-micrometer silicon waveguides. And, grating couplers are defined lith-
ographically and can be placed anywhere on the chip surface to enable inputs and outputs, 
which are particularly useful for massive production. Figure 3 shows the cross section view 
of a shallow-etched grating coupler on a SOI wafer. The thickness of the core silicon layer and 
the thickness of the buried oxide (BOX) layer are determined by the wafer type. Normally, the 
thickness of core silicon layer (hSi) is 150–300 nm. The cladding material is usually air (n2 = 1), 
silicon dioxide, or an index-matching liquid (n2 ∼ 1.45).

Theoretical Foundations and Application of Photonic Crystals162

Figure 4 illustrates the concept of a grating coupler working as an output coupler. The opera-
tion of a grating coupler can be understood by the constructive and destructive interference 
arising from the wave fronts generated by the diffraction of light from the grating strips [18, 
19]. First, we can check Figure 4a. In this case, the operating wavelength matches the pitch 
of the gratings. The first-order diffraction will vertically propagate, and the second-order dif-
fraction will be back to the waveguide. However, the back-traveling light will be considered 
as reflection for the silicon waveguide, which is undesired since the light path between two 
grating couplers can form a Fabry-Perot oscillation cavity. This oscillation will modulate the 
transmission of other components. One efficient way to address this issue is detuning the 
grating and tilting the fiber (see Figure 4b) with a small angle to the grating surface. When 
the wavelength inside waveguide is smaller than the pitch of the gratings, the diffracted light 
waves will propagate at an angle, and reflection caused by second-order diffraction will be 
strongly suppressed.

The grating coupler could be well described by Bragg Law. If the grating parameters are fixed 
as constants (such as pitch and refractive indices of layers), then the radiation angle is given 
by the equation [18]:

   n  2   sin  θ  k   =  n  eff   +   k𝜆𝜆 ___ Λ     (3)

where n2 is the refractive index of the cladding material (see Figure 3) and k is an integer 
which represents the diffraction order. In some literatures, the effective index neff is substi-
tuted by Bloch-Floquet mode index (nB). The main reason is that the relatively short light 
extraction length between a fiber and a grating coupler generally causes a strong perturbation 
in the waveguide. But for preliminary design process, using effective index is enough to quali-
tatively understand the property. In Ref. [18], only when sinθk is real, the gratings diffract 
light from the waveguide. Consequently, we can play with the pitch of gratings so that only 
the order k = −1 occurs or dominates.

Figure 3. The cross section view of a shallow-etched grating coupler.
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For the sake of clarity, the discussion on the applications of 1D photonic crystals in silicon pho-
tonics is divided into three parts. Hereinafter, we will use the general expression “diffractive 
gratings” and “sub-wavelength gratings (SWG)” to indicate the 1D photonic crystals operat-
ing in diffraction regime and in sub-wavelength regime, respectively. This section is devoted 
to applications of the diffraction regime. Applications of sub-wavelength regime and Bragg 
reflection regime are discussed in Sections 4 and 5, respectively. This section focuses on the 
key components in silicon photonics: grating couplers. To further improve the performance, 
combination of diffractive gratings and crosswise sub-wavelength structures is also presented.

A grating coupler is a 1D periodic structure that can diffract light from propagation in the 
waveguide (in plane) to free space (out of plane). By placing an optical fiber above the chip, 
part of the radiated light is collected. It is normally used as an I/O device to couple light 
between fiber and sub-micrometer silicon waveguides. And, grating couplers are defined lith-
ographically and can be placed anywhere on the chip surface to enable inputs and outputs, 
which are particularly useful for massive production. Figure 3 shows the cross section view 
of a shallow-etched grating coupler on a SOI wafer. The thickness of the core silicon layer and 
the thickness of the buried oxide (BOX) layer are determined by the wafer type. Normally, the 
thickness of core silicon layer (hSi) is 150–300 nm. The cladding material is usually air (n2 = 1), 
silicon dioxide, or an index-matching liquid (n2 ∼ 1.45).
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Figure 4 illustrates the concept of a grating coupler working as an output coupler. The opera-
tion of a grating coupler can be understood by the constructive and destructive interference 
arising from the wave fronts generated by the diffraction of light from the grating strips [18, 
19]. First, we can check Figure 4a. In this case, the operating wavelength matches the pitch 
of the gratings. The first-order diffraction will vertically propagate, and the second-order dif-
fraction will be back to the waveguide. However, the back-traveling light will be considered 
as reflection for the silicon waveguide, which is undesired since the light path between two 
grating couplers can form a Fabry-Perot oscillation cavity. This oscillation will modulate the 
transmission of other components. One efficient way to address this issue is detuning the 
grating and tilting the fiber (see Figure 4b) with a small angle to the grating surface. When 
the wavelength inside waveguide is smaller than the pitch of the gratings, the diffracted light 
waves will propagate at an angle, and reflection caused by second-order diffraction will be 
strongly suppressed.

The grating coupler could be well described by Bragg Law. If the grating parameters are fixed 
as constants (such as pitch and refractive indices of layers), then the radiation angle is given 
by the equation [18]:

   n  2   sin  θ  k   =  n  eff   +   k𝜆𝜆 ___ Λ     (3)

where n2 is the refractive index of the cladding material (see Figure 3) and k is an integer 
which represents the diffraction order. In some literatures, the effective index neff is substi-
tuted by Bloch-Floquet mode index (nB). The main reason is that the relatively short light 
extraction length between a fiber and a grating coupler generally causes a strong perturbation 
in the waveguide. But for preliminary design process, using effective index is enough to quali-
tatively understand the property. In Ref. [18], only when sinθk is real, the gratings diffract 
light from the waveguide. Consequently, we can play with the pitch of gratings so that only 
the order k = −1 occurs or dominates.

Figure 3. The cross section view of a shallow-etched grating coupler.
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A straightforward way to realize a grating coupler is using straight gratings connected to 
a taper to convert the fiber mode to a narrow waveguide mode. To obtain high conversion 
efficiency, the taper length needs to be more than 100 μm [19–21], which is undesirable for 
compact and high-density integration schemes. Alternatively, confocal gratings enable more 
compact designs. The whole grating is shaped to an ellipse with a common focal point, which 
coincides with the optical focusing point where the single-mode silicon waveguide is con-
nected [22, 23].

One vital property of grating couplers is coupling efficiency. There are three main factors that 
contribute to a reduced efficiency of a grating coupler:

i. Penetration loss, that is, the fraction of waveguide power that escapes into the substrate. 
For a shallow-etch structure, there is about 30% of power lost in the substrate; and the 
penetration loss can be more than 50% in a full-etch structure [19]. This can be improved 
by using reflectors imbedded in the substrate [24–26]. As a result, the upward radiated 

Figure 4. Diagrams describing the concept of a grating coupler working as an output coupler. (a) Vertical first-order 
diffraction and backward second-order diffraction and (b) tilted first-order diffraction without second-order diffraction.
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optical power is improved, and radiation downward the substrate is reduced. Those re-
flectors can be a metal layer or multiple-layer-distributed Bragg reflector.

ii. Back reflection, that is, the optical power reflected from the coupler into the waveguide. 
For a well-designed shallow-etched grating coupler, the back reflection is less than 
-20 dB, so this does not contribute a significant loss to the coupler. However, this loss can 
be much higher in a full-etched grating coupler. Coupling the light under a small angle 
also helps to eliminate the first-order Bragg reflection, which is another reason why grat-
ing couplers are often designed with a coupling angle.

iii. Mode mismatch, that is, the overlap integral between the diffracted light beam and the 
near-Gaussian optical fiber mode [27]. In theory, the overlap integral is determined by the 
fraction of waveguide power diffracted from each pitch of the gratings. Approximately, 
this fraction is in direct proportion to refractive index difference between the strips of the 
gratings and the grooves. Therefore, in comparison with full-etched structures, a shal-
low-etched structure possesses a lower index difference which produces a relative wide 
radiated light beam. Consequently, conventional grating couplers with shallow-etched 
gratings help enhancing the field overlap.

It is should be noted that the power loss caused by mode mismatch can be further improved 
by apodizing or chirping the gratings [20, 28, 29] in which the index difference is varied along 
the structure to obtain a radiated beam that resembles the optical fiber mode. Duty cycle 
varied crosswise SWG structures can also enable the design of apodized grating couplers 
fabricated by a single, full-etch step. Consider a crosswise SWG structure enabled grating 
coupler shown in Figure 5. x direction is the in plane propagation direction of a conventional 
grating coupler, and the original grooves are occupied by crosswise SWG structures acting as 
artificial homogeneous media. The equivalent index of SWG can also be approximately esti-
mated by Eqs. (1) and (2). Thereby, a grating can be apodized by varying the duty cycle (wy/
Λy) of the SWG structure located in each groove. However, the introduction of crosswise SWG 
structures also causes a variation of the radiation angle θ along the grating. To compensate 

Figure 5. Top view of an apodized grating coupler with crosswise SWG structures.
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optical power is improved, and radiation downward the substrate is reduced. Those re-
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this variation, chirping the grating along x direction is necessary. An apodized grating cou-
pler with focusing design exhibiting a coupling efficiency of −1.8 dB was reported in Ref. [30].

The combination of diffractive gratings and crosswise SWG structures is also exploited to 
obtain polarization-independent grating couplers [31, 32]. Conventional grating couplers 
are highly polarization sensitive, which can be used as polarization filters or polarizers. The 
effective index in the grating region is highly birefringent, causing different radiation angles 
for TE and TM polarization states. When we consider a grating coupler with SWG structures 
shown in Figure 5, the effective index of the TE (z-polarized) mode will be much larger than 
that of the TM (y-polarized) mode in the silicon slab regions. However, in the sub-wavelength  
regions, from Eqs. (1) and (2), it was found that the effective index of the TE mode n⊥ is 
smaller than that the TM mode n‖. It is possible to design grating region so that these two 
effects cancel each other resulting in an identical Bloch mode effective index for both polar-
ization states. Consequently, the grating coupler becomes polarization independent. Ref. 
[32] demonstrated a similar design possessing a coupling efficiency of −6.5 dB for both 
polarization states.

Broadband grating couplers with SWG structures were also proposed and demonstrated. A 
grating coupler with a bandwidth of ∼100 nm and a coupling efficiency of −5.6 dB was pre-
sented in Ref. [33]. A simulated bandwidth of ∼300 nm and a coupling efficiency of −2.8 dB 
were obtained by employing fully etched triangular holes in Ref. [34].

4. Applications of sub-wavelength regime

This section further presents applications of lengthwise SWG structures in which light propa-
gates perpendicularly to the interfaces of the structure (along the x direction in Figure 1). 
As mentioned in Section 2, it is possible to engineer both effective index and effective bire-
fringence which can be exploited in many silicon photonic devices for optical bandwidth 
and polarization-sensitivity improvement. In this section, we first discuss the mode convertor 
between SWG-based waveguides and conventional waveguides, which is the basic compo-
nent for integration of these two kinds of technologies. Then, we move to some other key 
components such as waveguide crossings, multimode interference (MMI) couplers, and wide-
band and polarization-independent directional couplers.

4.1. Mode converters

To fully utilize the properties afforded by SWG-based waveguides and other components, 
integration and interconnect with conventional waveguides are needed. There are two key 
points to design such mode converters: low loss and low reflection. To attain both targets, sev-
eral works have been done in theories and experiments [35, 36]. Figure 6 shows the schematic 
diagram of a mode converter which contains three parts: conventional waveguide section, 
transition section between conventional waveguide and SWG-based waveguide, and SWG-
based waveguide section. The transition section determines the performance of this mode 
converter; a clear approach is chirping the pitch and duty cycle and incorporating bridging 
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elements between the two waveguide sections [36]. Similar to conventional inverse taper, the 
mode effective index in transition section also gradually changes along propagation; thus, 
particular care should be taken for avoiding Bragg reflection regime within target operating 
optical bandwidth.

Mode converters can also be used for fiber-to-chip coupling [35, 37] and coupling between con-
tinuous fields and discretized fields [38]. For fiber-to-chip coupling applications, mode con-
verter is carefully designed to match the on-chip waveguide mode size, shape, and effective 
index to that of a single-mode fiber, thereby increasing coupling efficiency. The insertion loss 
of such mode converter was extracted from experiments: −0.23 dB for TE mode and −0.47 dB 
for TM mode [38]. The application for coupling between continuous fields and discretized 
fields can be found in arrayed waveguide grating (AWG). In an AWG, the main loss and 
backward reflection are from transition between the slab waveguide (where continuous fields 
are from) and the array waveguides (where discretized fields appear). The loss is from the 
gap between arrayed waveguides, and reflection is caused by high-index difference between 
slab region and free propagation region. By placing well-designed SWG structures between 
arrayed waveguides, the index difference and fields coupling can be further optimized. Ref. 
[39] shows some experimental results about AWGs with SWG-based mode converters.

4.2. Waveguide crossings

An efficient waveguide crossing is highly desired to materialize the full potential of sili-
con photonics for on-chip optical interconnects. Due to the high-index contrast of the sili-
con platform such as SOI, the insertion loss of a conventional waveguide crossing is around 
0.15 dB. To reduce optical loss, waveguide crossing designed by using particle swarm opti-
mization has been proposed and demonstrated, with a loss of −0.028 ± 0.009 dB for 1550 nm 
operating wavelength [40]. In this part, we introduce some waveguide crossing designs 
assisted by SWG structures. The experimentally confirmed insertion loss is comparable with 
or even lower than that of particle swarm-optimized designs. A further advantage of using 
SWG structures is improving optical bandwidth and polarization sensitivity.

First, we go through some fundamentals of conventional waveguide crossings. Figure 7a 
gives the top view of a conventional waveguide crossing, and cross section of the multimode 
waveguide region is shown in Figure 7b. A conventional design is composed of MMI regions, 
single-mode access waveguides, and a crossing section. It was found that the intrinsic loss of 
such design is attributed to three aspects:

Figure 6. Top view of a SWG-based mode converter with section indications.
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The combination of diffractive gratings and crosswise SWG structures is also exploited to 
obtain polarization-independent grating couplers [31, 32]. Conventional grating couplers 
are highly polarization sensitive, which can be used as polarization filters or polarizers. The 
effective index in the grating region is highly birefringent, causing different radiation angles 
for TE and TM polarization states. When we consider a grating coupler with SWG structures 
shown in Figure 5, the effective index of the TE (z-polarized) mode will be much larger than 
that of the TM (y-polarized) mode in the silicon slab regions. However, in the sub-wavelength  
regions, from Eqs. (1) and (2), it was found that the effective index of the TE mode n⊥ is 
smaller than that the TM mode n‖. It is possible to design grating region so that these two 
effects cancel each other resulting in an identical Bloch mode effective index for both polar-
ization states. Consequently, the grating coupler becomes polarization independent. Ref. 
[32] demonstrated a similar design possessing a coupling efficiency of −6.5 dB for both 
polarization states.

Broadband grating couplers with SWG structures were also proposed and demonstrated. A 
grating coupler with a bandwidth of ∼100 nm and a coupling efficiency of −5.6 dB was pre-
sented in Ref. [33]. A simulated bandwidth of ∼300 nm and a coupling efficiency of −2.8 dB 
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As mentioned in Section 2, it is possible to engineer both effective index and effective bire-
fringence which can be exploited in many silicon photonic devices for optical bandwidth 
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To fully utilize the properties afforded by SWG-based waveguides and other components, 
integration and interconnect with conventional waveguides are needed. There are two key 
points to design such mode converters: low loss and low reflection. To attain both targets, sev-
eral works have been done in theories and experiments [35, 36]. Figure 6 shows the schematic 
diagram of a mode converter which contains three parts: conventional waveguide section, 
transition section between conventional waveguide and SWG-based waveguide, and SWG-
based waveguide section. The transition section determines the performance of this mode 
converter; a clear approach is chirping the pitch and duty cycle and incorporating bridging 
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elements between the two waveguide sections [36]. Similar to conventional inverse taper, the 
mode effective index in transition section also gradually changes along propagation; thus, 
particular care should be taken for avoiding Bragg reflection regime within target operating 
optical bandwidth.

Mode converters can also be used for fiber-to-chip coupling [35, 37] and coupling between con-
tinuous fields and discretized fields [38]. For fiber-to-chip coupling applications, mode con-
verter is carefully designed to match the on-chip waveguide mode size, shape, and effective 
index to that of a single-mode fiber, thereby increasing coupling efficiency. The insertion loss 
of such mode converter was extracted from experiments: −0.23 dB for TE mode and −0.47 dB 
for TM mode [38]. The application for coupling between continuous fields and discretized 
fields can be found in arrayed waveguide grating (AWG). In an AWG, the main loss and 
backward reflection are from transition between the slab waveguide (where continuous fields 
are from) and the array waveguides (where discretized fields appear). The loss is from the 
gap between arrayed waveguides, and reflection is caused by high-index difference between 
slab region and free propagation region. By placing well-designed SWG structures between 
arrayed waveguides, the index difference and fields coupling can be further optimized. Ref. 
[39] shows some experimental results about AWGs with SWG-based mode converters.

4.2. Waveguide crossings

An efficient waveguide crossing is highly desired to materialize the full potential of sili-
con photonics for on-chip optical interconnects. Due to the high-index contrast of the sili-
con platform such as SOI, the insertion loss of a conventional waveguide crossing is around 
0.15 dB. To reduce optical loss, waveguide crossing designed by using particle swarm opti-
mization has been proposed and demonstrated, with a loss of −0.028 ± 0.009 dB for 1550 nm 
operating wavelength [40]. In this part, we introduce some waveguide crossing designs 
assisted by SWG structures. The experimentally confirmed insertion loss is comparable with 
or even lower than that of particle swarm-optimized designs. A further advantage of using 
SWG structures is improving optical bandwidth and polarization sensitivity.

First, we go through some fundamentals of conventional waveguide crossings. Figure 7a 
gives the top view of a conventional waveguide crossing, and cross section of the multimode 
waveguide region is shown in Figure 7b. A conventional design is composed of MMI regions, 
single-mode access waveguides, and a crossing section. It was found that the intrinsic loss of 
such design is attributed to three aspects:

Figure 6. Top view of a SWG-based mode converter with section indications.
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i. Phase error in the MMI region. When wide multimode waveguides are utilized, it is pos-
sible to find more than two modes excited in MMI regions. Some phase errors will ap-
pear, and the perfect self-imaging position cannot be found by adjusting MMI length. 
To avoid exciting high-order modes, narrow multimode waveguides supporting three 
modes (fundamental, first order, and second order) are applicable. Among these modes, 
only fundamental and second-order modes are excited in an symmetric interference MMI 
structure. Then, the self-imaging length is only related to two modes, and high-order 
mode phase errors could be thoroughly eliminated.

ii. Loss caused by sharp transitions between single-mode waveguides and MMI regions. As 
suggested by [41], a linear or nonlinear taper can be applied to reduce the transition loss. 
It is worth to underline that the taper also affects the power portion in the second-order 
mode in MMI regions [42]. Through simulation, we can find the optimal power ratio 
between fundamental mode and second-order mode. If the power ratio is too small, the 
MMIs even lose the capability of focusing light beam at the center of the crossing section, 
causing mode mismatch between the diverged beam after passing through the crossing 
section and the guided modes of the multimode waveguide. When the power ratio is 
larger than the optimal value, a large amount of the second-order mode possessing a 
wide angular spectrum scatters through the crossing section, and some of it radiates into 
the orthogonal MMI regions, resulting in substantial loss and crosstalk. Consequently, 
when choosing the length of the taper, a trade-off between modal transition loss and two-
mode power ratio needs to be found.

iii. Mode mismatching between multimode waveguides and the crossing section. The cross-
ing section is much wider than the multimode waveguide width, which can be consid-
ered as a slab waveguide that supports pure TE modes. However, the mode in the sin-
gle-mode access waveguide and the second-order mode in the multimode waveguide 
are both quasi-TE modes with a considerable amount of TM polarization. Then, the TM 
mode power will be dissipated in the crossing section. It is found that the power portion 
of TM polarization can be effectively suppressed by increasing the lateral cladding index 
(nlc) in MMI regions. One straightforward way is depositing a high-index material such 

Figure 7. (a) Top view of a conventional waveguide crossing, (b) cross section view of MMI sections, and (c) top view of 
a SWG-assisted waveguide crossing design.
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as SixN1 − x. Also, using a tightly controlled shallow-etched structure is feasible. Both ap-
proaches complicate the fabrication process.

In Ref. [42], researchers developed a new waveguide crossing assisted by SWG structures to 
engineer the lateral cladding index, simplifying fabrication procedures. Figure 7c gives the 
schematic of such design. A 101 × 101 MMI crossing matrix was demonstrated on the SOI 
platform. An insertion loss of 0.019 dB and a crosstalk lower than −40 dB at 1550 nm operating 
wavelength were obtained for each crossing. It is worth to note that the optical bandwidth 
(90 nm) is wider than that of conventional designs.

Figure 8 shows another waveguide crossing design that lies on SWG-based waveguides [43]. 
In comparison with the designs shown in Figure 7a and 7c this waveguide crossing has no 
multimode waveguides. At the center of the crossing, a squared segment is used to enable a 
symmetrical structure. Loss per crossing was measured as 0.023 dB with polarization depen-
dent loss of <0.02 dB and crosstalk below −40 dB [43]. An improvement from this design is 
polarization insensitivity. More discussions can be found in Ref. [43].

4.3. MMI couplers

MMI couplers are widely used as basic building blocks in many advanced photonic devices 
including MZ modulators [10], polarization-handling devices [44], mode handling devices 
[45, 46], etc. Before reviewing some high-performance MMI coupler assisted by SWG struc-
tures, we will briefly recall the fundamental limitations of conventional MMI couplers.

A MMI coupler consists of single-mode in−/output waveguides and a multimode waveguide 
section, as shown in Figure 9. The input light beam excites multiple modes in the central sec-
tion with different excitation coefficients. The coefficients are determined by input mode pro-
file and the structure of the central section (MMI section). Those modes propagate through the 
central section with different propagation constants (βm) and interfere with each other to form 
the N-fold self-imaging of the input mode [47]. Placing output waveguides at the imaging 
position, beam splitting and combining function can be achieved. The MMI or central section 
length (LMMI) has a certain relationship with beat length (Lπ) of the two lowest excited modes 
in the central section. The beat length at operating wavelength is given by

   L  π   =   π _________  β  1   (λ)  −  β  2   (λ)      (4)

Figure 8. Top view of a SWG-based waveguide crossing.
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as SixN1 − x. Also, using a tightly controlled shallow-etched structure is feasible. Both ap-
proaches complicate the fabrication process.

In Ref. [42], researchers developed a new waveguide crossing assisted by SWG structures to 
engineer the lateral cladding index, simplifying fabrication procedures. Figure 7c gives the 
schematic of such design. A 101 × 101 MMI crossing matrix was demonstrated on the SOI 
platform. An insertion loss of 0.019 dB and a crosstalk lower than −40 dB at 1550 nm operating 
wavelength were obtained for each crossing. It is worth to note that the optical bandwidth 
(90 nm) is wider than that of conventional designs.

Figure 8 shows another waveguide crossing design that lies on SWG-based waveguides [43]. 
In comparison with the designs shown in Figure 7a and 7c this waveguide crossing has no 
multimode waveguides. At the center of the crossing, a squared segment is used to enable a 
symmetrical structure. Loss per crossing was measured as 0.023 dB with polarization depen-
dent loss of <0.02 dB and crosstalk below −40 dB [43]. An improvement from this design is 
polarization insensitivity. More discussions can be found in Ref. [43].

4.3. MMI couplers

MMI couplers are widely used as basic building blocks in many advanced photonic devices 
including MZ modulators [10], polarization-handling devices [44], mode handling devices 
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tion with different excitation coefficients. The coefficients are determined by input mode pro-
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Figure 8. Top view of a SWG-based waveguide crossing.
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Furthermore, to obtain clear images for low loss and power imbalance of MMI couplers, the 
propagation constant of each excited mode needs to meet the following relation:

   β  m   =  β  1   −    ( m   2  − 1)  ______ 3  L  π  
   π  (5)

where m is the mode order and β1 is the propagation constant of the lowest-order mode. 
Unfortunately, this condition is only satisfied for the lower order modes, which causes MMI’s 
phase error and excess loss. An obvious approach is to suppress excitations of higher order 
modes, which can be done by increasing modal width of input mode and reducing the number 
of modes that MMI supports. Inserting tapered input waveguides between single-mode wave-
guides and the central section (as shown in Figure 9) in return increases modal width ratio 
between input mode and the excited fundamental mode, resulting in a limited number of (the 
lower order) modes excited. About reducing supported modes in the central section, reduc-
ing the width of MMI section (same effect as that of the use of tapered input) and increasing 
lateral cladding index (decrease core-cladding refractive index contrast) are feasible methods.

In Eq. (4), the beat length is described only for a certain wavelength. We rewrite the equation 
as

   L  π   =   λ ___________  2 ( n  1   (λ)  −  n  2   (λ) )     (6)

It can be seen that the beat length decreases with increasing wavelength. This is the major 
limitation of the bandwidth of a MMI coupler. To achieve broadband MMI couplers, we need 
to find a way to suppress high-order modes excited in MMI section and keep   ( n  

1
   (λ)  −  n  

2
   (λ) )   

increasing as wavelength increases.

Now, we review two high-performance MMI couplers assisted by SWG structures. The first 
case is 4 × 4 MMI coupler serving as a 90° hybrid for coherent detections. One vital param-
eter of this MMI coupler is phase error. As discussed before, the use of input taper is a com-
mon practice to obtain small phase errors. But for SOI platform, only using input taper is not 
enough to meet the target since the large core-cladding index contrast in SOI waveguides 

Figure 9. Schematic of a MMI coupler with indications.
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leads higher-order modes to not properly fulfill Eq. (4). The large lateral index contrast can be 
tailored by an (some) extra shallow-etch step(s) to define shallow-etched multimode region. 
This was experimentally confirmed as an efficient way [48]. However, extra etch steps and 
tightly controlled etching depth are required, complicating the fabrication process and not 
suitable for massive production. Instead of introducing shallow-etch process, laterally inte-
grating SWG structures also allows for lateral cladding index engineering with single full-
etch step. The design process is straightforward: (1) calculate the equivalent effective index of 
SWG structures under different pitch and duty cycles; (2) sweep the cladding index of a 4 × 4 
MMI coupler to find an optimum value; (3) use the data calculated in Step 1 as a lookup table 
and, then, geometry parameters of the sub-wavelength structure that yields the desired value 
of lateral cladding index can be found; and (4) use FDTD to further verify the structure. The 
schematic diagram is depicted in Figure 10a. Simulated common mode rejection ratio and 
phase error of less than 24 dBe and 2°, respectively, are presented in Ref. [49]. This technology 
can be also exploited in any N × N MMI coupler.

The second case is broadband 2 × 2 MMI coupler. In practices, broadband MMI couplers 
are demanded to simplify system and reduce cost. Similar to the above case, optimization 
of tapered input broadens the bandwidth. In Ref. [50], researchers proposed a broadband 
2 × 2 MMI coupler in which the conventional multimode section is replaced with a length-
wise SWG-based waveguide of 6.0 μm width, 198.0 nm pitch, and 50% duty cycle. The sche-
matic diagram is shown in Figure 10b. To fully understand how the SWG structures can be 
exploited to significantly increase the bandwidth of MMI couplers, it is useful to replot the 
sub-wavelength regime in Figure 2 in an equivalent way as shown in Figure 11. One can see 
that the sub-wavelength regime can be divided into two regions: high dispersion region (λ is 
close to Bragg wavelength) and low dispersion region (λ > > Λ). The exciting part is that the 
dispersion value is adjustable through changing pitch, which can be utilized to design broad-
band MMI couplers. In results, the bandwidth of the MMI coupler in Figure 10b is determined 
by the pitch. To connect with conventional waveguide structures, mode converters similar as 
the one described in Section 4.1 were placed at in−/output ports as shown in Figure 10b. The 
mode converters also help to expand mode field to excite only lower-order modes. Due to 
the relatively low equivalent refractive index of the SWG-based multimode region, the MMI 
length is also shortened in return. Additionally, this technology can be applied to design 
broadband directional couplers [51].

Figure 10. Schematics of MMI couplers: (a) a 4 × 4 MMI coupler with lateral SWG structures and (b) a 2 × 2 MMI couplers 
with SWG-based multimode section.
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phase error of less than 24 dBe and 2°, respectively, are presented in Ref. [49]. This technology 
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2 × 2 MMI coupler in which the conventional multimode section is replaced with a length-
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by the pitch. To connect with conventional waveguide structures, mode converters similar as 
the one described in Section 4.1 were placed at in−/output ports as shown in Figure 10b. The 
mode converters also help to expand mode field to excite only lower-order modes. Due to 
the relatively low equivalent refractive index of the SWG-based multimode region, the MMI 
length is also shortened in return. Additionally, this technology can be applied to design 
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4.4. Polarization-independent directional couplers

With its superior performances, directional coupler (DC) has attracted considerable attentions 
and been widely used in many applications, including on-chip sensors, filters, switches, and 
polarization beam splitters. In comparison with other couplers, such as MMI couplers and 
Y-branch couplers, DCs process valuable properties in terms of ultra-low loss, low reflec-
tion, and arbitrary power coupling ratio obtained by adjusting the length and gap of the cou-
pling region. However, by using sub-micrometer SOI waveguides, the beat length of TE mode 
greatly differs from that of TM mode due to the high birefringence of silicon waveguides, 
resulting in power ratio sensitivity to polarization states. Polarization-independent DC is use-
ful for some applications where the amount of collected or split optical power is concerned. 
Some techniques have been proposed and experimentally confirmed to address this issue. 
One solution is to use polarization diversity schemes where polarization splitting and rotat-
ing devices are needed, which increases system size and complexity. Another approach is to 
make the directional coupler inherently polarization insensitive [52–54].

Recently, a SWG-assisted slot waveguide polarization-independent DC with relatively large 
fabrication tolerance has been demonstrated on SOI chip [55]. Figure 12 describes the schematic 
diagram of this design. The SWG structures are extended into the gap between two parallel slot 

Figure 11. Dispersion in sub-wavelength regime.

Figure 12. Schematic of a polarization-independent directional coupler based on slot waveguides with SWG structures.
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waveguides. The SWG structures are considered as homogenous media. By calculating the 
relation between beat length of both polarization states and refractive index of SWG structures 
(nk), it was found that the two curves are of different slopes. By adjusting the duty cycle, if the 
effective indices of the TE mode n⊥ and TM mode n‖ in SWG structures meet the nkTE and nkTM 
for same beat length for TE and TM modes, then the optimum duty cycle is attained. FDTD 
simulations for further confirmation are necessary. The measured coupling efficiency is 97.4 
and 96.7% for TE and TM modes, respectively, at a wavelength of 1550 nm. It is worth noting 
that an additional advantage of this design is its wide bandwidth over 120 nm (1475–1595 nm) 
theoretically and exceeding the entire C-band (1525–1570 nm) experimentally. To interconnect 
such design with a conventional waveguide, a slot-to-strip waveguide converter is required.

5. Applications of Bragg reflection regime

This section is devoted to applications of Bragg reflection regime of 1D photonic crystals. For 
the sake of clarity (unless otherwise stated), hereinafter we will use the general expression 
“Bragg gratings” to indicate the 1D photonic crystals operating in Bragg reflection regime as 
shown in Figure 2. One prominent feature of Bragg gratings is the linear relation nBragg ∼ λ/Λ 
within the photonic bandgap (ω1 > ω > ω2). The bandgap has been extensively exploited to 
design DBRs on different photonic platforms as key elements of DBR lasers [56, 57], distrib-
uted feedback (DFB) lasers [58, 59], fiber Bragg gratings (FBGs) [60], VCSELs [61], etc. On sili-
con platform, silicon waveguide-based Bragg gratings have been integrated with III–V gain 
elements to provide optical feedback for lasers on a silicon chip.

This section starts with a brief discussion of Bragg gratings serving as mirrors in hybrid lasers 
on a silicon chip (Section 5.1). Section 5.2 is dedicated to Bragg gratings designed as a polar-
izer and higher-order mode pass filter.

5.1. Hybrid lasers with Bragg gratings

The realization of an efficient, reliable, and electrically pumped laser on a silicon wafer is still a 
scientific challenge. In Ref. [15], researchers first demonstrated a high-performance electrically 
pumped quantum-dot laser through epitaxial growth of III–V materials on a silicon substrate. 
Another common-practice approach to realize light source on a silicon wafer is wafer bonding. 
Several bonding process schemes have been proposed [9, 62–66]. To fabricate a single-wave-
length laser and multiwavelength laser array, prefabricated single-wavelength laser diodes can 
be directly bonded on a silicon wafer [62]. Alternatively, embed III–V gain sections to silicon 
photonic circuits and the wavelength-selections are done by some silicon-based wavelength-
sensitive devices such as ring resonator, slotted feedback structure, and Bragg reflector. In Ref. 
[66], a four-channel multiwavelength DFB evanescent laser array was designed and fabricated. 
Beneath each III–V gain section, Bragg gratings were fabricated on the surface of the silicon 
waveguide. The ASE from a gain section propagates and evanesces into a silicon waveguide 
and is modulated by gratings, forming a DFB laser. For realizing different channel wavelengths, 
the width of silicon waveguide is varied to obtain different Bragg propagation constants.
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waveguides. The SWG structures are considered as homogenous media. By calculating the 
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(nk), it was found that the two curves are of different slopes. By adjusting the duty cycle, if the 
effective indices of the TE mode n⊥ and TM mode n‖ in SWG structures meet the nkTE and nkTM 
for same beat length for TE and TM modes, then the optimum duty cycle is attained. FDTD 
simulations for further confirmation are necessary. The measured coupling efficiency is 97.4 
and 96.7% for TE and TM modes, respectively, at a wavelength of 1550 nm. It is worth noting 
that an additional advantage of this design is its wide bandwidth over 120 nm (1475–1595 nm) 
theoretically and exceeding the entire C-band (1525–1570 nm) experimentally. To interconnect 
such design with a conventional waveguide, a slot-to-strip waveguide converter is required.
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within the photonic bandgap (ω1 > ω > ω2). The bandgap has been extensively exploited to 
design DBRs on different photonic platforms as key elements of DBR lasers [56, 57], distrib-
uted feedback (DFB) lasers [58, 59], fiber Bragg gratings (FBGs) [60], VCSELs [61], etc. On sili-
con platform, silicon waveguide-based Bragg gratings have been integrated with III–V gain 
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izer and higher-order mode pass filter.

5.1. Hybrid lasers with Bragg gratings

The realization of an efficient, reliable, and electrically pumped laser on a silicon wafer is still a 
scientific challenge. In Ref. [15], researchers first demonstrated a high-performance electrically 
pumped quantum-dot laser through epitaxial growth of III–V materials on a silicon substrate. 
Another common-practice approach to realize light source on a silicon wafer is wafer bonding. 
Several bonding process schemes have been proposed [9, 62–66]. To fabricate a single-wave-
length laser and multiwavelength laser array, prefabricated single-wavelength laser diodes can 
be directly bonded on a silicon wafer [62]. Alternatively, embed III–V gain sections to silicon 
photonic circuits and the wavelength-selections are done by some silicon-based wavelength-
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[66], a four-channel multiwavelength DFB evanescent laser array was designed and fabricated. 
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the width of silicon waveguide is varied to obtain different Bragg propagation constants.
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5.2. TM-pass polarizers

Photonic devices based on SOI waveguides always suffer from severe polarization-sensitivity  
problems due to high birefringence, which greatly limits their application range. Various 
polarization-handling devices have been attracting attentions, including polarization beam 
splitters, polarization rotators [67], and polarizers. Among them, a polarizer is used to 
achieve linearly polarized light with a high extinction ratio. In practices, a low loss, high 
extinction ration, and compact footprint polarizer is highly desired. Many designs have 
been proposed and demonstrated on silicon wafers [68–70]. The basic rationale of designing 
a polarizer is to lose or filter unexpected polarization state out from the optical propagation 
paths with negligible effect on desired polarization state and maintain the device size as 
small as possible.

In Ref. [71], a waveguide-based TM-pass polarizer is fabricated with 1D photonic crystals. 
The schematic of this design is depicted in Figure 13. The device is composed of three 
parts: in−/output waveguides, 1D photonic crystal with teeth and bridges, and transition 
tapers. The pitch was well designed to make the waveguide supporting Bloch mode for 
TM polarization state, so that the incident TM-polarized light goes through the waveguide 
with very low excess loss. On the other hand, for TE polarization state, the waveguide 
works as a Bragg reflector, and consequently the incident TE-polarized light is reflected 
with very high efficiency. Therefore, the following conditions should be satisfied approxi-
mately [71]:

   n  b  TE  (Λ − w)  +  n  ac  TE  w = λ / 2  (7)

   n  b  TM  (Λ − w)  +  n  ac  TM  w <   λ __ 2    (8)

where nb and nac are the effective indices of the TE or TM modes in the narrow and wide sec-
tions, respectively. Intrinsically, for a strip waveguide well-supported TE mode, the effective 
index of TM mode is smaller than that of TE mode, and thereby once Eq. (1) is satisfied, Eq. 
(2) is also satisfied. Thus, the design process flow can be as follows: (1) use Bragg reflection 
regime condition to roughly estimate parameters of the photonic crystal; (2) simulate the k–ω 
diagrams for both TE and TM modes by the use of 3D FDTD; and (3) calculate the transmis-
sion responses for both TE and TM modes to further check the design. In Ref. [71], a measured 
extinction ratio of 40 dB was obtained with a period number of 40.

Figure 13. Schematic of a TM-pass polarizer assisted by 1D photonic crystals.
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Adapting the same mechanism discussed above, higher-order mode pass filters have been 
demonstrated on a silicon wafer in Ref. [72], which are building blocks for mode-division 
multiplexing (MDM) systems. A 15.0-μm-long TE1 mode pass filter exhibits an extinction 
ratio of ∼48 dB and an insertion loss of ∼1.8 dB at 1550 nm.

6. Conclusion

1D photonic crystals have been well developed in silicon photonics and other material platforms 
as well. Three operating regimes allow 1D photonic crystals to be exploited in many different 
functional photonic devices with compact footprints. In diffraction regime, light beam can be 
diffracted into different directions by controlling configuration of photonic crystals in terms 
of pitch, duty cycle and effective index. In sub-wavelength regime, material refractive index, 
birefringence, and dispersion can be simply controlled by lithographic patterning to enable 
new design methods that lead to high-performance photonic devices. Propagation constant 
is proportional to operating wavelength and effective index in Bragg reflection regime. Thus, 
many wavelength-, mode-, and polarization-sensitive devices have been demonstrated with the 
assistance of Bragg gratings. In all these three regimes, when the operating wavelength range 
is fixed, the sub-wavelength gratings require tightest lithography process control that is high 
patterning resolution and is the most versatile one. Normally, sub-wavelength gratings are fab-
ricated by electron-beam lithography which is not only expensive but also not suitable for mass 
production. And, the patterning resolution of DUV stepper lithography widely used in CMOS 
technology is not enough for accurately controlling sub-wavelength gratings. Therefore, con-
tinuing improvement in advanced lithography techniques is one important way to realize large-
volume integration of sub-wavelength gratings with other electronic and photonic devices.
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tinuing improvement in advanced lithography techniques is one important way to realize large-
volume integration of sub-wavelength gratings with other electronic and photonic devices.
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Abstract

The integrated optical diodes have been a thriving research theme due to their potential
on-chip applications in photonic circuits for all-optical computing and information
processing. Analogous to electronic counterparts, the unidirectional light propagation is
characterized by the high contrast between forward and backward transmissions. In this
chapter, we demonstrate the proposed schemes and designs for reciprocal and non-
reciprocal optical diodes based on two-dimensional (2D) photonic crystal (PhC). The
reciprocal devices are built by linear and passive PhC, and the spatial asymmetric mode
conversion is utilized to achieve the unidirectionality. The presented nonreciprocal optical
diodes rely on the optical nonlinearity of cavity. New 2D PhC optical diodes with high
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ease of fabrication are highly desirable and still pursued.
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1. Introduction

The optical diodes, as the counterpart of electron diodes in optics, have attracted huge interests
due to its capability of asymmetric light propagation. The unidirectionality invokes potential
applications in integrated optical circuits for all-optical computing and information processing
[1–5]. Highly desirable key performances of an optical diode are high contrast ratio, low
insertion loss, large operational bandwidth, small device footprint, and ease of fabrication.
The two types of diodes, reciprocal and nonreciprocal optical diodes, have been proposed
based on different mechanisms. The conventional nonreciprocal designs utilize magneto-
optical effect [6–8] or nonlinearity [9–12]. The reciprocity of the Lorentz theorem is broken in
such designs. More importantly, the optical isolator which prohibits the propagation of any
possible mode in one direction can be achieved [13]. Meanwhile, the reciprocal optical diodes,
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The integrated optical diodes have been a thriving research theme due to their potential
on-chip applications in photonic circuits for all-optical computing and information
processing. Analogous to electronic counterparts, the unidirectional light propagation is
characterized by the high contrast between forward and backward transmissions. In this
chapter, we demonstrate the proposed schemes and designs for reciprocal and non-
reciprocal optical diodes based on two-dimensional (2D) photonic crystal (PhC). The
reciprocal devices are built by linear and passive PhC, and the spatial asymmetric mode
conversion is utilized to achieve the unidirectionality. The presented nonreciprocal optical
diodes rely on the optical nonlinearity of cavity. New 2D PhC optical diodes with high
contrast ratio, low insertion loss, large operational bandwidth, small device footprint, and
ease of fabrication are highly desirable and still pursued.
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in which the time-reversal symmetry holds, have drawn increasing attention in recent years.
The underlying mechanism is the mode conversion in linear structures with spatial asymmetry
[14]. In such kind of the optical diode, the unidirectional transmission naturally exists for only
certain modes. Due to the flexibility of designing coupling structures and tuning the photonic
properties, the two-dimensional (2D) photonic crystal (PhC) has been shown as a promising
building block to realize the optical diode. In this chapter, we will provide a summary of
proposed schemes of both reciprocal and nonreciprocal optical diodes based on the 2D PhC
slabs. This chapter is organized as follows: Section 2 will focus on the reciprocal optical diode
based on the 2D PhC composed of dielectric rods or air-holed dielectric slab; Section 3 will
introduce nonreciprocal optical diode based on nonlinear effects.

2. Reciprocal optical diode

Any reciprocal device based on passive and linear structure holds the time-reversal symmetry
because the materials are described by scalar permittivity and permeability. The function of such
reciprocal device has been proven and can be described by converting one set of orthogonal
input modes to a matching set of orthogonal output modes [14]. In waveguide structure, the
conversion between low-order even and odd modes is usually utilized. For an ideal reciprocal
optical diode, complete conversion of a specific mode in one direction and meanwhile complete
reflection of the same mode in opposite direction are required. An example of optical diode is
illustrated in Figure 1. Modes A and B are used to denote the even mode and odd mode,
respectively. The even mode A incident from the left port is converted into odd mode B on the
right, while the odd mode B from the left is completely reflected. Meanwhile, the transmission of
even mode A is not allowed from right to left, while the odd mode B from the right is converted
to even mode A. It can be seen that the diode effect for even mode is achieved in this device. The
symmetric even-to-odd mode and odd-to-even mode conversions reflect the time-reversal sym-
metry. It should be noted that this linear and passive device cannot block all possible modes in
one direction, which means it is not an optical isolator. In this section, we will focus on the
proposed schemes and designs in the last decades, which are based on the 2D PhC composed of
dielectric rods or air-holed dielectric slab.

Figure 1. The functionality of a simple reciprocal optical diode of even mode.
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2.1. Rod-type PhC optical diode

The rod-type 2D PhC represents the crystal consisting of periodic dielectric rods immersed in
air. The rod material is commonly set as silicon in the below designs. The polarization of light
is usually the chosen TMmode whose electric field is parallel to the rod. This is determined by
the bandgap of such kind of PhC. The optical properties can be simulated by finite element
method (FEM) or finite-difference time-domain (FDTD). Almost all simulations of rod-type
designs discussed here are within two-dimensional. The length of rod is assumed infinite.
Moreover, when estimating the performance of diode effect, two terms “unidirectionality”
and “contrast ratio” may be used. The unit of unidirectionality is dB, and the expression is
U = 10log10(Tfor/Tback). The contrast ratio is defined as CR = (Tfor�Tback)/(Tfor +Tback). The con-
trast ratio of an ideal optical diode is 1.

Feng and Wang [15] proposed a device with the abilities of wavelength filtering and unidirec-
tional light propagation based on the 2D square-lattice PhC with a rectangular defect. In the
L-type device shown in Figure 2, the left W1-typed waveguide formed by removing one row
of rods only sustained an even-mode guiding band spanning the frequencies from 0.3020 c/a to
0.4160 c/a. The under waveguide constructed by removing one row of rods and shifting the
adjacent two rows of rods outward for the distances of 0.7a and 0.35a could hold the odd-
mode guiding bands from 0.3308 c/a to 0.4160 c/a and even-mode guiding bands within
the frequencies from 0.2746 c/a to 0.4160 c/a. The rectangular defect was located at the
corner to connect two waveguides. The two side lengths of the rectangle were 1.367a and

Figure 2. Coupling structure consists of PhC waveguides with the rectangular defects [15].
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the frequencies from 0.2746 c/a to 0.4160 c/a. The rectangular defect was located at the
corner to connect two waveguides. The two side lengths of the rectangle were 1.367a and

Figure 2. Coupling structure consists of PhC waveguides with the rectangular defects [15].

Optical Diode Based on Two-Dimensional Photonic Crystal
http://dx.doi.org/10.5772/intechopen.71053

183



0.5a, respectively, and the long side was placed along the x-direction of the PhC. There were
four defective modes localized by this defect. The adopted mode was located at 0.3977 c/a, and
the symmetry was odd in the horizontal direction and even along the vertical direction. The
unidirectional propagation of the fundamental mode (even mode) for TM polarization was
realized at 0.3977 c/a. The insertion loss was about �6 dB in forward direction, and about 25 dB
unidirectionality was achieved. Moreover, the resonant frequency can be linearly tuned by
adjusting the coupling region between the defect and the input waveguide. Due to the coupling
between defect/cavity and waveguide, the operational bandwidth is narrow.

Ye et al. [16] realized the optical diode effect for even mode by a 2D PhC structure comprising
two line-defect waveguides (W1, W2) and a simple defect cavity, as shown in Figure 3. Here,
the numbers of rows for removed rods were 1 and 2 in W1 waveguide and W2 waveguide,
respectively, and the cavity was made by removing two central rods. From left to right, the
structure was divided into five parts: W2 waveguide, four-column length matching stage, W1
waveguide, cavity, and W2 waveguide. The mode conversion was impelled by the similarity
between the odd mode in the W2 waveguide and the second cavity mode with even symmetry
in the horizontal direction and odd symmetry in the vertical direction at the resonant fre-
quency 0.3930 c/a. When the even mode was inputted from the left port at this frequency, it
would couple to the second mode in the cavity and then coupled to odd mode in the W2
waveguide. The unidirectional propagation of even mode was achieved thanks to the W1-cav-
ity-W2 design breaking spatial symmetry. The full width at half maximum of the forward
transmission spectra of the proposed design with incidence of even mode was about 0.0002 c/
a. The transmission efficiency reached a peak 92.5% at the resonant frequency in forward
direction, while the value stayed below 0.1% within the frequency range from 0.3900 c/a to
0.3960 c/a for the backward transmission, and the unidirectionality reached approximately
35 dB at resonant frequency. The resonant frequency could be tuned by changing the radii of
the nearest rods surrounding the defect and shape of the cavity according to the equation

Figure 3. Coupling structure consists of PhC waveguides with the cavity [16].
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f ¼ 0:3889þ 0:464 r=að Þ � 2:2167 r=að Þ2 0:18a < r < 0:22að Þ
f ¼ 0:4112� 0:0999 Λ=að Þ þ 0:0459 Λ=að Þ2 0:1a < Λ < 0:3að Þ,

(1)

where r denoted the radius of the nearest rods surrounding the defect and Λ was the move-
ment of two neighboring rods. The maximum forward transmission efficiencies of all of the
tuned structures exceeded 90%. Due to the narrow bandwidth, the proposed design could be
used for mode converter, optical diode, and waveguide filter.

Khavasi et al. [17] reported a broadband optical diode based on pure PhC waveguide with
spatial asymmetry as illustrated in Figure 4. The components of the design mainly included a
mode converter, a mode filter, a four-column length matching stage, and line-defect waveguides
formed by removing two rows (W2) and one row (W1) of rods. Along the forward direction, the
PhC structure could be divided into seven parts: W2, matching stage, W1, mode converter, W2,
mode filter, and W2. The two different routes, U-shaped and straight paths, introduced the
phase shifting in the mode converter with 5� 5 unit cells. The geometrical lengths of the left,
upper, and right arms of the U-shaped path were 3a, 2a, and 2a, respectively. And, two πa/2
components were added to account for the two quarter-circle paths to be traveled at each bend.
The length of the straight path was around 4a. The required phase difference for mode conver-
sion was induced by the different length according to the equation Δϕ = β1 �ΔL ≈ 3π, where
β1 = 1.535/a was the propagation constant of the waveguide at the normalized frequency ωn = a/
λ = 0.367. The mode filter was designed by placing a row of rods with r = 0.18a in the middle of
W2. The electric field profile of the oddmode was zero at the middle of the waveguide, while the

Figure 4. The broadband optical diode with U-shaped and straight split paths [17].
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electric field profile of the even mode reached its maximum and was reflected back. Thus, the
even mode excited at the left port converted into odd mode by the mode converter and pass
through the mode filter, while the even mode was reflected back by the mode filter in the
opposite direction, which achieved the optical diode effect. The transmission efficiency kept
higher than 94% in the range of frequency 0.366 < ωn < 0.381, and the achieved level of unidirec-
tionality was approximately 78 dB.

Lu et al. [18] realized the optical diode effect based on two-dimensional square-lattice PhC, in
which a directional coupler and 90� bend were utilized to realize the mode converter and
mode filter functions. The scheme is depicted in Figure 5. The components in leftward direc-
tion were, respectively, W2 waveguide formed by removing two rows of rods, mode filter and
mode converter, and W1 waveguide created by removing one row of rods, a four-column
length adiabatic-matched region and W2. A perpendicular W1 waveguide and two 90� bends
were combined together to achieve a mode converter. The conversion principle was as follows:
when the light transmitted in the leftward direction, the odd mode was even symmetric along
the horizontal direction in themode filter, while the fundamental evenmode in the perpendicular
W1 waveguide was also symmetric about the parallel direction. Therefore, the odd mode could
be thoroughly converted into the even mode after the 90� waveguide bend. On the other hand,
the even mode would be converted into odd mode based on the same theory in the rightward
direction. The mode filter was designed by placing a row of rods in the middle of W2 as several
other works. For the device, the odd mode was completely transmitted in forward direction (left
to right) and converted to the fundamental even mode but was blocked in the opposite direction.
Approximate 95% forward transmission efficiency, 0.024 c/a operational bandwidth, and maxi-
mum 80 dB unidirectional extinction ratio were achieved in 2D simulations.

Figure 5. The broadband optical diode with a directional coupler and double 90� bends [18].
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Kurt et al. [19] reported a photonic structure formed by using a chirped PhC waveguide to
realize asymmetric light propagation as shown in Figure 6. A distance increment between each
neighboring column of the dielectric rods, which caused that the waveguide mode moved
toward the outside of the bandgap, was introduced to break the spatial symmetry. Here, the
distance between each unit cell was still a constant along the y-direction (Δy = a), while the
interval of rods linearly increased along the x-direction (0.5a < Δx < 2.5a), and the total length
of the chirped PhC waveguide was approximately 16a. Thus, the structure became sparse
along the x-direction, and the spatial distribution was uniform along the y-direction. When
the light traveled in forward direction, the light mainly propagated at the center and leaked
toward the two sides of the waveguide after propagating a section of distance; then, it traveled
again along the x-direction and reached the end of the structure. The amount of light reaching
the waveguide centerline was very small. However, the central lobe strongly appeared at the
waveguide exit in the backward light transmission. The contrast ratio was around 0.75 at the
operating frequency a/λ = 0.3288.

Giden et al. [20] from the same research team as the above work theoretically and experimen-
tally realized the asymmetric light transmission based on PhC with a gradient index distribu-
tion along the x-direction, in which the waveguide was formed by introducing point and line
defects. The total length and width of the proposed structure were L = 16a and W = 20a,
respectively. Continuously graded refractive index distribution could be approximated by
relocating the PhC dielectric rods. In order to achieve a desired index profile within certain
wavelength, they utilized an equation n(x) = n0 sech(αx), to formulate the hyperbolic secant
index profile and then to modulate the spatial distributions of PhC cells, where the constant
α = 0.0373a�1 was the gradient factor and n0 was the effective refractive index at x = 0. The
effective refractive indices at x = 0 and 16a were set as n(x = 0) = n0 = 2.20 and n(x =L = 16a) = 1.41.
The distance between each rod along x-direction was modified to find the targeted longitudi-
nal index distribution, and the lateral interval was fixed at a. After the spatial distributions of
the silicon rods were determined, a line defect was introduced by removing one row of rods to

Figure 6. The optical diode in PhC waveguide with chirped PhC structure [19].
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electric field profile of the even mode reached its maximum and was reflected back. Thus, the
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through the mode filter, while the even mode was reflected back by the mode filter in the
opposite direction, which achieved the optical diode effect. The transmission efficiency kept
higher than 94% in the range of frequency 0.366 < ωn < 0.381, and the achieved level of unidirec-
tionality was approximately 78 dB.

Lu et al. [18] realized the optical diode effect based on two-dimensional square-lattice PhC, in
which a directional coupler and 90� bend were utilized to realize the mode converter and
mode filter functions. The scheme is depicted in Figure 5. The components in leftward direc-
tion were, respectively, W2 waveguide formed by removing two rows of rods, mode filter and
mode converter, and W1 waveguide created by removing one row of rods, a four-column
length adiabatic-matched region and W2. A perpendicular W1 waveguide and two 90� bends
were combined together to achieve a mode converter. The conversion principle was as follows:
when the light transmitted in the leftward direction, the odd mode was even symmetric along
the horizontal direction in themode filter, while the fundamental evenmode in the perpendicular
W1 waveguide was also symmetric about the parallel direction. Therefore, the odd mode could
be thoroughly converted into the even mode after the 90� waveguide bend. On the other hand,
the even mode would be converted into odd mode based on the same theory in the rightward
direction. The mode filter was designed by placing a row of rods in the middle of W2 as several
other works. For the device, the odd mode was completely transmitted in forward direction (left
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mum 80 dB unidirectional extinction ratio were achieved in 2D simulations.
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respectively. Continuously graded refractive index distribution could be approximated by
relocating the PhC dielectric rods. In order to achieve a desired index profile within certain
wavelength, they utilized an equation n(x) = n0 sech(αx), to formulate the hyperbolic secant
index profile and then to modulate the spatial distributions of PhC cells, where the constant
α = 0.0373a�1 was the gradient factor and n0 was the effective refractive index at x = 0. The
effective refractive indices at x = 0 and 16a were set as n(x = 0) = n0 = 2.20 and n(x =L = 16a) = 1.41.
The distance between each rod along x-direction was modified to find the targeted longitudi-
nal index distribution, and the lateral interval was fixed at a. After the spatial distributions of
the silicon rods were determined, a line defect was introduced by removing one row of rods to

Figure 6. The optical diode in PhC waveguide with chirped PhC structure [19].
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form a waveguide. The asymmetric propagation was achieved due to the broken spatial
symmetry and the forward (left-to-right) and backward (right-to-left) transmission efficiencies
reached 7.26% and 24.8% at the peak, respectively. The contrast ratio was in the range of 0.412–
0.773 within the telecom wavelength range from 1523.5 nm to 1576.1 nm in simulation.
Moreover, the point defects were inserted by shifting the positions of adjacent rods along the
y-direction to increase the difference between forward and backward transmissions. In exper-
iment validation (microwave regime), the proposed design had 4.11% and 49.8% forward and
backward transmission efficiencies, respectively, exceeding 0.80 contrast ratio within the oper-
ating frequency band from 12.8 to 13.3 GHz.

Soltani et al. [21] proposed a 2D PhC made of elliptic silicon rods to realize the unidirectional
propagation as depicted in Figure 7. The major and minor axes of the ellipse were 0.31a and
0.22a, respectively. The waveguide was created by removing one row of the dielectric rods
along the x-direction. The distance between neighboring columns was modulated according to
the equation, d = 0.6a + (n� 1)� 0.2a, where n represented the nth interval in the x-direction and
over all the structure 0.6a ≤ d ≤ 2.2a. Meanwhile, a reflector between two successive columns
was introduced to control losses of the scattered light. Thus, the asymmetric spatial distribu-
tion of the unit cells ensured the one-way light transmission. When the light was inputted from
the left port, it propagated along the centerline of the structure, and then the flow of light
leaked into the larger space between rods after several periods. Thus, the light was blocked in
this direction. In the opposite direction, the light source was positioned on the right side of the
structure; the light emitted was widely spread in the beginning until it reached the center of
the structure. The transmission efficiency was lower than 10% in forward direction (left to
right), while the value reached 80% in the opposite propagation within the frequency region
from 0.28a/λ to 0.32a/λ. Finally, they studied the effects of the orientation of ellipses on the
transmission of light and found that the orientation angle may introduce shift and oscillation
to the transmission spectra.

Figure 7. The optical diode in PhC waveguide with elliptic rods [21].

Theoretical Foundations and Application of Photonic Crystals188

Singh et al. [22] realized the optical diode effect based on a hexagonal and square-lattice PhC
structures with silicon rods immersed in air. The structure is demonstrated in Figure 8. The
waveguide was formed by removing one row of rods and chirping the neighboring rods, which
was realized by changing the radii of the rods. Two kinds of devices were proposed according to
the different lattice. For the regular hexagonal lattice PhC, the lattice constant a and radius of the
rods r were 0.68 μm and 0.23 μm, respectively, and the radii of the chirped rods were r1 = 0.220
μm, r2 = 0.209 μm, and r3 = 0.197 μm. When light propagated from left to right (forward direc-
tion), it mainly propagated along the central region of PhC waveguide, and a high power was
obtained from output port. In the opposite direction, the light leaked in the designed structure so
that the field amplitude along the propagation direction was weak. Approximate 82% forward
transmission efficiency and lowest value 35% in the backward direction were obtained at
1.55 μm. The relative extinction ratio was nearly 5.5 dB. For the square arrangement-based
optical diode, the lattice constant a and radius of the rods r were 0.71 μm and 0.22 μm, respec-
tively, and the radii of the chirped rods were r1 = 0.21 μm, r2 = 0.20 μm, r3 = 0.19 μm, and r4 = 0.17
μm. Here, around 52% forward transmission efficiency and 4.1 dB extinction ratio were achieved
at 1.55 μm. Then, they showed that the engineering of chirping parameters not only in terms of
rods’ radii, but also other parameters such as lattice spacing and refractive index parameters may
give rise to the superior performance of the optical diode-like photonic structures.

Liu et al. [23] devised an ultracompact mode converter based on a two-dimensional square-
lattice PhC made of dielectric rods in air by a two-phase numerical optimization method and
applied it to the optical diode. In numerical design and optimization, the design was evaluated

by the error metric, J ¼Pω 1� Pωð Þ2, where Pω was the conversion efficiency at frequency ω.
A region with rods located on the 20 possible lattice sites was considered to limit the design
space in the optimization process. In the first phase, a combinatorial search is performed using
simulation method to analyze every possible combination of rods (presence or absence) on the
20 lattice sites in the region. Any structures with desirable conversion behavior (J ≤ 0.5) were
considered potential candidates for further optimization. In the second phase, a further opti-
mization adjusted the radii of the existing rods in the initial combinatorial to minimize the
error metric J. They obtained a compact mode converter with above 99% conversion efficiency,
which occupied an area of 4� 10 unit cells’ large functional region (spatial inverse symmetry
was hold). For optical diode design, they adopted the same optimization strategy, and the

Figure 8. The optical diode in PhC waveguide with chirped rods with different symmetries [22].
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more than ten structures with ideal performance were found, which occupied 4� 5 unit cells’
large functional region as demonstrated in Figure 9. The forward mode conversion efficiency
exceeded 97%, and backward reflection was about 3% at frequency 0.4025 c/a. The operational
bandwidth was larger than 0.015 c/a.

Ye et al. [24] demonstrated a compact broadband optical diode based on linear 2D rod-type
PhC as shown in Figure 10. The proposed structure consisted of a simple waveguide made by
removing two rows of rods and a 4 � 1 unit cells’ large functional region, the spatial dielectric
distribution in which was numerically optimized by finite element method (FEM) combining

Figure 9. The broadband optical diode in PhC waveguide with 4� 5 unit cells’ compact-optimized functional region [23].

Figure 10. The broadband optical diode in PhC waveguide with 4 � 1 unit cells’ compact-optimized functional region [26].
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the geometry projection method (GPM) [25] and the method of moving asymptotes (MMA)
[26]. Two dielectric rods inside the functional region were still kept during the optimization
process. The GPM employed 6 � 20 control points whose heights can be fitted as a three-
dimensional surface and the intersection line of level plane and three-dimensional surface
could be used to define the rod shape. When level plane was set at zero, the dielectric constant

at coordinate x could be formulated as ε xð Þ ¼ εair þ εsi�εairð Þ
2 tanh sign S xð Þ½ �d xð Þ

ξ

h i
þ 1

� �
, where S(x)

was the surface function, d(x) was the minimum distance from the refined surface to the
nearest intersection curve, and ξ was the control parameter of vanishing of intermediate
dielectric at interface. The GPM controlled the rod shape, size, and position by adjusting the
heights of the control points. The FEM and MMA were utilized to determine the heights of
control points to find the solution. The optimization process proceeded in two phases to obtain
large operating bandwidth. First, they searched a candidate at the center frequency 0.40 c/a; in
the second phase, they optimized further by the new objective function, which was the
weighted average of objective function values at five frequencies within the targeted frequency
domain. The integrals of power flux for desired optical behavior were set as objective functions
during the optimization process. The maximum forward transmission efficiency was 83%, and
the above 60% transmission efficiency within bandwidth 0.01 c/a was achieved. The above
19 dB unidirectionality (maximum 30 dB) for even mode was achieved within bandwidth 0.01
c/a as well.

Wang et al. [27] demonstrated a graded photonic crystal (GPhC) design with 11a � 25a large
scale, which was obtained from a conventional square-lattice PhC with R = 0.2a by linearly
changing the radius of dielectric rods, to achieve unidirectional light propagation. The struc-
ture is demonstrated in Figure 11. The radii of the dielectric cylinders in the x-y plane were
given byR(x + 1)a�Rxa = 0.01a (in x-direction, R1a = 0.2a) and R(y + 1)a�Rya = 0.01a (in +y-direction),

Figure 11. Asymmetric light propagation based on graded PhC [27].
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where Rxa was the radius of dielectric rods of xth period. The structure in +y-direction was
symmetrical along the x-axis with the structure in the �y-direction. Here, the x-axis was
located at the middle of the structure along the y-direction. The transverse field profiles
demonstrated a significant difference. When the light propagated from left to right (forward
direction), most of the light at the x-axis propagated across the structure, and the light on the
two sides of the x-axis could not propagate after several periods because of the directional
bandgap. The light almost converged into the middle position at the end face of the structure.
On the other hand, when the light propagated in backward direction (right to left), only the
light along the optical axis transmitted into the GPhC structure, and the light propagating into
GPhC spread to both ends of the structure after a few periods, the light could be scarcely
detected at the end face. The intensity at the convergence spot of the light propagated in
forward direction was almost 14 times more than the maximum intensity of the backward
transmission light. Maximum 0.7 contrast ratio was achieved at the frequency of 0.395 (a/λ). If
the numbers of period were extended to 13 in the horizontal direction, higher contrast ratio
(near 1) was attained at the frequency of 0.394 (a/λ).

2.2. Air-holed PhC optical diode

Most of the designs based on rod-type PhC discussed above were confined in simulation
because of the difficulties in fabricating. The only experimental validation was reported in
Giden’s work [20], but operating in the microwave regime (10 GHz). Moreover, the absence of
light confinement along the rod direction is another limitation. Compared with rod-type PhC,
the fabrication technique of air-holed PhC slab is more mature and compatible with conven-
tional CMOS processing. Air-holed PhC is formed by etching periodic air holes in dielectric
slab. The optical diode based on air-holed PhC can be directly connected to standard silicon
waveguide, showing its ability of integration with other silicon-based photonic devices. How-
ever, unfortunately, lack schemes for air-holed 2D PhC optical diode can be found. One scheme
is based on the PhC heterostructure with directional bandgap [28–31], and the other scheme is
based on topology optimization [32]. The TE mode whose magnetic field is perpendicular to
the slab is considered in all designs discussed in this section and most simulations are
performed in 3D FDTD.

Cicek et al. [31] realized the unidirectional light transmission in a 2D PhC heterostructure with
air holes in an AlGaAs host. The proposed structure was constructed of two kinds of photonic
crystals (PhC1, PhC2) with the same orientation and lattice constant but different radii of air
holes, as illustrated in Figure 12. The interface was located along its body diagonals. The
radius of air holes in PhC1 with 16 � 16 unit cells was set as 0.460a, while the value in PhC2
with 15 � 15 unit cells was 0.352a. Moreover, PhC2 was offset by d = 0.2a to decrease the
forward reflection losses introduced by effective index variation. In order to achieve the
asymmetric light propagation, stop band for blocking light transmission in backward direction
(right to left) was studied. When the light propagated in forward direction (left to right), it
transmitted toward the PhC2 and eventually the output port. The waves were self-collimated
in both PhC1 and PhC2 at the frequency 0.37ωa/2πc. While, in the opposite direction, the
incident light was reflected at the air-PhC2 interface, the deflected wave components at the
air-PhC2 interface could reach PhC1 and eventually the output port. However, several lights
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would leak out in the reverse direction. The transmission efficiency in forward direction was
around 50% within the frequency region from 0.32ωa/2πc to 0.42ωa/2πc, while the value in
backward direction kept lower than 20%. The maximum of contrast ratio was achieved
approximately 0.90. Lu et al. [28] experimentally fabricated similar structure using poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] MEH-PPV PhC. In the experiment, the
lattice constant was 440 nm, and the radii of air holes for PhC1 and PhC2 were 110 nm and
170 nm, respectively. The angle between the hetero-interface and the horizontal direction was
56�. The transmissions of 50% and 0.02% were achieved for the rightward and leftward
incidence within the wavelength region from 640 nm to 660 nm.

Wang et al. [29, 30] proposed an optical diode design with functional region 6� 6 μm2 based
on silicon PhC slab. The radii of air hole for PhC1 and PhC2 were 0.24a and 0.36a, respectively.
The hetero-interface was placed between PhC1 and PhC2 along the Γ-M direction. Two 4a-
wide waveguides were located at the two sides of the structure and were used to enter or exit
the light beam. There exists an isolation band ranging from 0.2649 to 0.2958 (a/λ), where the
transmission efficiency in forward direction (left to right) reached a peak about 6%, while the
backward transmission kept between 0.5% and 1% within the frequency region from 0.2649a/λ
to 0.2958a/λ. The maximum contrast ratio 0.846 was obtained at the peak. Then, the original
diode was optimized in order to decrease the backward transmission to be zero and increase
the peak of forward transmission as much as possible. The revised structure is demonstrated in
Figure 13. The backward transmission generally decreased a half compared with that of the
original structure, and the forward peak reached approximately 13%. The maximum contrast
ratio of the revised structure increased to 0.92 at the peak. In the experiment, the patterns were

Figure 12. Refraction-based optical diode with PhC heterostructure [31].
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defined in resist using the electron beam lithography (EBL) on the silicon-on-insulator (SOI)
chip and then transferred to silicon layer using the inductively coupled plasma (ICP) reactive
ion etching. To form an air-bridged structure, the SiO2 underneath the patterned PhC was
finally removed. The maximum forward transmission efficiency in experiment with asymmet-
ric input/output waveguides approached 21.3%, and the best contrast ratio of the diode
structure reached 0.885 at the peak.

Ye et al. [32] realized the optical diode effect in 2D silicon PhC slab waveguide with 1.2a � 2.8a
large functional region, in which there was only one deformed air hole. The structure is illus-
trated in Figure 14. The waveguide was constructed by removing one row of air holes along x-
direction and moving the first and second nearest row with 0.15a and 0.1a in y-direction,
respectively. The spatial dielectric distribution in the functional region was numerically opti-
mized by finite element method (FEM) combining the geometry projection method (GPM) and
the method of moving asymptotes (MMA). The GPM employed 13 � 29 control points to fit the
three-dimensional surface. The optimization algorithm MMA was utilized to determine the
heights of all control points in GPM. In order to find a broadband optical diode, three optimiza-
tion steps were taken: first, they searched a bidirectional mode converter with mirror symmetry
in functional region at the center frequency 0.36 c/a. Next, the symmetry was broken to find
the solution for optical diode working at center frequency. The last step was to extend the
operational frequency range from single frequency. Here, the integrals of power flux for desired
optical behavior were set as objective functions. The above 89.9% forward transmission effi-
ciency, 0.01 c/a operational bandwidth, and maximum 24 dB unidirectionality were achieved in
2D FEM simulations. In the air-bridged 3D FDTD model, the maximum unidirectionality
was about 19.6 dB, while the value kept higher than 12.7 dB for slab thickness 0.54a. It
should be noted that identical performance of 3D device and 2D optimized structure remains
a challenge.

Figure 13. Optical diode with PhC heterostructure connecting standard silicon waveguide [29].
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3. Nonreciprocal optical diode

The optical diode effect achieved in linear and passive PhC (discussed in Section 2) cannot
break the reciprocity of the Lorentz theorem and consequently cannot play as an important
optical device: the optical isolator. The conventional nonreciprocal designs utilize magneto-
optical effect or nonlinearity. Unfortunately, common waveguide materials, especially Si, SiO2,
and Si3N4, present only relatively weak or even no magneto-optical effect. Meanwhile, the prereq-
uisite external magnetic field would limit the integration for on-chip applications. Therefore, we
will focus on the nonlinearity in this section. The major effects may include the second-order
optical nonlinearity, the Kerr effect, two-photon absorption, free-carrier effect, and thermo-optic
effect [33]. These effects have been pervasively employed in on-chip all-optical processing such as
wavelength conversion, optical switch, modulation, and optical isolation [34–36].

Zhang et al. [37] proposed a silicon optical diode based on optical nonlinearity in cascaded PhC
L3 cavities, which was formed by removing a line of three holes as demonstrated in Figure 15.
The lattice constant was 420 nm, and the air-holed radius was 126 nm. The three air holes
adjacent to the right cavity were shifted by 0.175a, 0.025a, and 0.175a, respectively. And, the
footprint of the whole device was about 20 μm � 10 μm. The resonant wavelengths of two
cascaded L3 cavities did not match exactly due to the different distribution of the holes in
periphery. When the input power was low, the two L3 cavities were both working in the linear
regime, and asymmetric transmission was not realized. As input power increased, the resonance
dips redshifted due to the onset of nonlinearity induced by the thermo-optic effect in the silicon
cavities. A nonreciprocal transmission ratio (NTR) of 30.8 dB and insertion loss of 8.3 dB was

Figure 14. Optical diode with topological optimized functional region connecting silicon waveguide [32].
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defined in resist using the electron beam lithography (EBL) on the silicon-on-insulator (SOI)
chip and then transferred to silicon layer using the inductively coupled plasma (ICP) reactive
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in functional region at the center frequency 0.36 c/a. Next, the symmetry was broken to find
the solution for optical diode working at center frequency. The last step was to extend the
operational frequency range from single frequency. Here, the integrals of power flux for desired
optical behavior were set as objective functions. The above 89.9% forward transmission effi-
ciency, 0.01 c/a operational bandwidth, and maximum 24 dB unidirectionality were achieved in
2D FEM simulations. In the air-bridged 3D FDTD model, the maximum unidirectionality
was about 19.6 dB, while the value kept higher than 12.7 dB for slab thickness 0.54a. It
should be noted that identical performance of 3D device and 2D optimized structure remains
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realized in the device. The device had a relatively broad 17 dB operation bandwidth of 0.08 nm,
and at least 16 dB ofNTRwas achievedwhen input power varied between�6.25 and�2.95 dBm.

Bulgakov and Sadreev [38] proposed an all-optical diode in asymmetric L-shaped PhC wave-
guide with a single nonlinear Kerr microcavity at the corner. The structure is depicted in
Figure 16. The linear L-shaped PhC waveguide was formed by removing one row of dielectric
rods, and the microcavity was constructed by three linear rods and one nonlinear rod. The radius
and dielectric constant of the GaAs rods were 0.18a and 11.56 in the PhC, where the lattice unit
was set as 0.5 μm. The nonlinear defect rod had the radius 0.4a, and the dielectric constant was
6.5. The nonlinear refractive index was 2 � 10�12 cm2/W. In order to achieve the asymmetric
design of the microcavity, the dielectric constant of the third additional rod inside the right leg of
the waveguide was chosen as 5. The two dipole eigenfrequencies of the microcavity were 0.3658
� 2πc/a and 0.3650� 2πc/a, respectively. When both dipole modes were excited simultaneously,
the design could be opened for light transmission at some magnitudes of frequency and injected
intensity because of the nonlinear coupling between them. The opening region mostly depended
on the ratio between the nonlinearity constant and the coupling strengths of the dipole modes
with the propagating waveguide modes. Therefore, the asymmetric transmission in the design
was achieved due to the different threshold for light transmissions from left to right and back-
ward. This came from different coupling strengths of dipole modes with the propagating mode
of the left and right waveguide legs. In the design, the direction of optical diode transmission
could be controlled by power or frequency of injected light.

Liu et al. [39] realized the optical diode effect based on asymmetrical coupling by a microcavity
with nonlinear Kerr medium and a FP cavity at two sides of PhC waveguide. In the system, a
Fano resonant microcavity with ultrahigh-quality factor was designed in rod-type PhC. An
elliptical point defect was placed in the first layer below a line-defect PhC waveguide, and a FP

Figure 15. Silicon optical diode based on cascaded photonic crystal cavities [37].
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cavity was located in the second layer above PhC waveguide, as shown in Figure 17. More-
over, a reflector layer was set below the left end of FP cavity to form asymmetric structure. The
radius of dielectric cylinder was 0.3a; the major and minor axes of elliptical point defect were
set as 0.534a and 0.3a, respectively. Because of the asymmetric design, backward (right to left)
propagation required stronger incidence light to excite Kerr effect of microcavity than forward
(left to right) transmission, so the unidirectional transmission could be realized. The high
transmission in forward direction was approximately about 80%, and maximum contrast ratio
was about 0.8.

Figure 16. Optical diode based on dipole modes of Kerr microcavity in asymmetric L-shaped PhC waveguide [38].

Figure 17. Optical diode based on asymmetrical coupling by a microcavity and FP cavity at two sides of PhC waveguide [39].
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4. Conclusion

In this chapter, the proposed schemes for optical diodes based on 2D PhC have been briefly
summarized. For reciprocal optical diode, we introduce 11 designs based on rod-type PhC and
4 designs based on air-holed PhC slab. Since the linear and passive structures hold the time-
reversal symmetry, the unidirectional transmission of certain optical mode is achieved by
spatial asymmetric mode conversion. For nonreciprocal optical diode, we mainly focus on the
PhC cavity with optical nonlinear effects. The three designs can be used as optical isolator
since it can block all possible modes in one direction. Considering the performances, new
schemes for 2D PhC optical diodes with high contrast ratio, low insertion loss, large opera-
tional bandwidth, small device footprint, and ease of fabrication are still highly desirable.
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Abstract

The photonic crystals (PCs) exhibit photonic band gap (PBG), inhibiting specific wave-
length of light decided by structural periodicity. PCs are a new class of periodic dielectric 
media that can provide novel ways to manipulate and control light. Researchers have 
recently devoted extensive efforts to fabricating PCs with controlled symmetry, size, and 
defects on a large scale and tuning of PBG. Liquid crystalline (LC) materials exhibit-
ing self-organization, phase transition, and molecular orientation behaviors in response 
to external stimuli are attracting significant attention for the bottom-up nanofabrication 
and tuning of advanced photonic materials and devices. Here, we will introduce self- 
organization of PCs from LCs and photoswitching mechanism of PBG based on phase 
transition and anisotropic orientation of LCs.

Keywords: self-organization, molecular orientation, liquid crystal, azobenzene, light 
response, photonic band gap

1. Introduction

The structural coloration is basically caused by interaction between light and periodic 
 nanostructured-materials, and light absorption with dyes or pigments is not required for 
the structural coloration. One can find structural coloration of various materials in nature, 
and the structural colors are iridescent and very durable, for example, opal, peacock wings, 
and so on. Recently, there is an increasing interest in developing bioinspired nanostructures 
with controlled symmetry, size, and defects on a large scale for photonic crystals (PCs) [1–7]. 
Generally, the fabrication processes are divided into bottom-up and top-down methods. The 
top-down methods are mostly based on lithography-related techniques, which are expensive 
and requiring high technology [8–11]. The bottom-up methods are primarily about the self-
assembly of component units such as emulsions, colloidal particles, and block copolymers 
[12–16].
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Liquid crystalline (LC) materials are attracting significant interest on the bottom-up nano-
fabrication of advanced photonic materials and devices with unique configuration and novel 
tuning mechanism. LCs undoubtedly represent such a marvelous dynamic system based on 
molecular reorientation behavior affecting macroscopic properties [17–19]. On the other hand, 
the responsiveness of LCs to various stimuli such as temperature, light, mechanical force, and 
electric and magnetic fields as well as chemical and electrochemical reactions can attribute 
to fascinating tunability of photonic band gap (PBG) in the periodic nanostructure, which 
provides numerous opportunities in all-optical integrated circuits and next-generation com-
munication system. Here, several examples of self-organized LC nanostructures are intro-
duced, and fabrication of three-dimensional (3D) PCs containing azobenzene LC molecules 
and photoswitching of PBG are discussed.

2. Self-organized PCs and PBG tuning based on LCs

2.1. Self-organized LC nanostructures

We introduce several examples for the fabrication methods of precisely constructing of PCs 
using self-organized LC nanostructures of cholesteric LC (ChLC), LC blue phase, and holo-
graphic polymer-dispersed LC.

2.1.1. Cholesteric LC

Dissolving a chiral compound in a nematic LC causes helix formation, resulting in the selective 
reflection of circular light corresponding to the helical pitch and helical sense. The pitch, the dis-
tance over which the director field rotates by 2π radians, is sensitive to external stimuli such as 
temperature, light, electric field, and mechanical stress [20–25]. Kurihara et al. have reported on 
the photochemical change in transparency as well as the selective reflection of a cholesteric LC 
(ChLC) resulting from the photoisomerization of a chiral azobenzene compound doped in a host 
nematic LC [26–31]. It is based on the photochemical change in helical twisting power (HTP) of 
the chiral azobenzene compounds under irradiation of UV and visible light. A combination of a 
rigid chiral diol core and azobenzene group led to larger photochemical changes in HTP, resulting 
in a reversible change of selective reflection over whole range of visible region with faster photo-
chemical switching as shown in Figure 1. HTPs of the chiral azobenzene compounds increased 
or decreased by UV light, and the color change of reflection light was seen even with naked eyes.

On the other hand, Muševič et al. developed ChLC microdroplets, in which the arrangement 
of ChLC molecules was with parallel anchoring of the LC molecules at the surface. The heli-
cal structure of the LC originates from the center of the droplet and gives rise to concentric 
shells of constant refractive index. The introduction of chirality in ChLCs in the spherical 
shape resulted in the formation of a multilayered spherical Bragg resonator with an alterna-
tion periodic refractive index [32]. This dielectric structure is optically equivalent to the well-
known Bragg-onion optical microcavity. In addition, Li et al. reported photoresponsive ChLC 
droplets with large helical twisting power [33].
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2.1.2. LC blue phase

Blue phases (BPs) are among the most fascinating photonic nanostructures in the area of 
LCs [34]. They are known to self-organization into the 3D frustrated nanostructures, which 
originate from the competition between the packing topology and chiral forces. The peri-
odic nanostructures are self-organized from the so-called double-twisted cylinders that are 
usually stabilized by the formation of defects or disclinations. As the 3D PCs, BPs feature 
remarkable bandgap tunability over an extensive spectrum in response to various exter-
nal stimuli such as temperature [35, 36], mechanical strength [37], electric field [38], and 
light [39–41]. The spectral band gap position of selective reflection can be readily predeter-
mined by varying the chiral fraction of BP mixtures. However, BPs have received increasing 
attentions especially in recent years, but the reflection wavelength tuning is usually quite 
narrow. The ability to dynamically tune the photonic bandgap in cubic BPs across a wide 
wavelength range is highly desirable. Effort to improve the instability and irreversibility 
of BPs has been made with polymer-stabilized structure [18] and incorporation of unusual 
bent-core mesogen [42].

Figure 1. Changes in the selective reflection of the ChLC after UV irradiation (a) and visible light (b) irradiation at 
25°C. And the photograph (c) of color change of the ChLC by varying UV irradiation time 0 s (left), 4 s (middle), and 10 s 
(right). [31] Copyright 2005, Wiley-VCH.
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2.1.3. Holographic polymer-dispersed LC

Holographic polymer-dispersed liquid crystal (H-PDLC) materials belong to a phase separa-
tion material system where the LCs can form droplets, of controllable sizes, that are phase-sep-
arated from the polymer-rich regions during the photopolymerization process. Interestingly, 
it has enabled the in situ fast one-step fabrication of self-organized PCs. The control of the 
bandwidth of the reflection resonance, related to the light intensity and spatial porosity dis-
tributions, was investigated to optimize the optical performance.

For example, Cartwright et al. reported a graded reflection grating based on the H-PDLC 
material system [43, 44]. An obvious rainbow-colored reflection was observed from the same 
viewing angle by a modification to this standard configuration where the triangular prism is 
replaced with a cylindrical lens. Modified optical setup is based on a cylindrical lens to gener-
ate a graded holographic interference pattern along the x-axis from the incident and reflected 
beams. It is expected to compact graded PBG structures for linear variable optical filters.

The marriage of holography and self-organized LC materials is highly expected to produce 
a diverse range of novel 1D, 2D, and 3D nanostructures for various applications in electro- 
optical filters, wavelength division multiplexer, free-space optical switches, information dis-
play devices, and so on [45–49].

2.2. PBG tuning of 3D photonic crystals

Three-dimensional PCs such as opal and inverse opal structure can be easily prepared by col-
loidal self-assembly approach. The fabrication of inverse opal structure infiltrated by azoben-
zene LC molecules for 3D PCs and the mechanism of photoswitching of PBG are described.

For 3D PCs, the reflection wavelength (λ) under normal incident condition is expected by 
equation of Bragg diffraction as follows [50]

  λ = 2  √ 
__

   2 __ 3     d  √ 
________________

    n  sphere     2  f +   n  void     2  (1 − f)     (1)

where d is the diameter of the sphere, nsphere and nvoid are the refractive indices of the sphere 
and the medium in the voids of opal, respectively, and f is the volume fraction of the sphere. 
In this way, the peak wavelength can be roughly tuned by two approaches: either by control 
of the diameter of the sphere or by control of the refractive index. If one can control photo-
chemically phase transition or birefringence of LCs in 3D PCs, they will be candidates for 
applications to optical devices such as display and memory.

On the other hand, light among various promising stimuli shows distinct and significant 
advantages due to its spatial, remote, and temporal controllability. It is also noteworthy that 
the light sources with different wavelength, intensity, and polarization are readily accessi-
ble. Photocontrol of chemical and physical functions of various molecular systems has been 
studied vigorously using photochemical configurational change of azobenzene derivatives 
[51–54]. The photochromism of azobenzene and its derivatives due to cis-trans isomeriza-
tion has been widely investigated. For PC containing azobenzene molecules, ‘photochemical 
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phase transition’ between the alignment phase and isotropic phase, or ‘photoinduced optical 
anisotropy’ based on photoselective reorientation behavior is very useful parameter for self-
organization and optical photonic crystal switching. Here, fabrication of three-dimensional 
(3D) PC containing azobenzene molecules and photoswitching of PBG are discussed.

2.2.1. PBG tuning by phase transition change

Three-dimensional PCs such as opal and inverse opal structure can be infiltrated with stimuli-
responsive materials, thus enabling PBG tuning. Kubo et al. reported on the drastic change 
in optical properties for the inverse opal structure containing low molar mass LCs, by taking 
advantage of the nematic-isotropic phase transition [50]. It is based on change in the light scat-
tering intensity between LC phase and isotropic phase.

SiO2 inverse opal template could be fabricated by infiltration of SiO2 spheres into the voids 
of polystyrene (PS) opal film and calcination of PS as shown in Figure 2. When SiO2 inverse 
opal film infiltrated with 4-cyano-4′-pentylbiphenyl (5CB), the reflection spectra of the 
LC-infiltrated inverse opal film were changed with increase in the temperature as shown in 
Figure 3. In the initial state at 25°C, 5CB is in the nematic phase and the film is white due to 
light scattering. The reflection has two weak peaks. With the gradual temperature rise, the 
positions of the peaks shifted slowly and a distinct peak at around 610 nm, which is derived 

Figure 2. Schematic of PS opal (a) and SiO2 inverse opal (b) structures and their photographs.
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from PBG, appeared rapidly at the phase transition temperature into the isotropic phase at 
40°C. The color of film becomes red. This result shows that switching of the optical properties 
can be realized due to a phase transition of the LCs, leading to thermos-tunable PCs.

Kubo et al. also reported the photoswitching of reflection for SiO2 inverse opal film infiltrated 
with photo-response azobenzene containing LC mixture [55]. By UV light, a reflection peak 
increased rapidly and then saturated, indicating appearance of PBG. The trigger for this dras-
tic change was the trans-cis photoisomerization of the azobenzene derivatives in the films. 
The excitation of the π-π* transition of azobenzene molecules at around 360 nm results in a 
transformation from trans to cis isomers. The photoinduced cis form of azobenzene group has 
a bent shape and hence tends to disorganize the phase structure of nematic LCs.

The observed change could be reversed to the original state, decrease of reflectance, by irradi-
ating with visible light. The recovery was induced by cis-trans photoisomerization, followed 
by a phase transition from the isotropic to the nematic phase under visible light (436 nm). 
Such a switching effect could also be observed in transmission spectra. It is supposed due 
to the fact that the LC molecules in the nematic phase in the spheroidal voids are aligned 
parallel to the void surfaces, but the orientation is completely random among spheres. It 
is similar to the phenomena observed for polymer-dispersed liquid crystal (PDLC). On the 
other hand, when the LC was transformed into an isotropic phase by UV light, the anisot-
ropy in the dielectric constant disappeared. That is, the dielectric constant of the LC in all of 
the spheroidal voids became the same, and hence, a reflection peak due to Bragg diffraction 
appears [56–58]. On the basis of this scenario, dynamic change in the optical properties was 
observed repeatedly by alternating irradiation with UV and visible light. It was completely 
reversible, exhibiting good stability and reproducibility during the light irradiation cycle as 
shown in Figure 4.

Figure 3. Reflection spectra of SiO2 inverse opal film infiltrated with 5CB at the temperature from 25°C to 40°C [50]. 
Reproduced. Copyright 2004, American Chemical Society.
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2.2.2. PBG tuning by molecular reorientation

For low-molar-mass LC-infiltrated inverse opal film as mentioned in the previous section, 
the stability of the switched state was not enough although the photoswitching was revers-
ible. It is due to the thermal back reaction of the azobenzene compound and fluidity of the 
low-molar-mass LC. In contrast with low-molar-mass LCs, polymeric LCs are well known to 
show excellent storage stability. Kurihara et al. reported the stable and reversible shift of the 
Bragg diffraction band for SiO2 inverse opal structure infiltrated with 4,4′-methoxy hexyloxy 
azobenzene polymethacrylate, PAz (schematic molecular structure is shown in Figure 5), and 
reflection change were investigated when irradiation of linearly polarized light (LPL) and 
circularly polarize light (CPL) of Ar + later (λ = 488 nm) [59].

Photoisomerization behavior is demonstrated by absorption band change as shown in 
Figure 6. By UV light, trans-cis isomerization is induced, the absorption peak at 360 nm 
decreases, and the peak at 450 nm increases (Figure 5(a) and (c)). By irradiation of visible 
light, cis-trans photoisomerization is induced, and reverse changes in absorption spectra are 
induced (Figure 6(b) and (d)).

Anisotropic state of azobenzene compounds based on their molecular orientation can be con-
trolled via reversible isomerization behavior by light and thermal stimuli [60–62]. Namely, 
alignment state of trans-form is perpendicular to the direction of polarized light (known as 
Weigert effect [20, 63–64]), and the alignment is destroyed by formation of cis-form.

The orientation state is evaluated by polarized absorption spectra and by birefringence, Δn, 
measurement. From angle dependence of absorbance at the peak of 360 nm to the polar-
ized axis, orientation direction perpendicular to the polarized direction of induced LPL was 
demonstrated. When Δn is estimated by change in transmitted light of the azobenzene film 

Figure 4. Time-dependent change in the reflectance of 5CB/azobenzene LC mixture-infiltrated inverse opal film at 
603 nm by UV and visible light irradiation. The black bars show the periods for the irradiation of UV light (<400 nm), 
and the gray bars show the periods for irradiation of visible light (436 nm). For other periods, the sample was kept in the 
dark [58]. Copyright 2002, American Chemical Society.
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observed repeatedly by alternating irradiation with UV and visible light. It was completely 
reversible, exhibiting good stability and reproducibility during the light irradiation cycle as 
shown in Figure 4.

Figure 3. Reflection spectra of SiO2 inverse opal film infiltrated with 5CB at the temperature from 25°C to 40°C [50]. 
Reproduced. Copyright 2004, American Chemical Society.
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2.2.2. PBG tuning by molecular reorientation

For low-molar-mass LC-infiltrated inverse opal film as mentioned in the previous section, 
the stability of the switched state was not enough although the photoswitching was revers-
ible. It is due to the thermal back reaction of the azobenzene compound and fluidity of the 
low-molar-mass LC. In contrast with low-molar-mass LCs, polymeric LCs are well known to 
show excellent storage stability. Kurihara et al. reported the stable and reversible shift of the 
Bragg diffraction band for SiO2 inverse opal structure infiltrated with 4,4′-methoxy hexyloxy 
azobenzene polymethacrylate, PAz (schematic molecular structure is shown in Figure 5), and 
reflection change were investigated when irradiation of linearly polarized light (LPL) and 
circularly polarize light (CPL) of Ar + later (λ = 488 nm) [59].

Photoisomerization behavior is demonstrated by absorption band change as shown in 
Figure 6. By UV light, trans-cis isomerization is induced, the absorption peak at 360 nm 
decreases, and the peak at 450 nm increases (Figure 5(a) and (c)). By irradiation of visible 
light, cis-trans photoisomerization is induced, and reverse changes in absorption spectra are 
induced (Figure 6(b) and (d)).

Anisotropic state of azobenzene compounds based on their molecular orientation can be con-
trolled via reversible isomerization behavior by light and thermal stimuli [60–62]. Namely, 
alignment state of trans-form is perpendicular to the direction of polarized light (known as 
Weigert effect [20, 63–64]), and the alignment is destroyed by formation of cis-form.

The orientation state is evaluated by polarized absorption spectra and by birefringence, Δn, 
measurement. From angle dependence of absorbance at the peak of 360 nm to the polar-
ized axis, orientation direction perpendicular to the polarized direction of induced LPL was 
demonstrated. When Δn is estimated by change in transmitted light of the azobenzene film 

Figure 4. Time-dependent change in the reflectance of 5CB/azobenzene LC mixture-infiltrated inverse opal film at 
603 nm by UV and visible light irradiation. The black bars show the periods for the irradiation of UV light (<400 nm), 
and the gray bars show the periods for irradiation of visible light (436 nm). For other periods, the sample was kept in the 
dark [58]. Copyright 2002, American Chemical Society.
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Figure 5. Schematic molecular structure of PAz.

Figure 6. Changes in absorption spectra of PAz in THF after UV light (365 nm, 8 mW/cm2) (a) and visible light (436 nm, 
60 mW/cm2) (b) irradiation. Changes in absorption spectra of PAz film irradiated UV light (365 nm, 10 mW/cm2) (c) and 
following visible light (436 nm, 58 mW/cm2) (d) at room temperature.
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placed between two crossed polarizers, Δn of PAz was estimated to be 0.128, as shown in 
Figure 7 [65].

Azobenzene polymer can be infiltrated into the SiO2 inverse opal film by heating to melt. The 
pore diameter and volume fraction of SiO2 inverse opal, d and f, were estimated by compar-
ing wavelength of the reflection peaks of the SiO2 inverse opal films infiltrated with various 
solvents with different refractive indices. For SiO2 inverse opal film, d = 278 nm and f = 0.118, 
reflection spectra before and after injection of PAz are shown in Figure 8. The injection of 
PAz caused a shift of the reflection peak from 480 nm to 710 nm, because of an increase in the 
refractive index from 1.0 of air to 1.6 of PAz.

By LPL irradiation of light, reflection measured with polarizer parallel and perpendicular 
to the polarization direction of LPL is plotted in Figure 9. The reflection peaks depend on 
the irradiation time and polarization direction. By irradiation of a linearly polarized light at 
488 nm (Ar + laser), azobenzene groups were aligned in the direction perpendicular to the 
polarization direction of the laser light.

After irradiation of LPL, reflection band shifted to longer wavelength with little shoulder 
at shorter wavelength. By observation with parallel and perpendicular polarizers, different 
two bands were respectively observed. The maximum wavelengths of the reflection bands at 
shorter and longer wavelength regions were 706 nm and 725 nm, respectively. Therefore, the 
refractive indices of PAz in the pores after the LPL irradiation, ordinary refractive index (no) 
and extraordinary refractive index (ne), were estimated to be, respectively, 1.57 and 1.62 by 
using Bragg diffraction (Eq. (1)) with the parameters d (278 nm), f (0.118), and nSiO2 (1.45). 
Namely, the photoinduced birefringence of PAz was 0.05 in the pores of SiO2 inverse opal. It is 
less optical anisotropy comparing to solid film of PAz (0.13), indicating insufficient alignment 

Figure 7. Schematic for birefringence measurement and the result of PAz.
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due to huge surface energy in the pores of SiO2. In addition, reflection intensity decreased 
and increased by small and larger refractive index differences between PAz (1.57 and 1.62) 
and SiO2 (1.45).

3. Conclusion

Optical properties of LCs represent the responsibility of external stimuli such as tempera-
ture, light, mechanical force, and electric and magnetic fields as well as chemical and electro-
chemical reactions, which are a driving force leading to dynamic change of materials from 
molecular level to macroscopic level. Dynamic system of LCs makes it a quite advantageous 

Figure 8. Plot of reflection wavelength change of SiO2 inverse opal structure depending on solvents with various 
refractive indices (a) and reflection spectra before and after infiltration of PAz (b).
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approach toward bottom-up nanofabrication of photonic materials with novel tuning mecha-
nism. In addition, the responsiveness to various stimuli can attribute to fascinating tunability 
of PBG, which provides numerous opportunities in all-optical integrated circuits and next-
generation communication system.
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