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Abstract

Two-dimensional (2D) photonic crystals (PhCs) operating in the near-infrared wave-
lengths are promising candidates for novel integrated optics applications. In this work
the optical properties of the Bloch modes in 2D photonic crystals have been investigated
theoretically using different numerical methods. The plane wave expansion (PWE)
method have been formulated in a general form for arbitrary 2D photonic crystal and
applied for detailed analysis of the properties of the Bloch modes. The k space based
and the frequency based PWE methods have been derived and used, which allowed us
to analyze both propagating and evanescent modes.

The guided mode expansion method have been used to take into account three-
dimensional distribution of the electromagnetic field in the planar photonic crystals
and improve the accuracy of the analysis.

A new method of calculation of the sensitivity of the photonic crystal optical prop-
erties to small variations of the photonic crystal parameters have been developed. This
method is based on the perturbation theory and allows fast and accurate estimation of
the optical properties corrections as a result of a change the parameters of the photonic
crystal.

The developed methods have been used for design and analysis of different photonic
crystal based structures, such as cavities, waveguides, coupled-cavity waveguides and
polarization beam splitter.

The developed methods proved to be efficient and accurate tools for modelling two-
dimensional photonic crystal properties and design of photonic crystal based devices.

Keywords:

photonic crystals - numerical modelling - Bloch mode optical properties - plane wave
expansion method - guided mode expansion method - polarization beam splitter

iii






Résumé

Les cristaux photoniques bidimensionnels (2D) congus pour fonctionner dans la plage de
longueur d’onde du proche infrarouge sont des candidats prometteurs pour de nouvelles
applications en optique intégrée. Dans ce travail, les propriétés optiques des modes de
Bloch dans des cristaux photoniques 2D ont été étudiées de facon théorique a partir de
différentes méthodes numériques. La méthode de développement en onde plane (DOP)
a été établie dans un cadre général pour des cristaux photonics 2D arbitraires et ensuite
appliquée pour analyse détaillée des propriétés des modes de Bloch. La méthode DOP a
été développée soit partir des fréquences spatiales soit a partir des fréquences angulaires,
ce qui nous a permis d’analyser la fois les modes propagatif et les modes évanescents.

La méthode de développement en mode guidés a été utilise pour prendre en compte la
distribution tridimensionnels du champ électromagnétique dans les cristaux photoniques
planaires. Cette méthode a permis d’améliorer la précision de I’analyse.

Une nouvelle méthode de calcul de la sensibilité des propriétés optiques des cristaux
photoniques vis-a-vis de petites variations de leurs parametres structuraux a été développée.
Cette méthode repose sur la théorie de la perturbation et permet une estimation rapide
et précise de la modification des propriétés optiques des cristaux photoniques en fonc-
tion des changements de leurs parametres structuraux.

Les méthodes développes ont été utilises pour la conception et ’analyse de différentes
structures en cristaux photoniques, tels que des cavités, guides, guides cavités couplées
et séparateurs de polarisation.

Les méthodes développées se sont révélées efficaces et précises pour modéliser les
propriétés des cristaux photoniques bidimentionnels et pour concevoir des dispositifs a
cristaux photoniques.

Mots de clés:

crustaux photoniques - méthodes numériques - propriétés optiques des modes de
Bloch - développement en onde plane - développement en mode guidés - séparateurs de
polarisation






Preface

Periodic modulation of the dielectric permittivity and/or the magnetic permeability
of the media creates the structures called photonic crystals. In these structures the
periodicity affects the photons with the comparable wavelength in a way similar to that
in which the crystals affect the properties of electrons. As a result the photonic structure
consisting of the photonic bands and band gaps (similar to the electronic structures in
semiconductor or metal crystals) are formed.

Complex dispersion structure of the light states opens many possibilities to con-
trol the light propagation in the photonic crystals. The light dispersion properties in
photonic crystals are, in general, polarization-sensitive and direction-sensitive [1, 2].
Proper design of the photonic crystal allows to tailor light properties for the desired
application.

If the light frequency is inside the band gap, the propagation of the light modes is
forbidden and the photonic crystal serves as a photonic insulator. Such structures can
be used to reflect all incident light or to confine light in a small volume, creating a
microcavity [3, 4] or a waveguide [5].

High sensitivity of the dispersion properties to the light frequency leads to the
superprism effect [6] and can be used to create new-generation sensors.

Two-dimensional photonic crystals are considered among the key components of
modern and future integrated optics because they open many new possibilities of light
control and can be fabricated using well-developed technologies with high accuracy and
reproducibility.

Development of photonic crystal based devices and structures requires careful anal-
ysis of interaction between light and the photonic crystal and numerical modelling is
an essential part of the design process.

There are many methods to describe properties of the light modes in photonic crys-
tals. The most popular and versatile are:

e Mode expansion methods. This is a family of the methods based on the idea of
decomposition of the a light mode in a photonic crystal over the basis of known
functions.

e Scattering matrix methods [7, 8]. In these methods modulation of the dielectric
permittivity is considered as the system of scattering sources located in a layer
which is repeated periodically in a particular direction. Propagation of the light
through the media is described using the scattering matrix of the layer.

e Finite-Difference Time-Domain (FDTD) method [9]. In this method the Maxwell’s
equations for the electromagnetic field are discretized over a regular grid in space

vil
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and time evolution of the field in each grid site is calculated using the finite-
difference formulas.

All these methods have their advantages and disadvantages.

The FDTD method is a “brute force” method which can be used to calculate light
evolution in almost any structure, periodic or not, and provides direct information about
the electromagnetic field distribution. Among the disadvantages are: high demands for
the computational resources (calculation time and required memory), especially in the
3D case; special treatment for the boundaries with discontinuous dielectric permittivity
and/or magnetic permeability to suppress approximation errors; the method provides
a raw data for the field distribution, special sophisticated treatment is required to
extract necessary information like frequency and Bloch vector of a mode, transmission
coefficient of a device etc.

The scattering matrix method also can treat the non-periodic structures but because
scattering of the light on the scattering centers usually is calculated analytically the
scattering centers with simple shape (spheres, cylinders, etc.) are considered. Since the
scattering centers have to be arranged in the layers there are some restrictions on the
photonic crystal structures (lattice symmetry, positions of the scattering centers, etc.)
which can be taken into account.

The mode expansion methods (particular cases of which are the Plane Wave Expan-
sion method and the Guided Mode Expansion method) are based on decomposition of
the field distribution in the photonic crystal using the basis of functions associated with
the considered photonic crystal. Choosing the proper basis set the Maxwell’s equations
can be written in a simplified form which allows to find the decomposition coefficients.
The advantage of such methods is that they are quite flexible and can take into account
almost any photonic crystal structure. Another important point is that these methods
give details about the behavior of the intrinsic properties of the light states in photonic
crystals and facilitate understanding of light behavior in photonic crystals. The disad-
vantage of the mode expansion methods is that they are quite sensitive to selection of
basis functions and non-optimal basis can lead to poor convergence of the method.

In this thesis the plane wave expansion method and the guided mode expansion
method have been considered. Implementation of these methods for the two-dimensional
photonic crystal have been analyzed and several ways how to improve the methods have
been proposed.

The manuscript is organized as follows:

In the first chapter the basis properties of the photonic crystals are introduced and
discussed. This chapter defines the concepts which are used throughout the manuscript.
In the second chapter the plane wave expansion method is derived for arbitrarily two-
dimensional photonic crystals. The effect of the discontinuity of the dielectric permit-
tivity and magnetic permeability is discussed and methods to minimize the errors intro-
duced by the discontinuity are proposed. Bloch vector based and frequency based plane
wave expansion methods are considered and implemented for the detailed analysis of
propagating and evanescent light modes in typical two-dimensional photonic crystals.

The third chapter describes the guided mode expansion method derived for quasi-2D
photonic crystals fabricated using the planar waveguide for the light confinement in the
vertical direction. The optical properties of such photonic crystals are discussed and
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accuracy of the plane wave expansion method and the guided mode expansion method
are compared.

In the fourth chapter a new method of analysis of small variations of photonic
crystal parameters is proposed. This method is based on the perturbation theory and
can greatly speed-up analysis of the sensitivity of the optical properties to modification
of the photonic crystal.

In the fifth chapter a polarization beam splitter is discussed. Utilization of the devel-
oped methods for design of the device structure and analysis of the device performance
illustrates application and utility of the modelling as an essential tool for engineering
new integrated optics devices.

Additional information about the optical properties of two-dimensional photonic
crystals in collected in the appendix.

The manuscript is rounded off by the conclusions and discussion of future perspec-
tives of presented work.






Chapter 1

Basic properties of the photonic
crystals

1.1 Introduction to photonic crystals

Physics of crystalline materials now is one of the most developed parts of natural
science. Properties of natural crystals (e.g. gems) have been object of many researches
since the antiquity. The tremendous progress of physics and technology in past century
in many respects has been inspired and leaded by the progress in material science,
especially related with the physics of metals and semiconductors. Understanding how
the crystalline structure determines physical properties of the crystals allows one to
design and fabricate such indispensable devices as computer chips and semiconductor
lasers.

Periodic arrangements of atoms in the crystal lattice determines the periodic po-
tential for the valence electrons and set the behavior of the electrons in the crystal.
Materials with different crystalline structures exhibit broad range of physical properties
and according to their electronic structures can be metals, insulators, semiconductors,
superconductors etc.

The developed ability to control electrons in crystals and to design devices with
many important properties inspired the interest to create artificial structures which can
control the photons in a way similar to electrons in crystals.

Such structures are called the photonic crystals (PhCs). They can be created by a
periodic modulation of the dielectric permittivity and/or the magnetic permeability of
the media. Propagation of the light in a periodic media was object of the research for
many years (see, for example [10-12]).

It has been shown that the the spontaneous emission rate of the atoms in the media
can be affected by changing the optical properties of the media and the emission rate
can be enhanced due to coupling with the resonant states [13] or can be forbidden if no
light states are available for the given frequency [14].

Possibility to control the spontaneous emission rate inspires the search for the pe-
riodic structures which have the full photonic band gap — frequency region where the
light cannot propagate through the structure.

The full photonic band gap has been predicted for structure consisting of the di-
electric spheres arranged in the diamond structure [15] and for the face-centered-cubic

1



2 CHAPTER 1. Basic properties of the photonic crystals

Figure 1.1: a) The photonic crystal structure proposed by Yablonovitch et al.
in [16]. b) Yablonovite structure fabricated by the ion beam etching
(from [17]).

structure with non-spherical atoms [16]. The latter structure (called Yablonovite) is
created by etching (or drilling) cylindrical holes in high-permittivity dielectric, as it is
schematically shown in the Fig. 1.1(a). The photonic band gap has been demonstrated
for this type of photonic crystal in the microwave range [16]. Utilization of the ion
beam etching allows one to significantly decrease size of the holes and demonstrate the
photonic band gap effect for infrared light [17].

a)

Figure 1.2: a) 3D photonic crystal consisting a stack of Si bars (from [18]). b) 3D
photonic crystal with the opal structure (from [19]).

Many three-dimensional photonic crystal structures have been proposed in past years
and are subject of intense research now. Two main ways of 3D photonic crystal struc-
tures fabrication can be selected: artificial fabrication and self-assembled structures.
The first is artificial assembly layer-by-layer structures consisting high-dielectric bars in
air (usually with the woodpile arrangement) [18, 20, 21]. A typical 3D photonic crystal
with thee woodpile structure is shown in the Fig. 1.2(a). The second is working with the
opal structures (closely-packed lattice of SiO, spheres in air), which are self-assembled
from the water colloid of monodisperse silica spheres [19, 22]. By filling the inter-sphere
space with high-dielectric material and subsequent etching of the silica the inverse opal
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structures can be fabricated [19, 23]. 3D photonic crystal with the opal structure is
shown in the Fig. 1.2(b).

The advantage of 3D photonic crystals is that they can control propagation of the
light in all three dimensions, which allows, for example, total suppression of the spon-
taneous emission by creation of the full photonic band gap. But the main disadvantage
of 3D photonic crystals is difficult fabrication process, which limits types of possible
structures (lattice symmetry, materials etc.) and incorporation of desired defects in the
photonic crystal.

IPEQ-EPFL 1 SEM SEI 5.0kv X1,000 WD 148mm  10zm

Figure 1.3: a) Air holes etched in a GaAs/AlGaAs planar waveguide.
b) GaAs/AlGaAs pillars in air.

The fabrication problem can be overcome by working with two-dimensional struc-
tures, where the mature modern planar technology is used. In this case the light is local-
ized in the vertical direction by a planar waveguide and the photonic crystal structure is
created by periodic modulation of the waveguide in plane. Two main types of the mod-
ulation are shown in the Fig. 1.3: low-dielectric (usually air) holes in the high-dielectric
planar waveguide (Fig. 1.3(a)) and high-dielectric pillars in low-dielectric (usually air)
media Fig. 1.3(b). High quality etching technology allows one to produce almost vertical
holes/pillars boundaries, which decrease out-of-plane light scattering losses to accept-
able values [24, 25]. Due to their fabrication quality and flexibility of structure designs
which can be implemented two-dimensional photonic crystals now become most used
type of photonic crystals.

N

a)

Figure 1.4: a) SOI based photonic crystal structure (from [26]). b) Membrane
based photonic crystal structure (from [27]).
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Planar waveguides with low index contrast have weak light localization in the vertical
direction and usually have the thickness of a few microns. It requires high-quality etching
at this depth (such as presented in the (Fig. 1.3(a)), which is still a challenging task.
Utilization of waveguides with high index contrast, like SOI structures (shown in the
Fig. 1.4(a)) or Si membrane in air (shown in the Fig. 1.4(b)) allows one to localize the
light in the vertical direction with the typical scale less than micron, which facilitates
fabrication process and decrease the radiation losses.

photonic crystal

0.99 pm&1 pm

9, =15

collimator case incident light

Figure 1.5: a) The superprism effect in a 2D photonic crystal (from [28]). b) The
self-collimation effect in a 2D photonic crystal (from [29]).

Interaction of propagating light with the periodic modulation of the dielectric per-
mittivity modifies the dispersion relation of the light modes and leads to many impor-
tant phenomena, among them are the superprism effect (very strong dependence of the
light propagation direction on the light frequency) [6, 28, 30, 31] demonstrated in the
Fig. 1.5(a), and the self-collimation effect (propagation of the light beam with a very
small divergence for a long distance) [26, 29, 32-39] presented in the Fig. 1.5(b).

Figure 1.6: a) Light localization in a photonic crystal cavity (from [40]). b) Light
guiding in a photonic crystal waveguide (from [41]).

The full 2D (for all in-plane directions) photonic band gap can also be achieved for
2D photonic crystals. It allows one to fabricate microcavities where the light is strongly
localized (see the Fig. 1.6(a)). Such cavities are building blocks for nanolasers [40, 42]
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and frequency filters [3, 43], can be used to control light emission from quantum dots
[4] etc. One-dimensional defects of the photonic crystal can be used as waveguides with
small waveguide core and strong light localization (see the Fig. 1.6(b)) [5, 41].

Such a broad variety of phenomena exhibited by photonic crystals inspired many
designs of photonic crystal based devices. A good understanding of the background
physical nature of photonic crystal optical properties and accurate theoretical descrip-
tion of light propagation in a periodic media are key elements for future progress in
photonic crystal based integrated optics.

Later in this chapter the basis theoretical concepts required to describe light propa-
gation in photonic crystals will be introduced and basic types of photonic crystal based
structures will be discussed.

1.2 Light propagation in a periodic media

1.2.1 The Bloch-Floquet theorem

There are many analogies between the properties of the light propagating through a
periodic media and electrons propagating through a crystal with a periodic potential.
So, many ideas and theories initially developed for physics of the solid-state may be
applied for photonic crystals. One of the most useful and important is the Bloch-Floquet
theorem, which describes properties of the electron wave function in a crystal with
the periodic potential. This stationary wave functions ¥ (r) of the electrons are the
eigenfunctions of the equation

H(r) = EY(r), where H = —%VZ + U(r) (1.1)

Here ‘H is the Hamiltonian of the electron in a potential field and F is the energy of
the state. The potential U(r) has the periodicity U(r + R) = U(r), where R is a vector
of the period.

For the electromagnetic field the master equations are

VE—w—QE here V—LVXLVX (1.2)
eV BECRET) |
w? 1 1
WH=—H, where W=—-Vx—Vx
2 MG

for the electric field E and the magnetic field H, respectively. The master operators for
the electric field (V) and the magnetic field (W) depend on the dielectric permittivity of
the media £(r) and the magnetic permeability p(r). In photonic crystals the permittivity
and the permeability have the same periodicity: e(r) = e(r + R), u(r) = u(r + R).
The relations 1.2 can also be written in a general form of an eigenvalue problem as

Lip(r) = Mp(r) (1.3)

where £ represents either ¥ or W and 1 represents either E or H.
Let 7g be the translation operator, which shifts argument of any function f:

Tr f(r) = f(r + R) (1.4)
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Because of the periodicity of the permittivity and the permeability
ToLYp(r)=Lr+R)Y(r+R)=L(r)Y(r+R)=LTrY(r) (1.5)
Since the equation (1.5) is valid for any function
TR L =LTR. (1.6)

The result of two consequent translations doesn’t depend on the order of the trans-
lations because

TR TR/ w(r) == TR/ TR ¢(I‘) = ¢(I‘ + R + R/) (17)

and hence,
TR TR’ = TR’ TR - TR+R’ (18)

Equations (1.5) and (1.8) show that the master operator £ and the translation
operators for all possible periodic translations generate the set of commuting operators.
Then it is possible to choose the eigenstates of the operator £ which are simultaneously
the eigenstates of the operator 7y:

LY =\
Try =c(R)Y

It is worth to note, that the eigenvalues of the equation (1.9) can be mutually

degenerated, i.e. for a given eigenvalue A there may be several eigenvalues ¢(R) and

vice versa.
Since the eigenvalues of the translation operator 7 satisfy the relation

¢(R+R)=¢R) ¢(R) (1.9)
they can be represented in the form
c(R) = &R (1.10)

where k is the Bloch vector.
Then an eigenstate of the equation (1.3) can be represented in the form

(1) = ™y () (1.11)

where uy(r) has the same periodicity as the photonic crystal.

Since the exponent has the period equal to 12 (72" = ¢?) for a given eigenvalue
¢(R) of the translation operator 7g the Bloch vector in the equation (1.10) cannot be
uniquely determined. If a wave vector k' is so that k' - R = 27 then ¢!& KR — kR
So, two states with such Bloch vectors k and k + k’ actually correspond to the same
state. Usually it is convenient to select in k-space an area where the Bloch vectors can
be uniquely defined and then use these vectors to select the translation properties of
the light states in the periodic media.
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1.2.2 The scaling properties of the photonic crystals

An interesting property of the photonic crystals is the scalability, i.e. a possibility to
scale all geometrical dimensions of the sample or to scale the values of the dielectric
permittivity or magnetic permeability keeping all the features related to the light prop-
agation (but for the scaled light wavelength).

The master equation for the magnetic field is

1 1 w 2
iV s ¥ Hal) = (_) H, () (1.12)

If the distribution of the dielectric permittivity e(r) and the magnetic permeability
p(r) are shrunken or expanded by a scaling factor «, i.e. the new distributions are
g'(r) = e(r/a) = e(r’) and p/(r) = p(r/a) = p(r’'). After changing the variables in
equation (1.12) by substituting r' = r/a the nabla operator V turns to V' = aV and
the equation (1.12) transforms into

L vk L vH) = (ﬂfﬂ (r) (1.13)
p(r’) e(r’) Y ac Y '

It means that for the photonic crystal shrunken (expanded) by a factor of « the
frequency of the state is multiplied (divided) by «, while the profile of the electro-
magnetic field is just scaled by «.

Since the periodicity of the field remains the same the eigenvalue of the translation
operator doesn’t change:
esz _ ezk’R’ _ ez(ak)(R/a)’ (114>

but the scaled period corresponds to the scaled Bloch vector.
This scaling properties can be automatically taken into account by introducing a
dimensionless Bloch vector and a dimensionless frequency:

~ a

k=— (1.15)
27
a a
= —w=— 1.1
Y 27rcw A (1.16)

where a is any characteristic scale of the photonic crystal (usually the length of the
period is chosen) and A is the light wavelength in the vacuum. It also has the meaning
of measuring the Bloch vector k in the units %’T and the frequency w in the units %:

The dimensionless Bloch vector k and the dimensionless frequency u usually are
referred to as the reduced Bloch vector and the reduced frequency or the reduced energy,
respectively. The reduced Bloch vector and the reduced frequency uniquely identify the
Bloch state independently on the spatial scaling of the photonic crystal.

Another scaling property is related with the dielectric permittivity (or the magnetic
permeability) values and contrast. By changing the permittivity by a factor of 3%
g'(r) = %(r) the equation (1.12) becomes

1 1
MO

V x H,(r) = (ﬂ>2Hw(r) (1.17)
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Hence, the field profile stays the same but the frequency of the state is multiplied
by the factor 3. Because the refractive index of a media equals to the square root of the
permittivity scaling of the permittivity by a factor 32 corresponds to changing of the
refractive index by the factor (. It means that the change of the state frequency (for
the same Bloch vector) is proportional to the change of the refractive index. Similar
relation corresponds to the scaling of the magnetic permeability.

1.3 One-dimensional photonic crystals

One-dimensional photonic crystals have the dielectric permittivity modulated in one
direction, for example, y: (r) = £(y). (Here and later in this chapter it is assumed that
the magnetic permeability p = 1. It is true for most of the used photonic crystals.) This
is the simplest type of photonic crystals and it allows us to introduce many important
properties of the photonic crystals, which will be used later. If the minimum period of
the modulation is equal to a the Bloch vector of the light can be uniquely defined in the
area where —m/a < k, < m/a, because adding of a vector k' = m - (0,27 /a,0) (where
m is any integer nonzero value) doesn’t change the translation properties of the light
state.

L _
001510 05

B B S v R

K, (2n/a)

Figure 1.7: Dispersion of the light propagating in the uniform media with the
artificial period a.

The dispersion of the light propagating along the y axis in a media with the refractive
index n = 1.5 is shown in the Fig. 1.7. There is the main part (plotted as a thick
line), where w = k/n. Because of the periodicity the Bloch vector is defined with the
uncertainty &' = m - 2w /a (see the section 1.2.1), which results in the additional parts
(plotted by the dashed lines) obtained by shifting the main part by k’. Hence, the
dispersion in the whole k-space can be described considering only area where —7/a <
k, < m/a, since the Bloch vector k is the equivalent of the vector k + k’. This area is
the first Brillouin zone for one-dimensional crystal. For a selected k there are several
possible solutions with different frequencies, called bands. Then the light state can be
uniquely specified as 1, by the Bloch vector k and the band number n.

If the permittivity is non-uniform it leads to an important change of the light dis-
persion. An example of the dispersion of the light propagating along the y axis through
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Figure 1.8: Dispersion of the 1D photonic crystal.

the multilayer structure consisting of the layers with thickness a/2 and the refractive
indices n; = 1 and ny = 2 is presented in the Fig. 1.8. The real part of the Bloch vector
is plotted as a solid line and the imaginary part as a dashed line. The anticrossing of
the lines leads to opening the gaps where the Bloch vector has imaginary part. In this
case the amplitude of the field of the light state exponentially decays in the photonic
crystal and such states cannot exist in an infinite crystal (but can exist near the crystal
boundaries or defects, as it will be discussed later). This frequency regions are referred
to as the band gaps and there are no propagating states inside them. The width of the
band gaps depends on thicknesses the layers and the index contrast npign — N and
growths with increasing of the contrast.

Field amplitude, a.u.
©c o o = B Rk
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Figure 1.9: Electric and magnetic field amplitudes for different Bloch states of the
photonic crystal shown in the Fig. 1.8.

The anticrossing of the dispersion lines is the result of the coupling of the states
with the same Bloch vector. Because such states have the same periodicity the electro-
magnetic field can be redistributed to form the states with different energy and, hence,
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frequency. The amplitudes of the field for two states with k, = 7/a are presented in the
Fig. 1.9. The fields corresponding to the top of the first band are plotted as solid lines
while the ones for the bottom of the second band are shown as dashed lines. Thick lines
show the amplitude of the electric field (here the linear polarization along the x axis is
assumed) and the thin ones are related to the amplitude of the magnetic field.

For the state with the lower frequency the electric field tends to be localized in
the layers with high permittivity (the distribution of the permittivity is shown as the
inset at the top of the figure) and the magnetic field is maximum in the layers with
lower permittivity. For the state with the higher frequency the situation is opposite: the
electric field is localized in the layers with low permittivity while the magnetic field is
maximum in the layers with high permittivity.

When the light propagates with an incidence angle, situation becomes more com-
plex. Assuming the Bloch vector in the (zy) plane there are two different solutions
which correspond to different light polarizations. The first (called s-polarization) has
the electric field only in the z direction and the magnetic field in the (xy) plane. The
second (called p-polarization) has the magnetic field only in the z direction and the
electric field in the (zy) plane.
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Figure 1.10: Dispersion relations of the Bloch modes with different light polar-
izations.

The dispersion relations of light with different polarizations are presented in the
Fig. 1.10. Only propagating states (with real Bloch vectors) are shown. The z compo-
nent of the Bloch vector k, = 0.3 (27/a). Because of different interaction of the light
with these polarizations with the media (and especially with the internal boundaries)
they have different dispersion properties: different shape and position of the bands,
different position and width of the band gaps.
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1.4 Two-dimensional photonic crystals

In two-dimensional photonic crystals the permittivity is modulated in two directions,
for example, in the (xy) plane: e(r) = e(x,y). Any period R can be represented as
R = mja; + meay + mgag, where a; are translation vectors, which form the basis of
the photonic crystal lattice. m; are integer numbers. For the 2D photonic crystals a;
and ay are in the (zy) plane and a3 can be chosen to be in the z direction. Because the
permittivity is constant along the z direction the length of a3 can be chosen arbitrarily,
it doesn’t affect the results.

Two main types of 2D lattices are presented in the Fig. 1.11: a) square lattice
(a1 = as = a, Z(aj,a3) = 90°) and b) triangular lattice (a1 = as = a, Z(a;,as) = 60°).
The translation vectors a; and a, are plotted by dark arrows and the lattice primitive
cell is indicated by dashed line. Photonic crystal “atoms” are shown as gray circles.

L8 ] -

O
O
O
O

b) -1.5 -1 -0.5 0 0.5 1 15

Figure 1.11: Main types of 2D PhC lattices. a) Square lattice. b) Triangular lat-
tice.

For a given set of the basis vectors {a;} the corresponding set of the reciprocal basis
vectors {b;} is defined by a; - b; = 2md;;. The solution to these equations is:

Ay X ag az X aj ba — 27Ta1 X as
3 =
Ve Ve Ve

where V. = (a; X ay) - a3 is the volume of the primitive unit cell.

The reciprocal basis vectors form the basis set in the reciprocal space and they define
the reciprocal lattice of the crystal. The reciprocal lattices for the selected types of the
2D lattices are shown in the Fig. 1.12. The sites of the reciprocal lattices are indicated
by dark points and the reciprocal basis vectors are plotted as dark arrows.

Because a;-b; = 276;; for any vector of the reciprocal lattice k' = p;by +pabo+psbs
(where p; are any integer numbers) k' - R = 27 (myp; + mapy + maps) and X R = 1.
Hence, k and k+k’ are equivalent Bloch vectors. There are many ways to select the area
where the Bloch vector can be uniquely defined. The most common is to choose an area
in k-space where all k-vectors are closer to a selected site of the reciprocal lattice than
to all other sites. These areas are called the first Brillouin zones of the lattice. They
surround each site of the reciprocal lattice and the set of all Brillouin zones completely
fills the plane.

The first Brillouin zones are shown in the Fig. 1.12 as gray polyhedrons around the
reciprocal lattice sites.

b1 =21 y b2 =27 (118)
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Figure 1.12: Main types of 2D PhC reciprocal lattices. a) Square lattice. b) Tri-
angular lattice.

The reciprocal lattice for the square lattice has several points with high symmetry:
I' point — any reciprocal lattice site, X point — center of the line connected two nearest
reciprocal lattice sites, and M point — center of the line connected two second-nearest-
neighbour reciprocal lattice sites. Positions of such high symmetry points are indicated
in the Fig. 1.12(a).

The corresponding points of the reciprocal lattice for the triangular lattice are: T"
point — any reciprocal lattice site, M point — center of the line connected two nearest
reciprocal lattice sites, and K point — center of the triangle formed by tree nearest
reciprocal lattice sites. These points are shown in the Fig. 1.12(b).

An important parameter of the photonic crystal is the filling factor which is defined
as the fraction of the photonic crystal primitive cell area occupied by the photonic
crystal “atoms”. This parameter reflects the coupling strength of the light and the
photonic crystal and greatly affects the Bloch mode dispersion properties.

For the square lattice photonic crystal consisting of a single circular atom in the
primitive cell the filling factor f = WG—@Q, where R is the radius of the atom and a is the
lattice constant.

For the triangular lattice photonic crystal consisting of a single circular atom in the

primitive cell the filling factor f = \2/—%5—22

1.4.1 The slab polarization

In an ideal 2D photonic crystal there is a translational symmetry along the z direction.
In this case there are two different polarization of the light. For the first one the electric
field has no component along the z direction: £, = 0. So, the electric field has only
components in the (zy) plane and such states are called as the transverse electric or
TE-polarized light. For the second one the magnetic field has no component along the
z direction and these states are referred to as the transverse magnetic or TM-polarized
light.

But real photonic crystals have finite thickness and the breaking of the translation
symmetry in the z direction modifies the field properties. In order to confine the light
in the z direction a planar waveguide is often used. It has a core with higher refractive
index surrounded by cladding layers with lower refractive indices. Such waveguide has
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no translational symmetry in the z direction, but has the translation symmetry in the
(xy) plane.

Consider the light propagating in such waveguide along the = direction. All fields are
uniform in the y direction: ) = const(y). Because of the translation symmetry along
the x direction there are two different polarizations: the first has £, = 0 and the second
has H, = 0. For the first case the electric field has only one component E, # 0 and the
magnetic field has non-zero components in the (xzz) plane. It can be considered as the
quasi-TE polarization. In the second case the magnetic field has only one component
H, # 0 and non-zero electric field components in the (zz) plane. It can be considered
as the quasi-TM polarization.

The optical properties of the photonic crystal slabs have been considered in many
papers, see, for example [44-47]

Two examples of the planar waveguide have been examined in this thesis. The first is
an InP-based waveguide with weak refractive index contrast [48]. The waveguide consists
of the GalnAsP core layer of thickness 522 nm with the refractive index n,¢p = 3.35
sandwiched between two InP cladding layers of thickness 300 nm (upper) and 600 nm
(lower) with the refractive index n,.r, = 3.17. The substrate is n*-doped InP layer with
the refractive index n,.s = 3.24. This waveguide later will be referred to as the thick
waveguide.

The second waveguide is an SOI (Silicon-On-Insulator) structure with the high re-
fractive index contrast. The waveguide core is a Si layer of thickness 220 nm with the
refractive index n,.f, = 3.477 and the waveguide lower cladding layer is SiO, substrate
with the refractive index n,.f, = 1.444. This waveguide will be referred to as the thin
waveguide.
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Figure 1.13: Field distribution of guided modes propagating in the thick planar
waveguide. a) Magnetic field distribution H,, for the quasi-TE light
polarization. b) Electric field distribution E,, for the quasi-TM light
polarization.

Examples of the corresponding field distributions for the light with the vacuum
wavelength A = 1.55 um propagating in the thick waveguide are shown in the Fig. 1.13.
One can see that for the TE-polarized light the magnetic field is mainly vertical (es-
pecially in the core layer, where the field amplitude is maximum). Electric field distribu-
tion for the TM-polarized light has similar structure. Hence, the horizontal components
of the fields can be neglected and it is assumed, that there is only H, component for
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the TE-polarized light and only E.-component for the TM-polarized light. It means,
that the distribution of the entire electromagnetic field can be described using only one
scalar variable (H,(r) or E,(r), respectively) which simplifies the calculations.

Figure 1.14: Field distribution of guided modes propagating in the thin planar
waveguide. a) Magnetic field distribution H, for the quasi-TE light
polarization. b) Electric field distribution E,, for the quasi-TM light
polarization.

But for thin waveguides with high refractive index contrast the situation is more
complex. Because the light is more confined in the z direction the field distribution is
changed.

Examples of the electromagnetic field distributions for the light propagating in the
thin waveguide are presented in the Fig. 1.14. The magnetic and the electric fields now
have noticeable horizontal components. However, the fields still can be considered as
mainly vertical and the approximation of single z-component can be used. But the error
of this approximation is larger in case of the thin waveguides.

1.4.2 Dispersion properties of 2D photonic crystals

The dispersion of the Bloch modes of two-dimensional photonic crystals has many
similarities with the dispersion of the Bloch modes in one-dimensional photonic crystals,
but is more complex, because in this case the frequency is a function of the Bloch vector
w = w(k), instead of the scalar k as for 1D photonic crystals. As it has been discussed
above in the section 1.4 the dispersion has the same periodicity as the reciprocal lattice
and the Bloch vector can be uniquely defined in the Brillouin zone. For a given k vector
there are several possible values of frequencies: w = w,, (k). These values form series of
surfaces in the (w, k) space, called the photonic bands of the photonic crystal.

The examples of the Bloch mode dispersions are shown in the Fig. 1.15. Here only
real Bloch vectors are assumed. The considered photonic crystal has the triangular
lattice and the corresponding first Brillouin zone is the regular hexagon (indicated in
the figure by the white dash line). The circular holes etched in the planar waveguide
serve as the “atoms” of the photonic crystal. For small frequency (and corresponding
large wavelength) the shape of the frequency isolines are almost circular. When the
wavelength is much larger then the size of the crystal unit cell the light reacts on the
averaged permittivity and the photonic crystal can be considered as an homogenous
media [49]. Because the “atoms” in this example are circular (and so have high rotational
symmetry) the effective media is almost isotropic. If the PhC atoms are anisotropic
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Figure 1.15: Dispersion of the TE-polarized Bloch modes for the triangular lattice
photonic crystal consisting of the circular air holes (the filling factor
f = 0.4) in the dielectric slab with the effective refractive index
neff = 3.24. a) The first band. b) The second band.

the intrinsic anisotropy of the permittivity distribution leads to the anisotropy of the
effective media even for the small frequencies.

Frequency

Figure 1.16: Dispersion of the first band TE-polarized Bloch modes for the tri-
angular lattice photonic crystal consisting of the elliptical air holes
(the filling factor f = 0.4) in the dielectric slab with the effective
refractive index ngry = 3.24.

An example of the dispersion of the first band Bloch modes for the photonic crystal
consisting of the elliptical atoms is presented in the Fig. 1.16. The ratio of the length of
the main axes of the ellipse § = 2 and the angle between the ellipse longer axis and the
x axis is 30°. High eccentricity of the atoms leads to strong anisotropy of the dispersion
near the I' point.

When the Bloch vector k is close to the boundary of the Brillouin zone (and the
wavelength is comparable with the size of the unit cell) the shape of the frequency
isolines is different from the circle and we can see the effect of the periodicity of the
permittivity distribution.

For the second band the shape of the frequency isolines is quite complex. Because it
corresponds to the higher frequency the light wavelength is less and such states depends
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more on the exact permittivity distribution inside the photonic crystal primitive cell.
The standard way for the representation of the dispersion properties is to plot the

cross-sections if the surfaces wy,(k). It is convenient to use the directions where the

Brillouin zone has the symmetry, like I'M or I'K for the triangular PhC lattice.

0.6 0.6

a) 005 = K Mo b) 005 3 K M

Figure 1.17: Dispersion of the Bloch modes for the triangular lattice photonic
crystal consisting of the circular air holes (the filling factor f = 0.4)
in the dielectric slab with the effective refractive index n.r; = 3.24.
a) TE polarization. b) TM polarization.

Examples of such cross-sections are shown in Fig. 1.17. For the TE polarization
there is a band gap between the first and the second gaps indicated by the grey color.
For this frequency range only states with non-zero imaginary part of the Bloch vector k
exist. Such states cannot propagate through the photonic crystal and carry the energy.
For the TM polarization there is no full band gap but there are partial bang gaps (for
example, along the I'M direction) where the transmission of the light is forbidden.

1.5 Defects in two-dimensional photonic crystals

Any irregularities in the photonic crystal lattice destroy the translation symmetry and
modifies the photonic crystal optical properties. In perfect photonic crystal Bloch modes
with different different frequencies and/or different Bloch vectors are orthogonal. Pres-
ence of the defects introduces coupling between the different Bloch modes and so, defects
serve as scattering centers for propagating Bloch modes.

Another way of changing the optical properties is creation of new states. A defect
has a core (zone where the photonic crystal is modified) surrounded by the undisturbed
photonic crystal. A light state associated with the defect in the outer region has to
satisfy the periodicity of the lattice and therefore, can be represented as a superposition
of the Bloch modes of the original photonic crystal. But because there is the boundary
between the defect core and the outer region the full basis of possible Bloch modes
includes not only propagating modes, but also the evanescent modes with the non-zero
imaginary part of the Bloch vector. Such modes included in the basis have to decay
with increasing the distance from the defect core. Hence, the states localized near the
defect core and exponentially decaying outsize of the core can exist.
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The photonic crystal can be disturbed in many ways, among them are: changing
the size or shape of the photonic crystal “atoms”, shifting the “atoms” in the photonic
crystal lattice, modifying the dielectric permittivity and/or magnetic permeability of
the “atoms”, introducing additional “atoms” into the lattice cell, etc.

The effect on the optical properties of the original photonic crystal depends on the
size and parameters of the defects. The larger the defect core size or the lattice dis-
turbance the more pronounced modification of the optical properties can be observed.
One of the simplest way to achieve large disturbance of the original lattice is remov-
ing/adding “atoms” from the photonic crystal. Because most of the used photonic crys-
tals have large permittivity contrast between the “atoms” and the background media
such disturbance greatly modifies the optical properties of the sample. Fine tuning of
the created defect can be done by shifting and modifying the “atoms” near the defect
core.
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Figure 1.18: Cavities in triangular lattice photonic crystals. a) H1 cavity. b) H2
cavity.

The defects can be separated into several categories, according to size of their core. If
the size of the defect core is of the order of the photonic crystal lattice primitive cell it is
called that the defect is the zero-dimensional (0D) defect, also called cavity. If the defect
is long (much longer that the lattice period) in one particular direction the defect is
one-dimensional (1D). The defect which have a large size in two different directions this
is two-dimensional defect (2D). In tree-dimensional photonic crystals three-dimensional
defects are also possible, if their size is large enough in all three principal directions.

Examples of typical zero-dimensional defects in the triangular lattice photonic crys-
tal are shown in the Fig. 1.18. They are created by removing atoms from the lattice.
The simplest cavity (called H1 cavity) is presented in the Fig. 1.18(a) and is created by
removing one atom from the photonic crystal lattice. The remaining atoms are shown
as black circles. A larger cavity (called H2 cavity) consists of seven removed atoms is
depicted in the Fig. 1.18(b).

Another type of cavities in two-dimensional photonic crystal is plotted in the Fig. 1.19.
These cavities are created by removing the atoms along the line in one of the lattice
principal directions (such as I'K or I'M directions for the triangular lattice and I'X
and I'M directions for the square lattice). The Fig. 1.19(a) shows the L2 cavity: two
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Figure 1.19: Cavities in triangular lattice photonic crystals. a) L1 cavity. b) L3
cavity.

adjacent atoms along the I'K direction removed from the lattice. The L3 cavity (three
removed atoms) is presented in the Fig. 1.19(b) [50, 51].

The cavities are usually designed to be able to support modes with the frequencies
inside the full photonic band gap. It ensures strong light localization in the cavity,
because only evanescent modes exist outside of the defect core [3].

Increasing the number of the removed atoms in the L-type cavity leads to creation
of the one-dimensional defect — the chain of missing atoms along the I'K direction. This
defect is called W1 waveguide and is shown in the Fig. 1.20(a). Two neighbour lines of
missing atoms create the W2 waveguide, depicted in the Fig. 1.20(b).
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Figure 1.20: Waveguides in triangular lattice photonic crystals. a) W1 waveguide.
b) W2 waveguide.

Because a one-dimensional defect is long enough in a particular direction the effect
on the light dispersion is more pronounced for the light modes propagated along this
direction because the interaction between the defect and the light is maximum in this
case.

Modification of the dispersion relation for the Bloch modes propagating along a
linear defect can create states with the frequency inside the full photonic band gap of
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the perfect photonic crystal. Modes with such frequencies cannot propagate inside the
photonic crystal and so they are localized near the defect, but they can propagate along
the defect. This effect creates guided modes which are guided because of the features
of the photonic crystal dispersion, not because of the refractive index guiding, like in
the typical waveguides.

Parameters of the photonic crystal waveguides determine the dispersion properties
and the field distribution of the guided modes. For example, the W1 waveguide has
the mirror symmetry relative to the reflection in the (xz) plane which contains the
waveguide axis (the plane y = 0). Such waveguide can support the mode which also
has even symmetry relative to the reflection in the plane y = 0 [5]. The W2 waveguide
doesn’t have the mirror symmetry and so the corresponding guided modes have different
symmetry properties in comparison with the modes of the W1 waveguide.






Chapter 2

Light mode properties of the
two-dimensional photonic crystals

2.1 The Maxwell’s equations for the electromag-
netic field

The electromagnetic field in an electric polarisable and magnetizable material is gov-
erned by the Maxwell’s equations, which in the Gaussian Centimetre-Gram-Second
(CGS) units are:

V.-D =d4mp (2.1)
V-B=0
10B
E=_--""— 2.
V x - (2.3)
47 10D
H=—j4+ -—— 2.4
V x cJ+c8t (2.4)

where E(r) and B(r) are the mean values of the electric field and the magnetic induction
in the media. For the isotropic materials if the electric field and the magnetic induction
strengths are small enough (so that there are no non-linear effects in the media) the
electric displacement D(r) and the magnetic field H(r) are given by the equations:

D =cE (2.5)
1

where ¢(r) is the dielectric permittivity and p(r) is the magnetic permeability of the
media.

Assuming that there are no external charges (p = 0) and currents (j = 0) the

21
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Maxwell’s equations become:

V-(eE)=0 :
V-H=0 (2.8)
_ _noH
VXE= e (2.9)
e OE

Considering a monochromatic light with the standard time dependence exp(—wwt)
the following equations can be derived:
2

1 1 w

EORTE M =
1 1 w?

a = -

According to these equations the electric field and the magnetic field can be decou-
pled and treated separately. (But known distribution of the electric field allows to find
the distribution of the magnetic field and vice versa.) The equations (2.11) and (2.12)
have structure of eigenvalue problems for the vectorial functions. The eigenvalues of the
problems provide the allowed light frequencies and the corresponding eigenfunctions
gives the field distributions.

2.2 The plane wave expansion method

The plane wave expansion method, initially proposed by Maradudin et al. [52], now
became a standard tool for calculation of the dispersion properties of photonic crystals
[53, 54]. Due to it’s simplicity and high flexibility it allows one to describe not only
photonic crystals with perfect periodicity but also point defects (cavities) and linear
defects (waveguides).

As has been discussed in the section 1.2.1, any light state of the photonic crystal
can be written as:

Yk, 1) = ™ uy(r) (2.13)

where the function wuy(r) having the same periodicity as the photonic crystal and k
denoting the Bloch vector.

Such a periodic function ug(r) can be decomposed using the plane waves which
correspond to the reciprocal lattice:

ue(r) =)ty (k)e' ST (2.14)

where G,, are the vectors of the reciprocal lattice. It is convenient to index them so
that G_,, = —G,,, and this is assumed in the text below.
The permittivity and the permeability can be decomposed in a similar way:

e(r) =) eme®rr (2.15)
pr) = pme S (2.16)
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Because the equations (2.11) and (2.12) contain the inverse permittivity and the
inverse permeability it is also convenient to introduce the following decompositions:

1 7 r
1 § 1Gmr
p(r) = (218)

As it has been discussed in the section 1.4.1 for the two-dimensional photonic crystals
the full-vectorial electric and magnetic fields have one master component and can be
approximated as the fields with only H, component for the TE-polarized light and only
E., component for the TM-polarized light.

For the states with the Bloch vector k these components are represented as:

E.(r) = Z A, et Gmt = Z Ay ettt Gmr “TM polarization” (2.19)
H,(r) = e Z B,,e'Gmr = Z B¢kt Gm)r “TE polarization” (2.20)

Since the nabla operator in the basis of the plane waves corresponds to the compo-
nentwise product:

Vx> Fpe®m =Y (8, x F,] s (2.21)

m

the expression for the operator V x iVx can be derived using the equations (2.18),
(2.19), and (2.21) as follows:

VlexEZ:Vlex
It It

Z Amel(kJer)r]

=3 Ay [(k+Gp) - (K4 Gyl - oy - € ®FET (2.22)

The full governing operator in the equation (2.11) then can be written as:

1 1
~V x ;v XE.=Y A [(k+Gyp) (K+ Gy Oy -y - G (2.23)

m,n,l
The expression for the magnetic field can be derived in the similar way and is

1_ 1
;v X -V x H. = > By ((k+Gp) - (k+ G- s - Oy - e*FET 0 (2.24)

m,n,l

If the magnetic permeability u(r) = 1, which is true for the vast majority of di-
electrics, 1, = 00 and the equations (2.23) and (2.24) can be simplified as follows:

1
“V XV x B = > Ay (kK4 Gp) - (k+ G| Oy - €EFGmT “TM pol” (2.25)

1
VX -V x H, = > By l(k+Gp) - (k+Gy)] - Oy - e®FET “TE pol”  (2.26)

m,n
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Combining these equations with the decompositions (2.19) and (2.20) one can derive
that for any m

Z Ay [(k+Gp) - (k+ G| 0w = w—zAm “TM polarization” (2.27)
c
2
Z B, [(k+G,) (k+G,)] 0= w—QBm “TE polarization” (2.28)
c

For the computational purpose the number of the plane waves used for the decom-
position is limited. The common way to choose used plane waves is to work with the
waves with |G,,| < Gae. It corresponds to best isotropic approximation of the details
of all considered functions (electro-magnetic field, dielectric permittivity etc.). Increas-
ing the parameter G,,q, allows to improve the accuracy of the approximation but the
drawback is fast increasing of the number of used plane waves, which greatly increase
demanding computational resources.

After truncation of the set of the reciprocal vectors {G,,} to a finite number the
equations (2.27) and (2.28) have the form of the matrix eigenvalue problems. Due to
the truncation some of the indices for the coefficients of the permittivity decomposition
may be out of the scope. Such coefficients are substituted by zero. For any given Bloch
vector k and the set of the reciprocal vectors {G,,} the matrices in the these equation
can be constructed and the eigenvalues provide the light frequencies for the TE and TM
polarized states. The corresponding eigenvectors provide the coefficients of the E, or H,
fields decomposition. These coefficients are used to reconstruct the full electromagnetic
field distribution of the found modes.

2.3 Approximation of the dielectric permittivity dis-
tribution

Optical properties of the photonic crystals depends on the multiple light scattering on
the inhomogeneities of the permittivity and/or the magnetic permeability. The larger
the amplitude of the variations of these parameters, the more pronounced the effect on
the light dispersion. Hence, photonic crystals with large contrast of the permittivity are
preferable. In most of popular methods of photonic crystal fabrication (like etching of
the holes in semiconductor slabs or assembling dielectric rods in air) there is a sharp
change of the permittivity with the discontinuity at the boundaries between the “atoms”
and the background media. Though the Fourier series approximation converges to the
original function with increasing the number of the used plane waves, this convergence
is not uniform. Representation of the functions with discontinuities using the finite
number of terms in the Fourier series expansion exhibits the so-cold Gibbs phenomenon:
oscillations of the approximated functions near the original function discontinuities.

Example of the Gibbs phenomenon for the box function is presented in the Fig. 2.1.
Here the considered function g(x) is the periodic function with the period equals to 27
and defined (inside the period) as:

g(z) = {5’ 7| < m/2 (2.29)

3, /2 <|z| <7
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Figure 2.1: Approximation accuracy of the box function and the Gibbs phe-
nomenon.

Near the discontinuities of g(x) at x = £7/2 there are oscillations of the approxi-
mated function. The period of the oscillations is determined by the number of harmonics
used for the approximation (In this example 21 harmonics are used, which gives the
spatial resolution comparable with typical values used for calculation of the dispersion
properties of photonic crystals.) The amplitude of the oscillations is proportional to the
value of the function discontinuity. The particular feature of the Gibbs phenomenon is
that it cannot be removed with increasing the number of the terms in the Fourier series
expansion.

The Gibbs phenomenon deteriorates the accuracy of the approximation of the initial
master equations (2.12) and (2.12) by the algebraic matrix eigenvalue problems (2.27)
and (2.28) and special mathematical techniques have been developed to suppress this
problem.

One of the important problem related to the Gibbs phenomenon is approximation of
the product of the discontinues functions. If there are two functions f(z) and g(x) that
have discontinuities at © = xo but h(x) = f(z) - g(z) is a continuous function at = = x
these functions have so-cold complementary jumps at x = xy. A physical example of
such behavior is the electric field and the permittivity. At the boundary with the jump
of the permittivity the electric field also has the jump, but the normal component of
the displacement vector D,, = €F),, is continuous.

An example of such functions is shown in the Fig. 2.2. Here f(x) is the periodic
function with the period equals to 27 and defined (inside the period) as:

fz) = (2.30)

2, T/2<|x| <7

{1.2, 7| < 7/2

Function h(z) = f(z) - g(x) = 6 is a continuous function.

Taking into account the truncation of the Fourier series decomposition the considered
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Yo w05 0.0 ' 05 ' 1.0

Figure 2.2: The product of two box-shaped functions.

function can be represented as:

fla) =Y fme™ (2.31)
g(@) = D gme™ (2.32)
W)= ) hpe™ (2.33)

The standard way to obtain coefficients h,, (also called the Laurent’s rule) is:

M
n=—M

It is assumed, that if the subscript index is out of the truncation scope ([—M, M])
the corresponding Fourier decomposition coefficient equals to zero. The Laurent’s rule
can also be written in the matrix form:

h=F-g, (2.35)

where g and h are the vectors of the coefficients g, and h,, while F is the Toeplitz
matrix (the matrix where the elements F,,, = f,_).

The result of this approximation is presented in the Fig. 2.3. The Laurent’s rule leads
to the oscillations of the approximated function at the positions of the complimentary
jumps z = £7/2. It has been shown in [55] that despite the convergence of the Fourier
series obtained using the Laurent’s rule this convergence is non-uniform and there are
always oscillations near the positions of the complementary jumps. The period of these
oscillations decreases with increasing the number of used terms, but the maximum
amplitude of the oscillations is proportional to the product of jumps of the original
functions f and ¢ and the oscillations remain even at the limit M — oo.
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Figure 2.3: Approximation of the function h(x).

Another way to avoid this problem and calculate h,, has been proposed. It is known

as the inverse rule:
M 11!
T =Y Gn- H (2.36)
n=—M f mn

Here [1/f] denotes the Toeplitz matrix generated by the Fourier coefficients of 1/f (it
is assumed that f # 0).
The inversion rule means:

1. Calculate the Fourier coefficients of the inverse functions [ = 1/f.
2. Construct the Toeplitz matrix L. of the coefficients [,,.
3. Calculate the inverse matrix F = L.

4. Use the matrix F instead of the matrix F.

The comparison of the results obtained by the Laurent’s rule and the inverse rule
is shown in the Fig. 2.3. It is clearly seen that the inverse rule provides the exact
approximation of h(z) without any oscillations.

Approximation of a continuous function is less challenging. The Fourier series con-
verge uniformly and fast. An example is presented in the Fig. 2.4. The periodic function
(with the period equals to 27) g(z) here is defined as g(z) = 2 exp(cos x). The approxi-
mated function is very close to the original one even for relatively small number of used
terms (equals to 11 here). The small discrepancy has an oscillatory behavior with the
period and amplitude determined by the number of used terms.

Consider the product of two continuous functions f(x) and g(z) (depicted in the
Fig. 2.5). Here f(z) = 1.5exp(—2cosz) and h(z) = f(x)g(z) = 3exp(— cosx).

Both strategies can be used to approximate the product of two functions. Compar-
ison of the results obtained by the Laurent’s rule and the inversion rule is presented
in the Fig. 2.6. The difference between them is quite small which allows to use both
methods for approximation of the product of two continuous functions.

The worst case is a combination of the discontinuous functions without the comple-
mentary jumps. An example of such functions is shown in the Fig. 2.7.
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Figure 2.5: Product of two continuous periodic function.

Here

T/2<|z|<m7
g(x) = 2exp(—1/2cosx) (2.38)
f(x)g(x) (2.39)

Because the jump persists for the h(x) one can suggests that the approximated
function exhibits the oscillations. Indeed, both methods provide similar approximation
quality (which is depicted in the Fig. 2.8).

Based on the examples discussed above it can be said that the inverse rule is more
favorable method to approximate a product of two (continuous or discontinuous) func-
tions using the Fourier series expansion.

The Gibbs phenomenon also appears when two-dimensional discontinuous functions
are approximation by the Fourier series expansion. For typical photonic crystals such
discontinuous function is the dielectric permittivity. An example of approximation of

_ { o] < /2 (2.37)

O
r
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Figure 2.6: Approximation of the function h(xz). a) The Laurent’s rule and
the inverse rule approximation results. b) The approximation errors

Ahy(z) = h1(z) — h(z) and Ahy(z) = hao(z) — h(x).
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Figure 2.7: Product of two functions without the complementary jumps.

the permittivity for a square-lattice photonic crystal is shown in the Fig. 2.9. Here
the photonic crystal consists of air holes (with the refractive index n = 1) with the
diameter d = 0.35a etched in a semiconductor slab with the effective refractive index
nerr = 3.24 (and corresponding permittivity e ~ 10.5). The size of the hole is plotted
as the black dashed line. The color map of the approximated permittivity distribution
is presented in the Fig. 2.9(a) and the cross-section along the line with y = 0 (indicated
as the white dashed line) is shown in the Fig. 2.9(b). The approximated permittivity
exhibits a clear oscillating behavior with the spacial scale of the oscillations roughly
inversely proportional to the maximum length of the used plane waves (indicated by
the parameter Gy, ). Since the number of used plane waves is proportional to the G2, _,
increasing of G, in order to improve the approximation accuracy leads to fast growth
of the dimension of the matrices in equations (2.27) and (2.28) and the computational
resources required to solve these problems.

As it has been mentioned before, the main field components for the plane wave
expansion model are E, for the TM-polarized light and H, for the TE-polarized light.
These components are continuous at the boundaries of the photonic crystal atoms.
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Figure 2.9: a) Distribution of the permittivity for a square photonic crystal
(Gmaz = 10). b) Cross-section of the distribution of the permittiv-
ity for different number of used plane waves.

According to the equations (2.9) and (2.10), the curl operator of these fields gives

V xE=1—uH = Z%B (2.40)
C

VxH= —z%aE = —Z%D (2.41)

At the boundaries of the photonic crystal atoms (it is assumed that the boundaries
are sharp, where the dielectric permittivity and/or the magnetic permeability have a
jump) the tangential components of the electric field E,, and the magnetic field H,,
are continuous, while for the case of the normal components the electric displacement
D,, = €E;, and the magnetic induction B,, = pH,, are continuous. In order to
preserve the continuity of the components of the field the inverse rule should be used.

According to the inverse rule the coefficients of the decomposition of the inverse
permittivity 6, , and the inverse permeability 7,,_, in the equations (2.27) and (2.28)
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should be substituted by the components of the matrices

L Emn=Emen (2.42)

Omi—r, — Opn, Where O =2
= ﬁ_la ﬁmn = Um—n (243)

—_

Nm—n — Zmn, where

Here the matrices € and i are constructed from the coefficients of the Fourier series
decompositions of the permittivity ¢(r) and the permeability p(r). The matrices © and
= are the inverse matrices € and 1, respectively.

Because the permittivity of a lossless dielectric is a real value the coefficients of
the Fourier decomposition satisfy the following relation: €, = €*, . It means that the
matrices £ and © are hermitian. The same is true for the decomposition of the magnetic
permeability.

The coefficients ¢,,_,, and p,,_, should be substituted in the similar way as

Em—n — €mn, Where €= 5_1, @m = Opm—n (2.44)
Mm—n — /"%mna where & = 7/7\71> ﬁmn = Nm—n (2'45)

Then the inversion rule for the tangential components leads to the relations

1

E'=-D' = E=06-D (2.46)
3

H=-B" = H==-B (2.47)
il

and for the normal components

D"=¢E" = D'=¢.E* = E'=6.D" (2.48)
B"=uH" = B'=%-H* = H'=7 B" (2.49)

It means, that for the best accuracy of the representation of the Maxwell’s equations
using the Fourier series expansion it requires to separate the in-plane field into the
components normal and tangential to the boundaries of the atoms and treat them
separately. In each point of the plane a local basis {e,, €;} should be introduced and the
in-plane field decomposed according to the local basis. For example, E = E"e, + E'e,.
At the boundaries of the atoms the basis corresponds to the normal and the tangential
components. An example of such basis for the square lattice primitive cell is shown
in the Fig. 2.10. The coefficients of the decomposition of the in-plane field are scalar
functions of the coordinates (E* = E'(r), E™ = E™(r)) and have the meaning of the
tangential and the normal components of the field. These components are decomposed
using the plane wave expansion and, for example, E! corresponds to the vector of the
decomposition coefficients for the tangential component of the electric field and E™
corresponds to the vector of the decomposition coefficients for the normal component
of the electric field. The same notation is used for the in-plane magnetic field. The
inverse rule should be used for the tangential components of the field and the Laurent’s
rule (but using the matrices of the inverse permittivity 6 and the inverse magnetic
permeability 77) for the normal components.

The idea of decomposition the in-plane components of the electromagnetic field into
the normal and the tangential parts with different subsequent treatments has been
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Figure 2.10: An example of the local basis for the square lattice. Red vectors
correspond to the normal component and blue vectors correspond to
the tangential component.

proposed in [56] and allows one to improve the accuracy of the plane wave expansion
method. However, such decomposition is a non-trivial problem. Potential problems can
be seen in the Fig. 2.10 at the center of the atom (depicted by the black dashed line),
where the singularity problem for the basis vectors direction exists, and at the bound-
aries of the primitive cell (depicted by the green line), where because of the translation
symmetry the basis vectors should change the sign. The situation become even more
complex when there are several atoms in the primitive cell. If the introduced basis is dis-
continuous even a continuous in-plane field has (after the decomposition) discontinuous
components which leads to additional errors for the Fourier series representation.

As a compromise between the complexity of the method and the accuracy of the
results in the presented approach both components are treated in the same way (as the
tangential components in the expressions (2.46) and (2.47)) using the inverse rule. In
this case any local basis can be used (for example, the Cartesian basis).

The equations (2.27) and (2.28) can be written in the matrix form as

2

V-A= w—2A “TM polarization” (2.50)
c
w?

W-B=—B “TE polarization” (2.51)
c

where the components of the matrices V and W are defined as:

Voo = [(k + Gy) - (K + G)] - O (2.52)
W, = [(k+ G) - (k+ Gp)] - On (2.53)

The disadvantage of the equation (2.50) is that the matrix V is not hermitian (in
contrast to the matrix W) and it adds unnecessary computational complexity to the
problem (symmetric eigenvalue problems can be handled more efficiently than asym-
metric ones). However, the substitution proposed by Maradudin et al. in [52] allows to
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convert the equation (2.50) into a normal hermitian eigenvalue problem. This substitu-
tion is

Ap — Cp = k+ G, |4 (2.54)
and it leads to the equation
w2
U.-C=—C “TM polarization” (2.55)
c
where
Upn = [[k+ Gl - [k + Gl - O (2.56)

2.3.1 Filtering of the Gibbs phenomenon

Another way to decrease the effect of the Gibbs phenomenon is to reduce the phe-
nomenon itself. Any discontinuous function g(z) of a scalar argument (which have a
countable set of the jumps at © € {z;}) can be represented as a sum of a continuous
function f.(x) and the series of the Heaviside step function h(z):

9(x) = gelw) + Y aih(e — ;) (2.57)

CCE{CCz}

For a periodic function a similar decomposition can be done using the box-shape
functions. It has been shown in [57] that the origin of the Gibbs phenomenon is the
behavior of the coefficients of the Fourier decomposition of the box-shape (or the Heav-
iside) function. The coefficients of the box function decomposition g, o e¥’"*/(nk),
where k = 27/a is the wave vector of the period and [ is a parameter which depends
on the width of the box. The decay of g, with increasing of the index n is slow and
non-monotone. It leads to the oscillatory behavior of the approximated function with
the increasing number of used terms. A way to suppress it is to increase the decay rate
of the coefficients g,,. If a finite number of the coefficients is used for the decomposition
(n < N)

N
g(x) = Y gne™* (2.58)
n=—N

a way to increase the decay rate is to introduce the filter function f:

N

g(x) =Y f(n/N)gne™* (2.59)

n=—N

Multiplication of the Fourier decomposition coefficients corresponds to the convolu-
tion of the functions: -

ia) = Fog= [ gle-nftt (2.60)

where the function f is the function which have the Fourier decomposition coefficients

fn = f(n/N). Such function should have the maximum at ¢ = 0 and decays to zero

when [t| increases. The convolution with f smooths the jumps of g and suppress the

Gibbs phenomenon. Because the coefficients f,, depend on N the function f varies for
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different number of used Fourier series terms. It becomes more localized around ¢ = 0
for larger N and less affects g.
The requirements for f are:

f(0)=1
; ,((10))_:00 (2.61)
f(=t) = f(t)

and the function f should monotonically decrease from 1 to 0 when t varies from 0
to 1. Such type of the filter function suppress the high-order harmonics of the Fourier
decomposition and improve the convergence of the Fourier series.

Different filter functions have been proposed in [57]. Among them are

sin(mt

fi(t) = (;T ) Lanczos filter (2.62)
s
t 1

fa(t) = % Rising cosine filter (2.63)
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Figure 2.11: Approximation of the box function using different filters.

Examples of the effect of different filters are presented in the Fig. 2.11. Here

o(z) = {5’ 7 < /2 (2.64)

3, /2 <|z| <7

and 21 harmonics are used for the decomposition. The approximated g(z) exhibits
large oscillations near the jump points. Utilization of the filters allows to significantly
suppress them. Because for the rising cosine filter function f5(¢) the derivative f}(1) =0
it suppress the high-order harmonics more efficiently and the resulting approximated
function is smoother. The drawback of using the filters is smoothing of the jumps
and decreasing the slope of the approximated function. Despite the smoothing region
becomes narrower with increasing of the number of used harmonics and the slope rises
it remains about two times less in comparison with the approximation without filters.
The advantage of using filters is that outside of the smoothing region the shape of the
original function is preserved.
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This type of filtering can be easily generalized for the case of two dimensions as
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(2.65)
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Figure 2.12: The effect of the Lanczos-type filter to the distribution of the per-
mittivity. a) Distribution of the permittivity for a square photonic
crystal. b) Cross-section of the distribution of the permittivity for

different

number of used plane waves.

The effect of the filtering on the approximation of the permittivity distribution for a
square lattice photonic crystal is shown in the Fig. 2.12. The parameters of the photonic
crystal are the same as used for the Fig. 2.9. The Lanczos filter almost completely
removes the oscillations of the permittivity and improve the approximation accuracy.
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Figure 2.13: Approximation of the product of two box functions using different

filters.

The effect of the filters on the product of two functions is illustrated in the Fig. 2.13.
The parameters of the box functions are the same as used for the Fig. 2.3. The inverse
rule approximation provides the results almost identical to the original function for all
types of filters. But for the Laurent’s rule the effect of the filters are important. Keeping
the discrepancy with the original function near the jumps positions the oscillations are
almost completely suppressed outside of these regions.
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Figure 2.14: Approximation of the product of two functions without the compli-
mentary jumps using different filters.

Similar effect is observed when the product of two functions is discontinuous. The
approximation of the product of two functions without the complimentary jumps is
presented in the Fig. 2.14. Parameters of the functions are the same as used for the
Fig. 2.8.

The Lanczos filter efficiently smooths out the oscillations and restore the shape of
the original function (compare with the Fig. 2.8). The disadvantage of using the filter
is that the jumps are almost completely removed but nevertheless the overall results
are better than the simple approximation without the filters. The Laurent’s rule and
the inverse rule provide quite similar results.
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Figure 2.15: Convergence of the reduced frequency values of the TE polarized
Bloch modes calculated with and without the filtering of the per-
mittivity distribution. a) The Bloch vector at the K point, the first
band. b) The Bloch vector at the I' point, the second band.

The effect of the utilization of the filtering of the Fourier decomposition of the
permittivity distribution on the calculated reduced frequencies of the Bloch modes is
illustrated in the Fig. 2.15. The triangular lattice photonic crystal consists of the air
holes with the filling factor f = 40% etched in the thick planar waveguide. G4, is the
maximum value of the wave vectors for the plane waves used in the calculations.

Fig. 2.15(a) corresponds to the Bloch modes of the first band with the Bloch vector
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at the K point. The frequencies obtained with and without the filtering are quite similar
because the electric field for this Bloch mode is mainly localized in the regions with high
permittivity, where the effect of the Gibbs phenomenon on the field is less pronounced
(The absolute value of the permittivity variation is large, but the relative change of the
permittivity is small). Utilization of the Lanczos-type filter gives lower convergence rate
because the permittivity step is approximated by the a smoother function with lower
slope (see, for example, Fig. 2.11).

Fig. 2.15(b) corresponds to the Bloch modes of the second band with the Bloch
vector at the I' point. In this case the electric field penetrates deeper into the holes and
the effect of the permittivity approximation is more important. (See the section 2.6 for
more details about the field distribution.) The relative variations of the permittivity
distribution due to the Gibbs phenomenon are high which leads to lower convergence
rate of the PWE method. It is important to note, that the Gibbs oscillations remains
even for high values of G,,,, (and, correspondingly, for large numbers of used plane
waves), while they are almost completely removed by using of the Lanczos-type filter.
It leads to different calculated electromagnetic field distribution of the Bloch modes
and different convergence limits of the mode frequencies calculated with an without the
filtering.

It can be concluded based on the presented results that one of the key point of
the plane wave expansion method is how to treat the dielectric permittivity and/or
magnetic permeability in the photonic crystals. Approximation of these functions and
constructing the master equations for the electromagnetic field require an elaborated
technique in order to improve the accuracy of the plane wave expansion method.

2.3.2 Calculation of the permittivity Fourier expansion coeffi-
cients

The coefficients ¢,, of the Fourier decomposition of the permittivity are obtained as

Em = 1 e(r)e " Cmrdr (2.66)
Sc cell
where S, is the area of the unit cell and integration is performed over the primitive cell
of the photonic crystal.
Assuming that the photonic crystal consists of atoms with constant dielectric per-

mittivities &/ immersed in a material with the constant background permittivity £

1 .
Em = o Z /(53 — eP)eTGmrdQ; + %, 0 (2.67)

¢ jeatoms

Here each integral is performed over the area of j-th atom. The background permittivity
gives an additional term for zero wave vector G,,.
For each atom the function

g= /e’G’"rdQ = e’Gms/eZGmrdQ’ (2.68)

is the product of the position factor, determined by the position of the atom center s
(in the coordinate system related with the unit cell), and the form-factor of the atom,
determined by the atom shape.
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Figure 2.16: Parameters of an atom of the photonic crystal. a) Circular atom.
b) Elliptical atom.

Two atom types considered in this thesis are shown in the Fig. 2.16. The circular
atom is determined by the radius R and the the position of the atom center s. The
corresponding form-factor and the position factor are

_2TR
g= G

J(GpR)e™6m = n R?[Jo(GR) 4 Jo(GR)]e™*Cms (2.69)

where Jy, Ji, and J, are the Bessel functions of the first kind.

The elliptical atom is determined by the position of the atom center s and the
parameters of the ellipse: two semi-axes [; and [, and the orientation unit vectors e;
and ey. The form factor of the elliptical atom can be calculated in the frame of reference
connected with the atom orientation: (x,y) — (2/,v'). Then G,, = k1 - € + ko - €s.

g = /e—szrdQ _ e—szs/e—szrdQ/ _ e—szs/e—z(k1a}’+k2y’)dQ/ (270)

Here the scale of the ¢ axis can be changed as §' = ' - [/l as well as ko = ky - la/1y.
Then k = \/k2 4+ k2 and d€’ = dSY - I5/1;. The expression (2.70) transforms into

g = ¢~iGms / o+l gy (2.71)

and the integration is actually performed over a circle with the radius [;. It gives

oly - _ )
g= %Jl(kll)e’(;ms = alylo[Jo(kly) + Jo(kly)]e"Crms (2.72)

Using the given expressions the coefficients of the Fourier decomposition of the
permittivity distribution can be calculated. With the vectors of the reciprocal lattice
(determined by the symmetry of the photonic crystal lattice) it completely determines
the parameters required for calculation of the photonic crystal optical properties.

2.4 Frequency-based plane wave expansion method

The standard (Bloch vector based) plane wave expansion method allows for any given
Bloch vector k to find the frequencies and the field profile of the corresponding Bloch
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states. However, there are several features of this this method which makes it not well
suited for particular problems.

Firstly, because the frequencies of the states are unknown and can be found only as a
final result of the calculation, the dispersion of the dielectric permittivity and magnetic
permeability of the materials of a photonic crystal cannot be taken into account directly
[58-60]. It is possible to introduce an iterative numerical scheme to fit the results using
known dispersion relations but this is time-consuming and not very convenient.

Secondly, the standard plane wave expansion method is not designed to provide full
information about all possible solutions of the master equations (2.11) and (2.12). For a
particular light frequency the full set of the solutions consists of the propagating Bloch
modes (with real corresponding Bloch vectors) and the evanescent modes (where the
Bloch vectors have imaginary parts). When the frequency is inside the full photonic band
gap only evanescent modes can exist in a photonic crystal. Such states exponentially
decay in a photonic crystal and are localized near boundaries and defects. So, they
play an important role in the coupling of the light from an external source with the
photonic crystal light states [54, 61], or mode coupling at the internal boundaries inside
a photonic crystal. Working with the evanescent states using the standard plane wave
expansion method leads to many difficulties. In general, substitution of a complex k into
equations (2.55) and (2.51) makes the matrices non-hermitian and the corresponding
eigenvalues (as well as the state frequencies) also become complex. Hence, it requires a
search in multidimensional space (effective 4D space for 2D complex Bloch vectors) in
order to find the states with real frequencies.

An alternative approach to solve these difficulties of the standard plane wave expan-
sion method is to fix the frequency and scan the k-space in order to find the appropriate
states. The Bloch vector k is defined by two complex components. An efficient algo-
rithm may be constructed to find only one coefficient at the time, so the search may be
performed along a line in 2D complex k-space (or along a plane in the equivalent 4D
space).

A method which considers real and imaginary parts of the Bloch vector pointed in
the same direction (i.e. modes which decay or growth along the phase velocity direction)
has been proposed in [61] and used to investigate mode coupling at photonic crystal
heterointerfaces in [60]. In this thesis an extended approach has been derived. This
method can consider Bloch modes with arbitrary direction of the real and the imaginary
components of the Bloch vector. It allows us to describe evanescent states which decay
and propagate in different directions, for example penetration of the electromagnetic
field of a PhC waveguide guided modes into photonic crystal cladding regions.

kA

y 1

Ty

Figure 2.17: The Bloch vector search scheme.
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In the derived method the Bloch vector is represented as
k = k() —f- Oékl s (273)

where kg is any 2D complex vector and k; is a real 2D vector of the unit length. This
is schematically shown in the Fig. 2.17.
The equations (2.11) and (2.12) can be rewritten as

2

1
V X MV x E(r) = l5—25(1‘)E(r) “TM polarization” (2.74)
1 w? L
V x %V x H(r) = —pu(r)H(r) “TE polarization” (2.75)
c

Using the same derivation as for the equation (2.22) one can obtain
2
7 m)r w 7 m)T
S A 0+ Gr) - (kb Gl 65 Gr = ST e G (.76)

or

S Ap-[(k+ Go) - (k4 G| - G = t’—j S Au-emon (2.77)

As it has been discussed in the section 2.3, in order to achieve better approximation
accuracy the coefficients of the Fourier decompositions of the dielectric permittivity
€m—n and the the magnetic permeability 7,,_, should be replaced by the coefficients of
the matrices ©,,,, and Z,,,, respectively.

The equations (2.74) and (2.75) transform then into

2
Z A, [(k+Gp) - (k4 Gyl - S = w_2 Z A, - Emn “TM polarization”  (2.78)
c

2
Z By, - [(k + Gm) ’ (k + Gn)] : ®mn - w_2 Z B, - //Zmn “TE polarization” (279)
C

The direct matrix £ is used in the right part of the equation (2.78) because in the
original equation (2.11) division by the permittivity e(r) in the left part corresponds
(according to the inverse rule) to the multiplication of the vector of the Fourier decom-
position coefficients to the inverse matrix of the permittivity ©. It gives us the direct
matrix € if the equation (2.11) is written as (2.74). Because of the same reason the
direct matrix i is used in the right part of the equation (2.79).

Using the expression (2.73) one can obtain

(k+ Gp) - (k+ G,) = a® + ak;(2kg + G, + G,) + (ko + G,) (ko + G,,)  (2.80)

Introducing the vector of the coefficients A the equation (2.78) can be rewritten as:

2
0’Z A+aR-A+S-A=2z.A (2.81)
C
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where matrices R and S are auxiliary matrices with the coefficients:

Ry = S - [k - (2ko + Gy + Gin)] (2.82)
S = Zpn - [(Ko + Gon) - (Ko + Goy)] (2.83)

Multiplying the equation (2.81) by the matrix fi one obtains

w?

a2A+aﬁ-R-A+ﬁ-S~A:—2u-5-A (2.84)
c

or
2

afaA)=0-R-(aA)+ 70 - <Z—2§— S> A (2.85)
The unknown « can be found using the extended eigenvalue problem:

(ﬁ (15_225_ S) - ]R) : (aA) = (@A) TM polarization (2.86)

where O is the zero matrix and I is the identity matrix.
The corresponding equation for the magnetic field can be obtained by simultaneous
substituting 1 — &, £ — 1, and = — ©:

@ ]I B B . ] ) .,
~ <1§—22,l7 B Q> ~p) (aB> =« (aB) TE polarization (2.87)

P = Omn - k1 - (2ko + Gy, + G (2.88)
Qinn = Omn - [(ko + G) - (ko + G,,)] (2.89)

If u(r) = 1 the equations (2.86) and (2.87) simplify a lot, because 1 = = = I and

hence:
@) I A A o
((15_225_ S) R) : (ozA) =« <aA) TM polarization (2.90)

o ! (BY=a(B “TE polarization” (2.91)
. <”“é’—22]l—@> o P oB =« oB polarization .

while R and S become

where

Ron = 2Ky - (ko + G1) * On (2.92)
Sin = (ko + G)? * S (2.93)

Using the expressions above it is possible for a given frequency w and vectors kg
and k; to find values for o and completely determine the Bloch vectors of the state.
Because the matrices in the equations (2.86) and (2.87) are non-hermitian most of the
eigenvalues are complex even for a frequency where the propagating states (with purely
real Bloch vector) exist. Also, because the search of the Bloch vectors is performed along
a line in the k-space, the states from the high-order Brillouin zones are also included in
the set of the obtained eigenvalues. It requires a special treatment to find the unique
solutions which corresponds to the first Brillouin zone.

Examples of calculation of the evanescent modes properties using the frequency-
based plane wave expansion method are discussed in the section 2.8.
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2.5 Light propagation in photonic crystals

The light eigenstates in a photonic crystal are the Bloch modes, determined by the
Bloch vector k, the frequency w, and the polarizations. If the Bloch vector is purely
real such a state can propagate in the photonic crystal without the attenuation. Most
of the photonic crystal based devices rely on the properties of the propagating light
modes and, hence determination of the Bloch modes is the key point for the design of
such devices.

2.5.1 Dispersion properties of photonic crystals

The plane wave expansion method allows for each Bloch wave vector to find the eigen-
frequency of the Bloch modes. Hence, the dispersion of the light in a photonic crystal
(i. e., the dependence w(k)) can be reconstructed. Dispersion of the Bloch modes is one
of the most important properties of the photonic crystals. It determines propagation of
the modes in the photonic crystal and, consequently, the performance of many photonic
crystal based devices.

Dispersion of the Bloch modes depends on many parameters of the photonic crystal.
The most important among them are:

e The type of the photonic crystal lattice (square, triangular, graphite, etc.), which
affects the dispersion symmetry properties.

e The type of the permittivity and/or the permeability contrast (for example, air
holes in the high-permittivity background, dielectric rods in the air, etc.), which
modifies the dependence of the dispersion on the light polarization.

e Distribution of the “atoms” in the photonic crystal primitive cell (single atom in
a simple cell or several atoms in a super-cell) and the shapes of the atoms (for ex-
ample, high symmetrical circular atoms or elliptical atoms with lower symmetry),
which also affects the dispersion symmetry properties.

2.5.1.1 Square lattice photonic crystals

Examples of the dispersion of the TE polarized Bloch modes for the square lattice
photonic crystal are shown in the Fig. 2.18. Here the photonic crystal consists of the
circular air holes (one hole in the primitive cell) etched in the thick planar waveguide.
The effective refractive index for both TE and TM polarizations is equal to 3.24. The
filling factor f = 0.4. The maximum length of the reciprocal lattice vector G4, = 827”
and the number of used plane waves N = 197, which ensures a good accuracy of
calculated Bloch modes frequencies.

At the first band near the I' point the frequency is linearly proportional to the Bloch
vector which is similar to the properties of light propagating in a homogeneous media.
Closer to the boundary of the first Brillouin zone the effect of the photonic crystal
becomes visible since the shape of the isolines are different from the circles. At the
second band the effect of the photonic crystal is much more pronounced. The square-like
shape of the isolines means strong anisotropy of the light propagation properties for the
light with the corresponding frequency. The bands with larger index have more complex
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Figure 2.18: Dispersion of the TE-polarized Bloch modes for the square lattice
photonic crystal consisting of the circular air holes (the filling factor
f = 0.4) in the dielectric slab with the effective refractive index
nefs = 3.24. a) The first band. b) The second band.

structure. In general, the larger the index of the band the larger the corresponding mode
frequency and the less equivalent light wavelength. Such light modes interact stronger
with the inhomogeneities of the permittivity and are more sensitive to the details of
the permittivity distribution (like the shape of the photonic crystal atoms). It leads to
a complex dispersion of the bands with the large index.

The dispersion of the same photonic crystal for the TM polarized Bloch modes is
presented in the Fig. 2.19. The dispersion of two lowest bands is similar to the dispersion
of two lowest bands for the TE polarized light but with increasing the index of the
band (and the corresponding mode frequency) the difference between the dispersions
of the TE and TM polarized light become more pronounced. It happens because of the
different direction of the electric field (as well as the displacement field) for TE and TM
polarizations. Boundary conditions for the field at the photonic crystal atom boundaries
lead to different field distributions for TE and TM polarized light which results in the
different mode frequency for the same Bloch vector.

The cross-section of the Bloch modes dispersion is shown in the Fig. 2.20. Two full
photonic band gaps (indicated by the gray regions) exist for the TE polarized light.
Only partial photonic band gaps (for example, along the I'X and the I'M directions)
exist for the TM polarized light because the widths of these gaps are not enough to
overlap and create a full band gap.

The effect of the photonic crystal on the light dispersion depends on the filling factor.
The larger the filling factor the larger the interaction between the electromagnetic field
and the atom material and the larger effect on the light dispersion. The dependence
of the position and the width of the full photonic band gaps on the filling factor is
shown in the Fig. 2.21. The maximum theoretical filling factor achievable for the square
lattice photonic crystal with one circular atom is f,,.. = 7/4 =~ 0.785. Because of the
fabrication reason in order to avoid to have the atom boundaries too close each other
the filling factor should be less than this limit.

The dependence of the position and the width of the full photonic band gaps on the
filling factor is presented in the Fig. 2.21. For the case of the “holes in the dielectric”
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Figure 2.19: Dispersion of the TM-polarized Bloch modes for the square lattice
photonic crystal consisting of the circular air holes (the filling factor
f = 0.4) in the dielectric slab with the effective refractive index
nefs = 3.24. a) The first band. b) The second band.
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Figure 2.20: Dispersion of the Bloch modes for the square lattice photonic crystal
consisting of the circular air holes (the filling factor f = 0.4) in the
dielectric slab with the effective refractive index n.sy = 3.24. a) TE
polarization. b) TM polarization.

photonic crystal the full photonic band gaps open for the TE-polarized light when
the filling factor is larger then about 0.32 and for the TM-polarized light when the
filling factor is larger then about 0.48. The widths of the band gaps are relatively
small, which means that light can propagate in the photonic crystal for a wide range
of the frequencies and it is difficult to create photonic crystal based structures which
constrain Bloch modes propagation and can efficiently localize the light. When the
photonic crystal is of the “pillars in the air” type the full photonic band gaps exist
mainly for the TM polarization. In this case propagation of the TM-polarized light can
be efficiently limited.

The dispersion relation of the square lattice pillar-based photonic crystals is pre-
sented in the appendix A.1.1.
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Figure 2.21: The full photonic band gaps for the square lattice photonic crystals
consisting of air holes in a dielectric slab (n.sf = 3.24).

2.5.1.2 Triangular lattice photonic crystals

Examples of the dispersion of the TE polarized Bloch modes for the triangular lattice
photonic crystal are shown in the Fig. 2.22. The corresponding dispersion of the TM
polarized Bloch modes are shown in the Fig. 2.23. Here the photonic crystal consists
of the circular air holes (one hole in the primitive cell) etched in the thick planar
waveguide. The effective refractive index for both TE and TM polarizations is equal to
3.24. The filling factor f = 0.4. The maximum length of the reciprocal lattice vector
Gmaz = 71327” and the number of used plane waves N = 187. The first Brillouin zone
has the hexagon shape and is indicated in the figures by the white dashed line.
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Figure 2.22: Dispersion of the TE-polarized Bloch modes for the triangular lattice
photonic crystal consisting of the circular air holes (the filling factor
f = 0.4) in the dielectric slab with the effective refractive index
nefr = 3.24. a) The first band. b) The second band.

The behavior of the dispersion relation for the triangular lattice photonic crystal is
similar to the dispersion relations of the square lattice photonic crystals. The noticeable
difference is that the triangular lattice has higher symmetry which leads to higher
symmetry of the corresponding reciprocal lattice. Then the difference of the distances
between the center of the first Brillouin zone (I' point) and the centers of the sides
(I'M distance) and the corners (I'K distance) is smaller for the triangular lattice than
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Figure 2.23: Dispersion of the TM-polarized Bloch modes for the triangular lat-
tice photonic crystal consisting of the circular air holes (the filling
factor f = 0.4) in the dielectric slab with the effective refractive
index nesy = 3.24. a) The first band. b) The second band.
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for the square lattice (here the distances I'M and I'X are compared). It leads to better
overlap of the partial photonic band gaps for the I'M and the I'K directions and wider
full photonic band gaps.
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Figure 2.24: Dispersion of the Bloch modes for the triangular lattice photonic
crystal consisting of the circular air holes (the filling factor f = 0.4)
in the dielectric slab with the effective refractive index n.r; = 3.24.
a) TE polarization. b) TM polarization.

The cross-sections of the dispersion of the Bloch modes are presented in the Fig. 2.24.
The full photonic band gap exists between the first and the second bands for the TE-
polarized light.

The dependence of the position and the width of the full photonic band gap on the
filling factor is plotted in the Fig. 2.25. The maximum achievable filling factor for the
triangular lattice is f 0 = ﬁg ~ 0.907 but because of the fabrication reason it should
be less than this limit.

The dispersion properties of the triangular lattice pillar type photonic crystals are
shown in the appendix A.1.2.



2.5. Light propagation in photonic crystals 47

TE polarization
| —— TM polarization

o
©

Reduced frequency
o o o o o o
N w S a (=2 ~
T T T T T
‘%)

o
[N

8551 "oz 03 04 05 05 07
Filling factor
Figure 2.25: The full photonic band gaps for the triangular lattice photonic crys-
tals consisting of air holes in a dielectric slab (nerr = 3.24).

2.5.1.3 Effect of the dispersion of the planar waveguide effective refractive
index

Two-dimensional approximation of the photonic crystal doesn’t take into account the
real vertical structure of the sample. If the light is confined in the vertical direction
using the planar waveguide the effective refractive index of the waveguide is usually
used as the refractive index of the background media in the 2D approximation. In
the standard Bloch vector based plane wave expansion method it is assumed that the
effective refractive index is a constant and doesn’t depend on the frequency. For a thick
waveguide with weak vertical light confinement the effective refractive index is almost
constant and this approximation is valid. But for the thin waveguide with the high
index contrast the dispersion of the effective refractive index may be very strong.

The examples of the dispersion of the SOI waveguide (230 nm thick Si layer on SiO,
substrate) effective refractive index for the TE and the TM polarized light are shown
in the Fig. 2.26(a). The corresponding dispersions using the reduced frequency units
for the photonic crystal lattice constant 0.43 pm are plotted in the Fig. 2.26(b). It is
clearly seen that the effective index strongly depends of the light frequency (especially
for the TM light polarization) that should affect the dispersion of the Bloch modes in
the photonic crystals.

The dispersion of the Bloch modes for the triangular lattice consisting of the air
holes etched in the Si layer of the SOI structure is plotted in the Fig. 2.27(a) for the
TE polarized light and in the Fig. 2.27(b) for the TM polarized light.

The results provided by the standard PWE method (where the waveguide effective
refractive indices for the wavelength A = 1.55 pum have been used) are plotted by
the green solid lines. The results provided by the frequency-based PWE method (with
the same values of the effective refractive indices) are plotted by the blue squares.
They perfectly coincide with the results of the standard PWE method. The results
of the frequency-based PWE method with the dispersion of the effective refractive
indices are plotted by the red circles. Now the shape of the band curves is distorted.
The effect of the dispersion of the effective refractive index is like that the original
dispersion curve (obtained using the constant effective refractive index) is compressed
in the vertical direction according the dispersion of the effective refractive index. The
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Figure 2.26: Dispersion of the effective refractive index for the SOI structure.
a) ness as a function of the light wavelength. b) n.s¢ as a function
of the PhC reduced frequency.
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Figure 2.27: Dispersion of the Bloch modes for the triangular lattice photonic
crystal consisting of the circular air holes (the filling factor f = 0.4)
etched in the SOI structure calculated with and without taking into
account the dispersion of the effective index. a) TE polarization.
b) TM polarization.

chosen wavelength A = 1.55 um corresponds to the reduced frequency u ~ 0.2774 and
this frequency serves as a central (fixed) point for the compression transformation.

Because the dispersion of the effective index is more pronounced for the TM polar-
ization the dispersion of the TM polarized Bloch modes is more distorted.

2.5.1.4 W1 photonic crystal waveguide

The W1 photonic crystal waveguide has been chosen as an example to illustrate the
application of the PWE method for analysis of the dispersion properties of a photonic
crystal based structure. Such waveguide is one of the key components of many modern
photonic crystal based devices and detailed knowledge of the W1 waveguide properties
is required to design them carefully.

The dispersion of the TE polarized light for the W1 photonic crystal waveguide is
shown in the Fig. 2.28. The photonic crystal here consists of the circular air holes etched
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Figure 2.28: Dispersion of the even and the odd modes of the W1 photonic crystal
waveguide.

in the thick planar waveguide. The filling factor f = 40%. The maximum length of the
reciprocal lattice vector G,e. = 6127” and the number of used plane waves N = 1159.
There are two modes with different symmetry properties relative to the reflection
in the (xz) plane located in the middle of the waveguide (y = 0). For the even mode
the magnetic field H, is symmetric and keep the sign after the reflection. For the odd
mode the magnetic field is antisymmetric and changes the sign after the reflection.
The dispersion of the guided modes can be tuned by modifying parameters of the
photonic crystal atoms near the waveguide core or changing the photonic crystal lattice

by shrinking/expanding in the x or y direction.

2.5.2 Group velocity of the propagating Bloch modes

A Bloch mode with a given Bloch vector ko and the frequency wg is a mode which
exists everywhere in space and is infinitely long in time. Similar to the case of light
propagating in a continuous media such mode cannot carry the information or transfer
the energy. Light pulses of a finite duration and localized in a finite volume are natural
states used for these purposes.

In general, light pulse in a photonic crystal can be represented as a superposition of
the Bloch modes with different Bloch vectors and frequencies:

u(r,t) = Z/f(k, m) Yk m(r, t)dk (2.94)

where ¥y, is m-th Bloch mode with the Bloch vector k and f(k,m) is the amplitude
of the mode.

If the amplitude function f noticeably differs from zero only in the vicinity of the
vector ko and only for the index of the state m = mg (which corresponds to the
frequency wy) it is said that the pulse has the carrier mode )y, n, and the carrier
frequency wy.

Such pulse can be obtained by multiplying the carrier mode by the envelope function
f(r,t) which has a long duration (much longer than the period of the carrier mode) and
is localized in space with a large localization scale (much larger that the wavelength of
the carrier mode).
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The motion of such wave packet is governed by the group velocity which is equal to
the gradient of the Bloch mode dispersion V, = Vi - w(k).

Using the Bloch vector based plane wave expansion method the dispersion of the
light can be calculated for a grid in the k-space determined as {k;;}, where i =1... M
and 7 = 1... N. The gradient operator then can be calculated using the finite-difference
formulas for each node of the grid. Here the formulas of the second-order accuracy have
been used in order to calculate the group velocity.

2.5.2.1 Square lattice photonic crystals

cooooo000000000 -
OOO—‘—‘—‘NNNQ}Q}@@#m<
BEORNEIRN " ORON—
coooooooo000000-
Q00O VNN NS
SER® NhrO® NRO®—

Figure 2.29: Group velocity of the TE-polarized Bloch modes for the square lat-
tice photonic crystal consisting of the circular air holes (the filling
factor f = 0.4) in the dielectric slab with the effective refractive
index nesy = 3.24. a) The first band. b) The second band.
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Figure 2.30: Group velocity of the TM-polarized Bloch modes for the square lat-
tice photonic crystal consisting of the circular air holes (the filling
factor f = 0.4) in the dielectric slab with the effective refractive
index nepy = 3.24. a) The first band. b) The second band.

Examples of the group velocity for the square lattice photonic crystal are plotted
in the Fig. 2.29 and the Fig. 2.30. The calculation parameters are the same as used for
the Fig. 2.18 and the Fig. 2.19. The group velocity here is measured in the units of the
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vacuum light speed ¢. The modulus of the group velocity |V,| is plotted as the color
map and the direction is indicated by the vector field. In the first band for both light
polarizations the group velocity is directed outwards from the I' point and the value
is almost constant near this point. Hence, the light with low frequency propagates in
the photonic crystals like in a homogeneous media. The effective refractive index of
this media has been estimated by Kirchner at al. in [62] and depends on the light
polarization and the filling factor of the photonic crystal. Despite the symmetry of the
photonic crystal lattice the dispersion for the low-frequency modes is almost isotropic
(mainly due to the high symmetry of the “atoms”, which have the circular shapes in
this examples). For higher order bands the group velocity, in general, strongly depends
on the Bloch vector.
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Figure 2.31: Group velocity of the Bloch modes for the square lattice photonic
crystal consisting of the circular air holes (the filling factor f = 0.4)
in the dielectric slab with the effective refractive index n.y; = 3.24.
a) TE polarization. b) TM polarization.

The group velocity of the Bloch modes for the Bloch vector along the high-symmetry
directions is plotted for the first three bands in the Fig. 2.31(a) for the TE light polar-
ization and in the Fig. 2.31(b) for the TM light polarization.

At the boundary of the first Brillouin zone the derivative of the mode frequency in
the direction normal to the boundary equals to zero aaTwn = 0. This leads to zero group
velocity at the high-symmetry points M and X.

While in the first and the group velocity is directed outwards from the I' point in
the second band the direction strongly depends on the k vector and for some Bloch
vectors may be even opposite the direction of k. Such complex dependence of the group
velocity on the carrier mode Bloch vector leads to many important phenomenons, like
the superprism effect [6, 28, 30, 31] and the self-collimation effect [26, 29, 32-39].

2.5.2.2 Triangular lattice photonic crystals

Examples of the group velocity for the TE and TM polarized Bloch modes for the
triangular lattice photonic crystal are shown in the Fig. 2.32 and Fig. 2.33, respectively.
The calculation parameters are the same as used for the Fig. 2.22 and the Fig. 2.23.
They have many similarities with the group velocity for the square lattice photonic
crystal. For the first band near the I' point the group velocity is almost constant and
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directed outwards from the I" point, while for the second band a complex dependence
V, (k) is observed.
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Figure 2.32: Group velocity of the TE-polarized Bloch modes for the triangular
lattice photonic crystal consisting of the circular air holes (the filling
factor f = 0.4) in the dielectric slab with the effective refractive
index n.s¢ = 3.24. a) The first band. b) The second band.
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Figure 2.33: Group velocity of the TM-polarized Bloch modes for the triangular
lattice photonic crystal consisting of the circular air holes (the filling
factor f = 0.4) in the dielectric slab with the effective refractive
index negy = 3.24. a) The first band. b) The second band.

The group velocity of the Bloch modes for the Bloch vector along the high-symmetry
directions is plotted for the first three bands in the Fig. 2.34(a) for the TE light polar-
ization and in the Fig. 2.34(b) for the TM light polarization.

A noticeable effect which can be seen in the Fig. 2.34 is the switching of the group
velocity between different bands (like the switching between the second and the third
bands between the I and K points and at the K point in the Fig. 2.34). The reason for
this effect is crossing of the dispersion curves for the corresponding bands (which can
be observed in the Fig. 2.24(a)). This crossing leads to the exchange of the band indices
when we follow the curves (because the states are indexed in the frequency ascending
order) and exchange of the group velocity values for the corresponding bands.
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Figure 2.34: Group velocity of the Bloch modes for the triangular lattice photonic
crystal consisting of the circular air holes (the filling factor f = 0.4)
in the dielectric slab with the effective refractive index n.y; = 3.24.
a) TE polarization. b) TM polarization.

2.5.2.3 W1 photonic crystal waveguide

The group velocity of the W1 waveguide is shown in the Fig. 2.35(a). The calculation
parameters are the same as used for the Fig. 2.28. The even mode have relatively large
and almost constant group velocity for ().1277r <k< 0.2527“. The odd mode changes the

sign of the slope at k ~ 0.285%7r and the group velocity changes the direction.
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Figure 2.35: a) Modulus of the group velocity of the even and the odd modes of
the W1 waveguide. b) The group index of the even and the odd W1
waveguide modes.
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Near the boundary of the Brillouin zone (k = 0.527/a) the group velocity goes to

zero and the slow light regime [63-65] is achieved.

2.5.3 Shape of the frequency isolines and the self-collimation

effect

The motion of the light pulse in photonic crystal is governed by the group velocity
V, = Vi - w(k). This approximation is valid for a light pulse which has the carrier
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mode 1y, and slightly localized envelope function f(r,¢) in the real space and, hence,
the envelope function g(k) in the reciprocal space strongly localized near the Bloch
vector kg of the carrier mode. Increasing the light localization in the real space leads
to widening the envelope function in the reciprocal space and the second-order effects
start to be important.

Wide envelope function g(k) in the reciprocal space can be considered as a super-
position of several narrow envelope functions g;(k), each localized near their specific
carrier mode Bloch vector k;. It corresponds to decomposition of the original light
pulse into superposition of several pulses and considering them independently. Each
secondary pulse has the group velocity V,; = Vi - w(k)|k=x,. In this case the evolution
of the original pulse shape depends on the differences between the group velocity of the
secondary pulses.

If the group velocities V; are close each other the distortion of the original pulse
will be minimal. If the group velocities have a noticeable difference the original pulse
will enlarge because different parts of the pulse will have different group velocities.

Consider the most important case when the original pulse is almost monochromatic
(for example, exited by a laser) with the frequency wy, but localized in the real space
(for example, exited in a finite spot). Then the envelope function in the reciprocal
space is localized along the frequency isoline w(k) = wy (in general, it is also called the
equifrequency surface (EFS) to keep the notation accepted in the solid-state physics).

The direction of the secondary pulses group velocities are normal to the frequency
isoline, so the widening of the original pulse is determined by the shape of the isoline.
If the curvature of the isoline is large the original pulse will diverge or focus, depending
on the sign of the curvature. The flat isoline with the zero curvature corresponds to the
case when the original pulse can propagate with small distortion, because all secondary
pulses have the same group velocity. This is called the self-collimation effect [26, 34-38].

The curvature of the frequency isoline near the Bloch vector ko can be calculated
using the analysis described below.

The dispersion relation near a point in the k-space can be approximated using the
Taylor series:

w(ko+Ak) = w(ko)+(Ak-Vk)w(k)+%(Ak-Vk)2w(k)+%(Ak-Vk)3w(k)+. .. (2.95)

where the derivatives are calculated at the point k.

It is convenient to introduce here a new local coordinate system where the direction
of one basis vector (here it is €}) is along the gradient of the w(k) and the origin is
at the point ky. If the gradient equals to zero the following analysis is not applicable,
but concerning the shape of the dispersion relation surface it is a very rare situation. In
the new coordinate system (denoted by the prime) kg — 0, Ak — k’ and the equation
(2.95) transforms into

W) = w(0) + (K - VieJw(K) + o (& Vie Pul) + 3K - (k) + .. (296)
Using the second order approximation
w(k) = w(0) + (K - V)u(k) + 5(K - ) w(K)
= ago + awkl, + aoik], + ankLkl, + asokl’ + agk (2.97)
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where
ow (k') ow (k')
Qoo — U)(O) aip = / ao1 = !
oKL |, ok, |,
9?w(k') 1 0%w(k’) 102w(k')
_ _ 107w(K) _ towx) 2.98
T Bk, | 0Tk, TR (2.98)

Because of the chosen coordinate system a;o = 0 and ag; # 0.
The equifrequency line for w = w(0) is locally approximated by the curve &, = &, (k)
which is defined by the equation

CL()Q]CZ? + (CLOl + auk;)k‘; + agok’f =0 (299)
Then

2a02 )

ao1 +a11k;+\/(a01 +ai11k,)2—2ag2a20
K = { Gz 7 0 (2.100)

" ao1+aikl’ oz =0
The curvature of a curve y = y(z) is calculated according to s = 32732/ /A/1+ (%)2.

For the equifrequency line

dk! >k’ a
y —0, v =922 (2.101)
dky 1y —o Ak 1y —o o1
and the curvature s = —2agy/ag;. The curvature has the positive sign then the contour

is concave in the direction of the frequency gradient (and the group velocity V) and
is negative when the contour is convex in the direction of the frequency gradient.
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Figure 2.36: EFS curvature and the divergence of the light pulse. a) Positive EFS
curvature: pulse focuses. b) Zero EFS curvature: self-collimation of
the pulse. ¢) Negative EFS curvature: pulse diverges.

Three principal cases of the EFS curvature are illustrated in the Fig. 2.36. The
frequency isoline is shown as a solid line and the group velocity V, is shown as a
grey arrow. Group velocities of the secondary pulses V,; are plotted as black arrows.
Positive curvature (Fig. 2.36(a)) leads to focusing of the original pulse. Zero curvature
(Fig. 2.36(b)) means that all secondary pulses propagates in the same direction and
the pulse is collimated. Negative curvature (Fig. 2.36(c)) leads to the divergence of the
pulse.

Because it is adopted to use the dimensionless value of the Bloch vector (i.e. measure
it in the special units 27/a) it is convenient also to work with a dimensionless EFS
curvature. It corresponds to measuring the curvature in the ;- units.
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2.5.3.1 Square lattice photonic crystals

The maps of the EFS curvatures as functions of the Bloch vector for the square lattice
photonic crystal are plotted in the Fig. 2.37 for the TE polarization and in the Fig. 2.38
for the TM polarization. The calculation parameters are the same as used for the
Fig. 2.18 and the Fig. 2.19.
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EFS curvature of the TE-polarized Bloch modes for the square lattice
photonic crystal consisting of the circular air holes (the filling factor
f = 0.4) in the dielectric slab with the effective refractive index
nefr = 3.24. a) The first band. b) The second band.
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EFS curvature of the TM-polarized Bloch modes for the square lat-
tice photonic crystal consisting of the circular air holes (the filling
factor f = 0.4) in the dielectric slab with the effective refractive
index nesp = 3.24. a) The first band. b) The second band.

As it can be seen in the Fig. 2.18 and Fig. 2.19 near the I" point the frequency isolines
have almost circular shape with the radius going to zero at the I' point. This leads to
the infinite EFS curvature when k — I'. Near the boundaries of the Brillouin zone the
frequency isolines also have a large curvature because the isolines have to be normal to
the boundary. In order to highlight the features of the EFS curvature distributions a
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limited range of the EFS curvature values s is selected: —10 < s < 10. Values above
and below the limits are plotted with the constant colors. Isolines s = 0 are indicated
in all figures.

Several general features of the EFS curvature distribution may be noticed. Near the
I" point the curvature tends to minus infinity for the first band and tends to plus infinity
for the second band. At the boundary of the Brillouin zone the curvature tends to have
large positive values for the first band and to large negative values for the second band.
The curvature tends to have large positive values at the I'M line for the second band.
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Figure 2.39: EFS curvature of the Bloch modes for the square lattice photonic
crystal consisting of the circular air holes (the filling factor f = 0.4)

in the dielectric slab with the effective refractive index n.y; = 3.24.
a) TE polarization. b) TM polarization.

The cross-sections of the EFS curvatures are presented in the Fig. 2.39 for the TE
and the TM polarizations. The self-collimation condition (zero EFS curvature) can be
satisfied for the pulses with the carrier mode which have the Bloch vector along the I'M
direction (at the first band) and and along the I'X direction (at the second band).

2.5.3.2 Triangular lattice photonic crystals

The distributions of the EFS curvature for the triangular lattice photonic crystal are
plotted in the Fig. 2.40 and Fig. 2.41. The calculation parameters are the same as used
for the Fig. 2.22 and the Fig. 2.23. They exhibit basic features similar to the case of
the square lattice photonic crystal.

The difference is that for the triangular lattice the equivalent of the I'M direction is
the I'K direction.

The cross-sections of the EFS curvatures are shown in the Fig. 2.42 for the TE and
the TM polarizations. It is seen that the self-collimation condition can be satisfied for
the I'M direction at the second band and for the I'K direction at the first and the third
bands.
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Figure 2.40: EFS curvature of the TE-polarized Bloch modes for the triangular

lattice photonic crystal consisting of the circular air holes (the filling
factor f = 0.4) in the dielectric slab with the effective refractive
index nepy = 3.24. a) The first band. b) The second band.
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Figure 2.41: EFS curvature of the TM-polarized Bloch modes for the triangular

15

lattice photonic crystal consisting of the circular air holes (the filling
factor f = 0.4) in the dielectric slab with the effective refractive
index nefs = 3.24. a) The first band. b) The second band.
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Figure 2.42: EFS curvature of the Bloch modes for the triangular lattice photonic

crystal consisting of the circular air holes (the filling factor f = 0.4)
in the dielectric slab with the effective refractive index n.s; = 3.24.
a) TE polarization. b) TM polarization.
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2.6 Field distribution of the Bloch modes

According to the two-dimensional approximation of the 2D photonic crystals there are
two principal components of the electromagnetic field: H, for the TE polarized light
and FE, for the TM polarized light. These components are represented using the plane
wave decomposition introduced in the equations (2.19) and (2.20). The coefficients of
the decompositions of can be obtained as the components of the eigenvectors in the
equations (2.51) and (2.55) for the standard PWE method or in the equations (2.86)
and (2.87) for the frequency-based PWE method.

The in-plane components can be calculated using the relations (2.40) and (2.41),
which leads to the expressions

B,, = —ZEV x E = Z An[((k+ Gy X €] gkt Gm)r «PN\ polarization” (2.102)
w

D,, = 1SV x H = Z B [(k + G,,) x e,] ekFGm)r “TE polarization” (2.103)
w

In order to convert the electric field E into the displacement field D (and vice
versa) the permittivity have to be used and hence, the results depends on the quality
of the permittivity distribution approximation. The same treatment should be applied
for the magnetic field H and the magnetic induction B, connected by the magnetic
permeability p if p is discontinues in the photonic crystal.

The amplitude and the phase of the field can be chosen arbitrarily and in this section
all modes are normalized to have the maximum amplitude max(E,(r)) = 1 for the TM
polarized modes and maz(H,(r)) = 1 for the TE polarized modes.

2.6.1 In-plane field components and the effect of the Gibbs
phenomenon
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Figure 2.43: Magnetic field H, component of the second band TE-polarized Bloch
mode with the Bloch vector at the I' point. The photonic crys-
tal consists of the circular air holes (the filling factor f = 0.4) in
the dielectric slab with the effective refractive index n.;yr = 3.24.
a) Calculation without the filtering of the permittivity distribution.
b) Calculation using the Lanczos filter.
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As it has been discussed in the section 2.3.1 the Gibbs phenomenon leads to the
oscillation of the approximated permittivity distribution near the atom boundaries. The
filtering of the Fourier expansion coefficients can be used to prevent such oscillations.
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Figure 2.44: Displacement field D,, amplitude and the direction of the second
band TE-polarized Bloch mode with the Bloch vector at the I" point.
The photonic crystal consists of the circular air holes (the filling fac-
tor f = 0.4) in the dielectric slab with the effective refractive index
nefs = 3.24. a) Calculation without the filtering of the permittivity
distribution. b) Calculation using the Lanczos filter.

The effect of the filtering of the Gibbs phenomenon on the magnetic field distribution
is presented in the Fig. 2.43. The lattice primitive cell is indicated by the red dashed
line and the circular holes are indicated by the white dashed lines. The difference of
the calculated mode frequency is quite small: © ~ 0.4124 without the filtering and
u ~ 0.4101 for the Lanczos filtering (Gar = 10.5 27/a). The distributions of the
magnetic field are also very similar.
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Figure 2.45: Electric field E,, amplitude and the direction of the second band
TE-polarized Bloch mode with the Bloch vector at the I'" point. The
photonic crystal consists of the circular air holes (the filling factor
f = 0.4) in the dielectric slab with the effective refractive index
nefs = 3.24. a) Calculation without the filtering of the permittivity
distribution. b) Calculation using the Lanczos filter.

The displacement field D,, is plotted in the Fig. 2.44. The color map indicates the
field intensity and the vector map shows the field direction. Now the difference is visible:
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the field obtained using the filtering is smoother near the atom boundary. Using the
unfiltered approximation the oscillations of the field intensity are observed along some
directions.

The electric field is obtained from the displacement field by division to the permit-
tivity E,,, = %ny (or, operating with the Fourier decompositions, by multiplying the
vector of the coefficients by the inverse permittivity matrix E = © - D) and is quite sen-
sitive to the oscillations of the permittivity around unity inside the hole. The calculated

distribution of the electric field E,, is presented in the Fig. 2.45.
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Figure 2.46: Cross-section along the line y = 0 of the electromagnetic field distri-
bution of the second band TE-polarized Bloch mode with the Bloch
vector at the I' point. The photonic crystal consists of the circular
air holes (the filling factor f = 0.4) in the dielectric slab with the
effective refractive index n.rr = 3.24. a) Amplitude of the electric
field E,,. b) Amplitude of the displacement field D,,.

The field distribution calculated using the approximation without the filtering ex-
hibits the oscillations inside the hole while the approximation with the filtering provides
relatively smooth result.

The cross-section of the fields distributions along the line y = 0 is shown in the
Fig. 2.46(a) for the electric field and in the Fig. 2.46(b) for the displacement field. It
is clearly seen that filtering of the Gibbs phenomenon allows to obtain smooth field
distribution without the oscillations introduced by the approximation error.

Hence, filtering of the Gibbs phenomenon is important if the precise distribution of
the in-plane field is required.

The electromagnetic field distribution for the TM polarized light can be calculated in
a similar way. The F, field is obtained directly from the equation (2.55) or the equation
(2.86) and D, = ¢E,.

The electric field E, and the displacement field D, for the second band Bloch mode
with the Bloch vector k = 0 are plotted in the Fig. 2.47. The electric field (as well as
the displacement field) tends to be localized in the media with high permittivity, which
is typical for the second band modes.

The in-plane magnetic field H,, is shown in the Fig. 2.48. It is also localized in the
dielectric between the air holes.
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Figure 2.47: a) Electric field E, and the displacement field D, amplitudes of the
second band TM polarized Bloch mode with the Bloch vector at
the I' point. The photonic crystal consists of the circular air holes
(the filling factor f = 0.4) in the dielectric slab with the effective
refractive index nqpy = 3.24.
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Figure 2.48: Magnetic field H,, amplitude and the direction of the second band
TM polarized Bloch mode with the Bloch vector at the I' point. The
photonic crystal consists of the circular air holes (the filling factor
f = 0.4) in the dielectric slab with the effective refractive index
Nepp = 3.24.

2.6.2 Field distribution of the propagating Bloch modes

The field distribution of the propagating Bloch modes (with k # 0) is more complex
than the field of the standing modes. As it has been discussed in the section 1.2.1, in a
periodic media the field distribution can be written as

Uic(r) = e"Fuy(r) (2.104)

where uy is a stationary function which have the same periodicity as the media.

It is convenient to remove the plane wave factor '™ and analyze only u(r) because
this function is same for all photonic crystal cells. Later in this section uy(r) is assumed
as the field distribution instead of ¥y (r).

Another important feature of the field distribution of the Bloch mode with k # 0
is that the field cannot be normalized to have only real or only imaginary part. Both
real and imaginary parts have to be taken into account. This is a common feature of
both field: ¢y (r) and uk(r). Multiplication or division of the field by the plane wave
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e’®* cannot compensate the distribution of the field phase.

The magnetic field H, distribution of the first band TE polarized Bloch mode with
the Bloch vector at the middle between the I' and the K points (k = (1/3,0) 27/a) is
shown in the Fig. 2.49. The real and the imaginary parts have comparable contributions
to the total magnetic field.
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Figure 2.49: Magnetic field H, component of the first band TE polarized Bloch
mode with the Bloch vector at the middle between the I' and the K
points. The photonic crystal consists of the circular air holes (the fill-
ing factor f = 0.4) in the dielectric slab with the effective refractive
index nepy = 3.24. a) Real part R(H). b) Imaginary part S(H).

Similar effect can be observed for the H, distribution of the second band TE polar-
ized Bloch modes with the same Bloch vectors k, which is plotted in the Fig. 2.50.
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Figure 2.50: Magnetic field H, component of the second band TE-polarized Bloch
mode with the Bloch vector at the middle between the I' and the K
points. The photonic crystal consists of the circular air holes (the fill-

ing factor f = 0.4) in the dielectric slab with the effective refractive
index n.fr = 3.24. a) Real part R(H). b) Imaginary part I(H>).

The modulus of the H, for the first band and the second band Bloch modes are
presented in the Fig. 2.51. For the first band the magnetic field has the maximum in
the air hole, while for the second band the field is maximum in the dielectric.

For the propagating Bloch modes the in-plane field components form a 2D complex
vector field. Consider as an example the electric field E,,:

E,,(r,t) = (Ege(r) + 1B, (r)) e'de—vd (2.105)
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Figure 2.51: Magnetic field modulus |H,| of the TE-polarized Bloch modes with
the Bloch vector at the middle between the I' and the K points. The
photonic crystal consists of the circular air holes (the filling factor
f = 0.4) in the dielectric slab with the effective refractive index
nefs = 3.24. a) The first band mode. b) The second band mode.

where Eg.(r) and Ej,,(r) are the real and the imaginary parts of the field, correspond-
ingly.

The expression (2.105) describes, in general, the elliptically polarized field where the
directions of the principal polarization axes and the elipticity depend on the position
inside the photonic crystal cell.

This expression can be rewritten as

E,,(r,t) = (E;(r) 4 1Ey(r)) e'¢)Hhr—wt) (2.106)

by introducing the phase ¢(r) chosen so that for any given r the scalar product
(Ei(r) - E5(r)) = 0 and both vectors are real. Then the vectors E;(r) and Eg(r) de-
fine the amplitudes and the directions of the principal polarization axis.

The same treatment should be done with other in-plane fields (D,, for the TE
polarized light and H,, for the TM polarized light).
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Figure 2.52: The amplitude and the directions of the principal polarization axes
for (a) the electric field E;y, and (b) the displacement field D, of
the second band TE-polarized Bloch mode with the Bloch vector at
the middle between the I' and the K points. The photonic crystal
consists of the circular air holes (the filling factor f = 0.4) in the
dielectric slab with the effective refractive index n.py = 3.24.
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While for the modes with k = 0 the in-plane field is always linearly polarized when
k # 0 the ellipticity can be noticeable. Such elipticity has been directly measured for
the guided modes of the W1 waveguide in [66].

The distributions of the electric field E,, and the displacement field D,, are pre-
sented in the Fig. 2.52. The modulus of the field amplitude is plotted as the colormap
and the directions and amplitudes of the principal polarization axis are indicated by
black lines. Almost circular polarizations is observed for the electric field at the regions
inside the air holes.

The ellipticity of the electric field polarization can affect the tunability of the pho-
tonic crystal infiltrated by the liquid crystals (LQ) [67—-69]. Optical properties of such
photonic crystals may be tuned by changing the orientation of the L(Q molecules or by
the phase transition between the nematic and the isotropic phases. If the polarization is
elliptical the effective permittivity of the liquid crystal, obtained from the permittivity
tensor by the averaging according to the local orientation of the electric field, is less
sensitive to the orientation of the L) molecules. It deteriorates the tunability of the
LQ PhCs.
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Figure 2.53: Electric field E, component of the second band TM-polarized Bloch
mode with the Bloch vector at the middle between the I' and the K
points. The photonic crystal consists of the circular air holes (the fill-
ing factor f = 0.4) in the dielectric slab with the effective refractive
index nepr = 3.24. a) Real part R(E.). b) Imaginary part S(E,).

The electric field E. distribution of the TM polarized propagating Bloch modes
is similar to the case of the TE polarized modes. The example of the electric field
distribution for the second band Bloch mode with the Bloch vector k in the middle
between the I' and the K points is presented in the Fig. 2.53. Here both real and
imaginary parts have equal contributions into the total field amplitude.

The modulus if the total field amplitude |E,| is shown in the Fig. 2.54(a). For the
second band the electric field tends to be localized in the regions with high dielectric
permittivity, .e. outside of the air holes. The corresponding distribution of the modulus
of the displacement field |D,| is plotted in the Fig. 2.54(b). This distribution is similar
to one shown in the Fig. 2.54(a) but is even more localized outside of the holes.

The magnetic field H,, also have an elliptical polarization, where the principal
polarization directions and the ellipticity depend on the position inside the photonic
crystal cell. The magnetic field distribution is presented in the Fig. 2.55. The magnetic
field has a minimum inside the holes and maximums at the hole boundaries and in the
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Figure 2.54: Electric field modulus |E.| (a) and displacement field modulus | D, |
(b) of the second band TM-polarized Bloch modes with the Bloch
vector at the middle between the I' and the K points. The photonic
crystal consists of the circular air holes (the filling factor f = 0.4) in
the dielectric slab with the effective refractive index n.r; = 3.24.

Figure 2.55: The amplitude and the directions of the principal polarization axes
for the magnetic field H;, of the second band TM-polarized Bloch
mode with the Bloch vector at the I" point. The photonic crystal
consists of the circular air holes (the filling factor f = 0.4) in the
dielectric slab with the effective refractive index n.ry = 3.24.

regions with high permittivity. The local polarization varies from the linear to almost
circular, depending on the position inside the photonic crystal cell.

2.7 Cavities and localized states

Breaking of the photonic crystal periodicity creates new light states associated with the
lattice defect. If the frequency of a created state is inside the full photonic band gap
of the original photonic crystal this state is localized near the defect. Zero-dimensional
lattice defects serve as microcavities with small localization volume (the characteristic
scale is square PhC lattice constant) and high quality factor [43, 50, 70].

One of the main attribute of the localized state is the field distribution. Since the
frequency of the state is inside the photonic band gap the field in the region around
the defect (where the photonic crystal has the perfect lattice) can be only evanescent,
decaying with increasing the distance from the defect. Such field cannot carry the energy,
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so when the defect is surrounded by a large area photonic crystal the in-plane losses
are negligible small. The only loss channels are material absorbtion and out-of-plane
radiation losses. In the 2D approximation the out-of-plane losses are neglected, so if the
material is non-absorptive the theoretical quality factor is infinitely large. Taking into
account the third dimension (which is discussed in the chapter 3) the radiation losses
can by calculated by coupling between the localized states and the radiative states of
the planar waveguide cladding layers [71]. The coupling intensity depends on the overlap
between the field distribution of the localized state and the field of the radiative states,
so the detailed knowledge of the cavity mode field distribution is required to design a
cavity with desired quality factor [43, 51, 72, 73].

The distribution of the magnetic field H, for the 1% localized state of the L3 cavity is
shown in the Fig. 2.56. This is the state with the lowest reduced frequency u ~ 0.2384.

[ __"DNRRRCEREREEES |

H, 0 010203040506070809 1 . -1 -08-06-04-02 0 02 04 06 08 1

1

4 27N N
[} A

A

P N

\]

1

7 "N N
1

\]

, ’_\ A

NN sTN N TN N,

)
~
1
’
’
1
N
N
1
’
’
1
S
~
1
’
’

2 TN N
’, '_\ A

Figure 2.56: Magnetic field H, component modulus (a) and amplitude (b) of the
15¢ localized state of the L3 cavity. The photonic crystal consists of
the circular air holes (the filling factor f = 0.4) in the dielectric slab
with the effective refractive index n.ry = 3.24.

The magnetic field has the even symmetry relative to the reflection in the (xz) plane
(y = 0) and the odd symmetry relative to the reflection in the (yz) plane (x = 0), where
the origin of the coordinates corresponds to the center of the cavity.

Other states can have different symmetry properties. The example of the magnetic
field distribution of the 3" localized state with the reduced frequency u ~ 0.2625 is
presented in the Fig. 2.57. This state has the odd symmetry relative to the reflection
in the (zz) plane and the even symmetry relative to the reflection in the (yz) plane.
Different symmetry properties of the modes lead to different coupling with the radiation
states and different quality factors.

Another important aspect is distribution of the in-plane fields (E,, and D, for the
TE polarized light). Fabrication of the PhC cavity based light source [4] requires an
emitter (quantum dot/dots, quantum wire, or quantum well) coupled with the desired
cavity state. In order to have a good coupling the light source should be located at
the place where the amplitude of the electric field is maximum. Because the coupling
strength can also depends on the direction of the electric field (which is important, for
example, for quantum wires) the full vectorial distribution of the in-plane electric field
should be taken into account.

Examples of the in-plane fields distributions are shown in the Fig. 2.58 and the



68 CHAPTER 2. Light mode properties of the two-dimensional photonic crystals

H,, 0 010203040506070809 1

H; -1 -08-06-04-02 0 02 04 06 08 1

Figure 2.57: Magnetic field H, component modulus (a) and amplitude (b) of the
37 localized state of the L3 cavity. The photonic crystal consists of
the circular air holes (the filling factor f = 0.4) in the dielectric slab
with the effective refractive index n.ry = 3.24.
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Figure 2.58: The amplitude and the direction of (a) the electric field E,, and (b)
the displacement field D, of the 15 localized state of the L3 cavity.
The photonic crystal consists of the circular air holes (the filling
factor f = 0.4) in the dielectric slab with the effective refractive
index nepy = 3.24.

Fig. 2.59 for the 1°* and the 3"¢ cavity states, respectively. The amplitudes of the field
are plotted as the colormaps and the direction of the field is indicated by black arrows.

The 1% cavity state has a clear maximum of the electric field at the cavity center
where the field is directed along the y axis. The 3" state has two maximums inside the
cavity where the field is directed along the z axis.

Variation of the parameters of the cavity and position of the light emitter change
the coupling between the source and the cavity mode [4] and is the main way to design
PhC cavity based lasers [42].
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Figure 2.59: The amplitude and the direction of (a) the electric field E,, and (b)
the displacement field D, of the 37 localized state of the L3 cavity.
The photonic crystal consists of the circular air holes (the filling
factor f = 0.4) in the dielectric slab with the effective refractive
index Neff = 3.24.

2.8 Evanescent modes in photonic crystals

2.8.1 Ministop band in the W3 waveguide

The dispersion relation of

the guided modes of the W1 waveguide has been discussed in

the section 2.5.1.4. Increasing of the waveguide width increases the number of allowed
modes. If the field distributions of two modes have same symmetry relative to the
reflection in the (zz) plane these modes can interact with each other and it leads to
formation of the anticrossing of the mode dispersion curves. The anticrossing creates the
ministop band (MSB) [5] — frequency range where the light propagation is suppressed.
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Figure 2.60: Dispersion of the Bloch modes for the W3 photonic crystal waveguide
consisting of the circular air holes (the filling factor f = 0.31) in the
dielectric slab with the effective refractive index n.yy = 3.25.

The dispersion of guided modes of the W3 waveguide calculated using the plane
wave expansion method is shown in the Fig. 2.60. Anticrossing of two modes with the

even symmetry creates th

e ministop band near k ~ 0.1727/a and u ~ 0.261. Although
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the modes with the frequency inside the ministop band have the imaginary part of the
Bloch vector and exponentially decay in the waveguide this imaginary part is relatively
small and the dispersion relation can be measured experimentally [74].

The W3 waveguide (triangular lattice parameter a = 0.40 pm, hole diameter d =
0.27 pm, and total length L = 24 pum was designed to operate in the vicinity of
the ministop band for the TE polarized light around a wavelength of 1.55 pum. The
GalnAsP/InP planar waveguide is single mode in the frequency range of interest with
an effective index of 3.25. Details about the structural parameters and the fabrication
are given in [74]. The method of dispersion relation measuring is described in [75].
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Figure 2.61: Dispersion of the Bloch modes for the W3 photonic crystal waveguide
near the ministop band. Solid lines are calculated using the standard
PWE method and dashed lines are obtained using the frequency-
based PWE method; real (black) and imaginary (blue) parts of the
Bloch vector k are shown. Scatter points correspond to experimental
results: real part of k is red and imaginary part is green.

The comparison of the theoretical results (obtained using the frequency-based plane
wave expansion method) and the experimental dispersion relation of the W3 waveguide
modes is presented in the Fig. 2.61. Solid lines are calculated using the standard (k-
based) plane wave expansion method and dashed lines are obtained using the frequency-
based plane wave expansion method. For the frequencies where guided modes exist (with
purely real Bloch vectors) the results obtained by both methods are identical. But inside
the ministop band the frequency-based PWE method finds the evanescent modes with
non-zero imaginary part of the Bloch vector. The imaginary part (k) starts from zero
at the boundaries of the ministop band and reaches the maximum in the MSB center.

The experimental results are plotted by red circles (real part of k) and green circles
(imaginary part of k). There is a good agreement between the theoretical and the
experimental results, which proves validity of the frequency-based PWE method. The
discrepancy near the edges of the ministop band is the result of the intrinsic disorder
of the W3 waveguide [74].



2.8. Evanescent modes in photonic crystals 71

2.8.2 Penetration of the guided modes into the cladding re-
gions
As it has been discussed in the section 2.5.1.4 the W1 waveguide supports two guided

modes with different symmetry properties. The dispersion of the guided modes is shown
in the Fig. 2.62.
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Figure 2.62: Dispersion of the even and the odd modes of the W1 photonic crystal
waveguide.

The light propagated in the W1 photonic crystal waveguide is localized because the
frequencies of the guided modes are inside the full photonic band gap. The light in the
cladding regions, where photonic crystal have the perfect lattice, exponentially decays
with increasing the distance from the waveguide but has a finite penetration depth.
The light distribution in the cladding regions can be considered as a special evanescent
state in a perfect photonic crystal.

For a selected guided modes (with the given frequency w and the Bloch vector k)
due to the conservation rules the frequency of the evanescent state equals to w and the
projection of the Bloch vector on the waveguide direction equals to k.. The only free
parameter is the component of the Bloch vector normal to the waveguide direction: k,.

In general, the light in the photonic crystal regions can be represented as a sum
of the Bloch modes of the infinite photonic crystal with the given frequency and the
projection of the Bloch vectors on the waveguide direction. The Bloch vectors also have
to have the imaginary part directed outwards the waveguide. The contribution of the
states with larger S(k,) decays faster with increasing the distance from the waveguide
than the contribution of the states with lower (k). Hence, the field penetration depth
is determined mainly by the states with the lowest imaginary parts of the Bloch vectors
S(ky).

The imaginary parts (k,) of the Bloch vectors for the states with the lowest (k
are plotted in the Fig. 2.63. The imaginary part depends on the guided mode Bloch
vector k, (and also on the corresponding mode frequency) and the mode symmetry.
The light can penetrate deeper into the photonic crystal regions when the modes with
lower imaginary part exists.

In order to check the correlation between the guided modes penetration depth and
the calculated imaginary parts of the cladding modes Bloch vectors the profiles of the
guided modes have been analyzed.
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Figure 2.63: Imaginary part of the cladding modes for the W1 photonic crystal
waveguide guided modes.
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Figure 2.64: Magnetic field distribution of the periodic part of the Bloch modes.
a) |Hy| for k; = 0.35 2w /a. b) |Hy| for k; = 0.45 27w /a. ¢) Cross-
section of the H, field distribution for x = 0.5 a.

The magnetic field distribution for the even guided modes are plotted in the Fig. 2.64.
Two Bloch states have been chosen: with k, = 0.35 (where the evanescent state with a
small 3(k,) exist) and with k, = 0.45 (where all evanescent states have larger (k,)).
The cross-sections of the field distribution are shown in the Fig. 2.64(c). It is seen that
despite the field intensity in the nearest vicinity of the waveguide is larger for the state
with k, = 0.45 the field for the state with the k, = 0.35 penetrates deeper into the
photonic crystal region.

The same effect is observed for the odd guided modes for which the magnetic field
distribution is plotted in the Fig. 2.65. The states with the same Bloch vectors as in
the Fig. 2.64 have been selected. The cross-sections of the field distribution exhibit a
similar behavior: the field penetrates deeper into the photonic crystal regions when the
corresponding evanescent states with small J(k,) exist.

It is worth to note, that according to this analysis there is no direct dependence
between the group velocity and the penetration of the field into the cladding regions, as



2.8. Evanescent modes in photonic crystals 73

. .
£ e k=0.35 2ma
0.8 —k,=0.45 2m/a |

Figure 2.65: Magnetic field distribution of the periodic part of the Bloch modes.
a) |Hy| for k; = 0.35 27w /a. b) |Hy| for k; = 0.45 27 /a. ¢) Cross-
section of the H, field distribution for x = 0.

it has been erroneously suggested in [76], but the key parameter of the field penetration
depth is the Bloch wave vector.






Chapter 3

The guided mode expansion method

3.1 Introduction

An ideal two-dimensional photonic crystal has the translation symmetry along the z
axis, which leads to the existence of two independent polarizations: TE and TM. Real
fabricated devices, meanwhile, have a limited thickness and use the planar waveguide
in order to confine the light in the vertical direction. As it has been discussed in the
section 1.4.1, the field distribution of the guided modes can be quite different from the
field distribution of the 2D plane waves. Also, the dispersion properties of the guided
modes are more complex than the simple linear dispersion of the plane waves. These
effects should be taken into account in order to increase accuracy of calculation of the
optical properties of the two-dimensional photonic crystals. A natural extension of the
plane wave expansion method is the guided mode expansion method (GME), where the
set of the guided modes of the planar waveguide is used instead of the set of the plane
waves as the basis set for the Bloch mode decomposition [71, 77]. In these papers the
GME method has been formulated for a photonic crystal slab based on a three-layer
planar waveguide. In this thesis the guided mode expansion method has been derived
for structures with arbitrary number of layers in the planar waveguide. The results of
the GME and the PWE methods has been compared for different structures based on
the thick and the thin planar waveguides.

3.2 Guided modes of the planar waveguide

Consider the planar waveguide determined by the distribution of the material per-
mittivity £(z), where ¢ is a piecewise constant function. The vertical structure of the
waveguide is schematically shown in the Fig. 3.1. It consists of the stack of the layers
where the layer permittivity is denoted as e) (j = 0... M) and the layer thickness is
d;. The boundary between the j-th and the (j+1)-th layer has the coordinate z;;1. The
bottom (j = 0) and the top (j = M) layers are the cladding layers and it is assumed
that they have infinite thicknesses.

The light waves propagating in the (zy) plane along the x direction can be rep-
resented in the form of ¥ = ¥(y, 2)e9*~"* where ¢ is the wave vector and w is the
light frequency. Because of the translation symmetry along the y direction all compo-
nents of the electromagnetic field are constant along this direction and a% = 0. Hence,

75
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Figure 3.1: Vertical structure of the planar waveguide.

P = 1(2)e* " Tt is assumed below that all components of the electromagnetic field
satisfy this dependence.

In each layer (where the permittivity ) is a constant) the governing equations
(2.11) and (2.12) become

2
AE; + U —2Ej:o (3.1)

2
AH; + g@—Hj =0 (3.2)

There are two general solutions with different light polarizations. For the TE-
polarized light £, = 0 and the main variable is H,. The governing equation is

0*H,; S w?
87; + X?ij =0, where X? = 8(3)§ - g (3.3)
Other components can be obtained using the equations:
1 woH,; 0H,;
By, :ZTE P) : Hy; = Z% P) t=0
Xj ¢ 0Oz X; 9y
1 woH,; OH,;
E=—1—— = H, =122 (3.4)
XJ c Oy X; 0z

For the TM-polarized light H, = 0 and the main variable is E,. The governing
equation is

0*E,; L w?
8z2j +X7E;; =0, where xj= 5(’)§ — g (3.5)
Other components satisfy the equations:
@) w OF,,; OF,;
Hy = - =220 By =125
X; ¢ 0z X; Oy
el wOE g OB,
H,=1— 9 — B, =1—5—" 3.6
Toxte Oy TXE 0z (3.6)
The equations (3.3) and (3.5) for the main variables in each layer have the form
0%
L+ X305 =0, (3.7)

022
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where ¢; represents H,; or E,;. The solution of the equation (3.7) can be written for
all layers (except the bottom one) as:

@ = A;eXi%) 4 Bemi(e%) (3.8)

where z; < z < z;1; for intermediate layers (j = 1...M — 1) and z); < z for the top
cladding layer (j = M).
For the bottom cladding layer, where 7 = 0, the solution is written as:

0o = Age™ =) 4 B emxo(z=%0), (3.9)

This exceptional dependence on the z coordinate is assumed below for all field compo-
nents without special notifications.

The coefficients in the neighboring layers are connected by the layer transmission
matrix T and the interface matrix S as

Aji _ A
(Bj+1> =5 (Bj) (810

The transmission matrix for the layer with the thickness d; defines the new coeffi-
cients A and B when the coordinate is changed z; — z; + d; = 2;41. It equals to

elxjdj O
Tj:( ) e—szdj) (3.11)

The interface matrix determines the change of the coefficients A and B at the
different sides of the layers boundary.

The boundary conditions for the TE polarized mode are continuation of H, and H,
at the interface. The corresponding interface matrix

S, = 1 (Xj + X1 Xj — XJ'H) (3.12)
2X5 \ X5 — Xg+1 Xj T Xj+1

The boundary conditions for the TM polarized mode are continuation of E, and
D, = ¢FE. at the interface. The corresponding interface matrix

= 5610 v, " cU+1) Xj — ) . Xjt1 c+1) . X; + ). Xjt1

The coefficients of the field distribution in the first and the last layers of the waveg-
uide are connected as

A A A
(B@ =Sm—1-Ta—1-Sn—2...S1-T1-Sp- (Bz) =D- (Bg) (3.14)

Here the matrix D is the characteristic matrix of the planar waveguide. The matrix
D = D(g,w) connects the field coefficients in the top and the bottom cladding layers.

For the guided modes the parameter x? have to be negative in the top and the
bottom cladding layers, so the field exponentially decays when z — —oo0 and z — +oc.
It leads to the conditions for the coefficients:

Ao =0 and Ay 70 (3.15)
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The corresponding condition for the matrix D is
Dyy = 0. (3.16)

The dispersion relation w(g) can be found as a solution of the equation (3.16). For
a given wave vector g there may be several values for the frequency w that nullify Dos.
They correspond to different guided modes which have different spatial distribution of
the electromagnetic field. If the wave vector is too small there are no solutions of the
equation (3.16) and, hence, the waveguide cannot support a guided mode. The values
w and ¢ allow to obtain y\9) for each layer and reconstruct the mode field distribution.

A guided mode is defined by the wave vector g, the mode index [, the frequency w;
and the polarization s = TE, TM. The Greek letters will be used below to index the
modes, which denote combinations (g, s,[). For example, the field distribution in the
J-th layer will be written as:

P = Amelxm(zfzj) + Bﬂjeﬂxuj(z*"ﬁ) (3.17)

For the TE polarized mode the equations (3.4) provide the components of the elec-
tromagnetic field in the j-th layer:

Hypy = (Ayye?=5) 4 B, je o e=2)) gous

I w,

E,=—-—-", (Amezxuj(z—zg-) — Bme—zxuj(z—zj-)> eWn® (3.18)
Xupj €

HZ,U,] o —g_'u' (Aujezxﬂj(z_zj) — Buje_zxﬂj(z_zj)) ez-glla:
Xuj

For the TM polarized mode the equations (3.6) give the electromagnetic field com-
ponents in the j-th layer:

By = ( A, jeniz=2) Bﬂjeﬂxm(zfzy')) eton

uj
()
3
= — L (A, e ==%) — B, e Xna (=) tour (3.19)
Xpj €
By = =2 (g ) — Byemrl)) oo

2

For a guided mode propagating along an arbitrary direction in the (xy) plane it is
convenient to use the coordinate system with the unit basis vectors p, q, and z. The
vector p is chosen along the propagation direction, the vector z along the z direction
and the the vector q = z X p lays in the (zy) plane and is normal to the propagation
direction.

The electromagnetic field of the guided TE polarized mode in each layer is:

1
B =- X_% (Apgerem5) — B e E5)) g et
I
H,; =|(A,eX %) 4 B e uG2))p (3.20)

g_,LL (Aujelxﬂj(zfzj) _ B,U,jeilxuj (Zfzj)) VA eZng
Xuj
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For the TM polarized light the electromagnetic field in each layer is:

E.= (A“jezxw(z—zj) + Buje_zxw(z_Zj)) Pu—

& (Amele“'(z_zf) — Bme_zx*‘j(z_zj)) AL (3.21)
X
()
€ . ,
Hl"] :—ﬂ (Aﬂjelxll«j(zizj) . Bﬂjef'LXu](Z*Z])) quelgﬂr
Xuj €

All guided modes can be normalized according to

/H; -H,dr =6,, =0(81 —82) - 1115 * 051,50 (3.22)

where p = (g1,01,51) and v = (ga, l2, $2).
The integration of the periodic part over the (xy) plane gives

1
/e’(gz—gl)rdr = (27T)25(g1 — g9) (3.23)

If g = go and ] # [y or s; # sy the integration over the z coordinate nullifies the
result because the field distributions H, and H,, are the eigenfunctions of the Maxwell’s
equations with different eigenvalues. Hence, only the case y = v should be considered
to calculate the coefficients {A,,;, B,;}. The index p is omitted below for the simplicity.

The required integral over the z coordinate is composed as a sum of the integrals
over all layers and may be represented as:

z1 M-1 Zj+1 o0
/H*-Hdzz(/ +Z/ +/ )H*~Hdz (3.24)
—00 j=1 Y% ZM

It is convenient to introduce two functions which will be used for the calculation of
the integrals in the equation (3.24) over the intermediate and the cladding layers of the
waveguide:

d; 00
Ii(a) = / ey = —— (e9% —1) and Jj(a)= / ety = — (3.25)
0 a; 0 @
The index j here corresponds to the j-the layer of the structure. It is assumed, that «;
for the J;(«) has the imaginary part S(«;) > 0. The corresponding integral over the
bottom cladding layer can be expressed via J;(«): ffoo e?*dz = —+ = J;j(—a). In this
J

case ¥(a;) < 0.

Using the expressions (3.20) for the TE polarized light one can derive that in the
j-th layer
H* . Hj _ <A;e—ZXj(Z—Zj) + B;«ezx;f(z—zj)) (AjelXj(z—Zj) + Bje—zxj(z—zj))+

J
2

|>?_|2 (A;ﬁe—zxj(z—%‘) _ B;elx;‘-(z—zj')) (AJBZX]'(Z*Z;‘) _ BJ.e*lXj(Z*Zj)) (3.26)
J
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Combining this expression with the (3.24) and (3.25) one can obtain the following
equation:

2 2

/H* ‘Hdz =|Bo[*Jo(x — x) (1 + 2 2> + [ An P Tae(x — X¥) (1 + ) +

X0 Ix a2
M-1 e
Z{UAJ-PW S+ IBPL G - X)) (1 -t |2) TN
j=1 Xj

2
* * : ’ g
(A5 B L (=x = X*) + A; By L (x + X)) (1 - |Xj\2)}

The expressions (3.21) provide the following relation for the TM polarized light in
the j-th layer:

()2 qp2 .
H!-H; = (8 ) w <A* —uxj(2=25) B;elxj(z—Zj)> (AjQZXj(Z—Zj)_Bje—ZXj(Z—Zj)> (3.28)

j TGl @\
Using the expressions (3.24) and (3.25) the following equation is derived:

/H* Hd— ’)

M—1 Y2 w
Z (|€Xy|)2 2 {|A 1; X=X+ ’Bj|21j<X* —X)— (3.29)

Aijzj<_x —X) = 4B+ X) |

(002 ? :

According to these normalization rules the orthonormal basis set {H,,} of the guided
modes can be constructed. These modes can be used to calculate the electromagnetic
field in photonic crystal slab structures.

3.3 Guided modes expansion

The Maxwell’s equations lead to the following master equation for a monochromatic

magnetic field:

w2

— H(r) (3.30)

c2

X %VxH(r):

The magnetic field of a Bloch mode may be expanded using the orthonormal set of

the basis states as
=> ¢ H,(r) (3.31)

After substitution of the equation (3.31) into (3.30) and multiplying it by Hy (r) the
following relation is obtained:

WH(r) =V

> o HLV x _VxH, = > ¢, H;H, (3.32)
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This expression may be integrated over a volume, which leads to the eigenvalue

problem:
2

w
ZW}U/CV = gcu (333)

where the elements of the matrix W, are given by

W,, / (H;v x év x H) dr (3.34)
Since
H,V x EV xH,=V-|H,X EV x H, | + E(V X HH) (VxH,) (3.35)

the first term in this expression may be converted into a surface integral and vanishes.
It can be explained using the fact, that if the considered modes have been emitted a
finite time ago the field is localized in a finite volume and the integral over the infinitely
far surface equals zero. Because the integration volume can be chosen arbitrarily big
the lifetime of the modes can be infinitely long and the spectrum of the modes can be
infinitely narrow. Hence, this assumption is valid for the monochromatic guided modes.

Finally, .

W = /E(V x H},) - (V x H,)dr (3.36)

It is worth to note, that W,, = W} and so the matrix in the eigenvalue prob-
lem (3.33) is hermitian. This ensures positive eigenvalues and, hence, real Bloch mode
frequencies.

The guided modes of the planar waveguide depend on the wave vector g which can
take any value in the (zy) plane. However, light modes in the photonic crystal have
the form dictated by the Bloch-Floquet theorem and they depend on the Bloch vector
k. So, in order to preserve the periodicity of the photonic crystal lattice, only guided
modes with the wave vector g = k + G, where G is a vector of the reciprocal lattice,
may be used. Then the guided mode expansion of the magnetic field is:

H, = XG: > ) ek + G Ls)HLYE] (3.37)
l

s=TE,TM

Here [ is the mode index for the given wave vector k + G and s = TE, TM represents
the mode polarization. If the photonic crystal is non-symmetric relative to the mirror
reflection in the (zy) plane (which may be because of the planar waveguide structure
or because of the etched holes) the TE and TM polarized guided modes are coupled
and the Bloch mode has a mixed TE+TM polarization. If the photonic crystal has the
mirror symmetry the guided modes with the different polarizations are decoupled and
Bloch modes are TE or TM polarized.

The matrix element (3.36) should be calculated for all possible combinations of the
guided modes.

Inside each layer the following expressions can be derived (assuming p = (k + G, 1)):

VxH,=1— (Awelx“j(z’zj) — Bme”Xm“j(z’Zj)) qe®” (3.38)
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for the TE polarized modes and

V X H‘u] e Zg(J)% [(AujQZXHj(Zfzj) _|_ Bujeleuj(zfzj)) p'u_

I (Aw.elx;u(zfzg') _ Bujeﬂx“j(z*zj))z} e'8uT (3.39)
Xuj

for the TM polarized modes.

The inverse dielectric permittivity in each layer is approximated using the plane wave
decomposition of the permittivity and inversion of the permittivity matrix following the
procedure described in the section 2.3. Then @ffl,) corresponds to element ©,,, of the
inverse matrix £ in the j-th layer, where p = (k + Gy, 11) and v = (k + G, ls).

Using these expressions the matrix elements for all combinations of the guided modes
polarizations can be calculated using the following formulas:

TE-TE element:

ww? 0 ()2
W;w — l;4 (q,u : qu) WBALOBVOJO(XV - X,u)—i_
/J 14
M—=1 ~() -(5)\2
S A AL — X0 + BByl —v) - (340)
j:1 XMJXI/‘]
A% iByiLi(=x0 — X)) — By Auili(xw + XZ)}+
@gl\{) (g(M))Z
—— A A I (X — X,
XpumXvM . ( “)

TM-TM element:

Wy, Wy IuYv * *
W = O (0 p0) + 22 ) BBl — N+
ol 14
M—-1

i 1 g gV * * * *
@,1(1]1/) (6(]))2{ ((pﬂ ) pV) + *H ) [AMJAV]I](XV - X,u,) + BMJBVJI] (X,u - XV)] +

i Xvi

J
g gV * * * *
((Pu Py) — - ) (A% By Li(—xv — X}) — By A Li(xw + X},)] }+ (3.41)

Iu9v * *
@,(fy) (5(M))2 ((pu “Py) + m> AMMAI/M']M(XV - X,)]
pMAY
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TE-TM element:

0) / .(0)
wwl, O,v(c . X
WW:_ (QM pz/) _#B BquO(XV_Xu)"i_
X,LLO
M— 1@]) €(J . .
O AT = ) — BBl - )+ (342
=1 1

A BT (X = x3) = BlyAu 0o +x) |+
@(11\14) £(M))2 . i}
%)A#MAUMJM(XU - Xy,)

XuM

TM-TE element:

(0) / .(0)\2
w w? O (e . X
Wuu = Z (pu ql/) - M)E 0 ) BMOBVOJO(XV - XM)+
M—1 ~() (~(5)\2
@ V(SJ ) * *
A AL — X — BBuli(g — ) (343)
)

3.4 Comparison of the PWE and the GME methods

The comparison of the dispersion of the Bloch modes in a photonic crystal calculated
using the Plane Wave Expansion method and the Guided Mode Expansion method is
presented in the Fig. 3.2. The photonic crystal consists in the circular holes etched in a
thick waveguide with the weak refractive index modulation. In the selected frequency
range the waveguide is monomode for both TE and TM light polarizations and the
effect of the higher order modes is very small. The effective refractive indices for the
PWE method have been calculated for the light wavelength in the vacuum A = 1.55 ym
which corresponds for the used lattice constant of the photonic crystal a = 0.43 pum to
the reduced frequency u = 0.2774.

Both methods provide similar general structure of the dispersion diagrams, but there
are several noticeable differences. For the first band, when the light frequency is small,
the guided modes of the planar waveguide are weakly localized near the waveguide core
and the effective index of such modes is small. Because for the first photonic band
the light modes with the wave vectors inside the first Brillouin zone have dominant
contribution into the Bloch modes the band dispersion curve is similar to the dispersion
of a guided modes of the planar waveguide. This is why the dispersion curve obtained
using the GME method corresponds to higher frequencies.

Another important effect is that the field distribution of guided modes have a com-
plex vertical profile. The field intensity is maximum near the waveguide core and decays
into the cladding layers. It means that the effective overlap between the field and the
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Figure 3.2: Dispersion of the Bloch modes for the triangular lattice photonic crys-
tal consisting of the circular holes with the filling factor f = 40%
etched in the thick waveguide. a) TE polarization. b) TM polariza-

tion.
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Figure 3.3: Dispersion of the TE-polarized Bloch modes for the triangular lattice

photonic crystal consisting of the circular holes with the filling factor
f = 40% etched in the SOI waveguide.

holes is different in the GME method and the PWE method. It can be described in
terms of the effective size of the atoms, which depends on the mode frequency and the
Bloch vector. This effect modifies the shape of the dispersion diagram.

Similar effects are observed for the photonic crystals based on thin waveguide with
high refractive index contrast. The dispersion diagram for the triangular lattice photonic
crystal based on the SOI structure with the Si layer thickness 0.23 pm is shown in the
Fig. 3.3.

In this case the effective index of the waveguide growths noticeably with increasing
frequency which leads to some kind of the “compression” of the dispersion diagram in
comparison with the results calculated using the PWE method.

An accurate prediction of the shape of the dispersion curve is important to design
the structures which can slow down the group velocity of the propagating Bloch modes.
Because the group velocity equals to the gradient of the dispersion relation w(k) it is
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Length 25.8um

Figure 3.4: Top-view scanning electron microscope (SEM) image of the het-
erostructure coupled-cavity waveguide (CCW).

quite sensitive to small variations of the dispersion relation. The guided mode expansion
method allows one to take into account real vertical structure of the planar waveguide
and increase accuracy of the dispersion calculation, especially for the planar waveguides
with strong light confinement, like SOI and semiconductor membrane in air.

One of the way to achieve the slow group velocity is to fabricate a chain of the optical
cavities, where each cavity weakly coupled with the nearest neighbors. Such structure
called coupled cavity waveguide (CCW) [78, 79]. Because the cavities ar coupled there
is energy transfer between them, which allows the light modes to propagate along the
chain. The velocity of the light modes is determined by the coupling strength and
decreasing the coupling strength the group velocity can be made very small.

An example of the coupled cavity waveguide is shown in the Fig. 3.4. It is based
on a standard photonic crystal single-line-defect waveguide (W1), the lattice constant
of which is periodically decreased in the propagation direction by 10 nm to create a
double heterostructure [79]. The optical cavities are formed by four successive periods
of lattice constant @ = 430 nm and they are separated by potential barriers consisting
of two periods of a, = 420 nm (highlighted by red in Fig. 3.4). The total length of the
CCW is 25.8 um and it comprises 8 cavities, which are coupled to the access waveguides
by an intermediate photonic crystal waveguide region of a = 430 nm. Hole diameter of
d = 286 nm is constant in the whole photonic crystal, corresponding to the filling factor

0.284—————————

—— GME method |
—— PWE method

+  Experimental
results 7

0.283f
0.282}
<0.281}
ﬁ I
S0.280}
0.279}

0.278 amecsevveevel® 4

0277 1 1 1 1 1 1 1 1 1
-0.08 -0.06 -0.04 -0.02 0.00 Q.02 0.04 0.06 0.08
k, (21a)

Figure 3.5: Experimental dispersion diagram of the CCW waveguide compared
with the Plane Wave Expansion and the Guided Mode Expansion
calculations.



86 CHAPTER 3. The guided mode expansion method

of f =40% in the cavities.

Coupled cavities create an additional band for the dispersion, which has very small
bandwidth and, hence, small slopes.

The comparison of the experimental dispersion curve on the coupled-cavity waveg-
uide and the calculations is presented in the Fig. 3.5. The experimental points have been
measured using the Fourier-space imaging technique [75], which allows one to obtain
directly the dispersion relation of the CCW. Theoretical dispersion relations have been
calculated using the plane wave expansion and the guided mode expansion methods.
3925 guided modes (or plane waves) have been used for the theoretical calculations.
The effective refractive index of the SOI waveguide n.sr = 2.8278 (for A = 1.55 pum)
have been used for the PWE calculation. The best fit with the experimental dispersion
of the coupled-cavity band has been obtained using the filling factor f = 39% for the
guided-mode expansion method and f = 47% for the plane wave expansion method.

It is clearly seen from the Fig. 3.5 that the guided mode expansion method provides
much better agreement with the experiment. The GME method can provide right shape
and bandwidth of the CCW band and also have a good agreement with the experimental
dispersion of the waveguide mode, while the PWE method significantly underestimate
the bandwidth of the CCW band and overestimate the frequency of the waveguide
mode.



Chapter 4

Analysis of small variations of
photonic crystal parameters

Photonic crystals (PhC) are one of the key elements of the modern integrated optics.
Utilization of PhC-based structures allows to tailor light propagation properties and
create such devices as waveguides [5], microcavities [4, 51] etc. The design of these
devices requires an extensive numerical modelling to determine, for example, the dis-
persion relation for propagating modes, frequency, field distribution, and the quality
factor for the localized states. The computation speed becomes one of the critical pa-
rameters, because a large series of the calculation is usually required to find an optimal
design. Since the computational time and the required resources growth very fast with
the increasing of the device size and/or the spatial resolution it is important to have a
method which can rapidly estimate the effect of the device parameters variation on the
device performance.

The formalism of the perturbation theory, widely used in quantum mechanics, is
very promising for the calculation of the response of the device properties to small
variation of different parameters of the PhC structure. Unfortunately, the standard
perturbation theory approach is inappropriate for most of photonic crystals because of
the high index contrast and the sharp boundaries between the host material and PhC
atoms (holes or pillars) [80, 81]. Another important problem is how to introduce the
continuous perturbation parameter, which describes the variation of the PhC structure.
The methods based on the decomposition of the electromagnetic field over the basis
of the orthogonal functions (the plane wave expansion method and the guided mode
expansion method) has proved to be powerful and efficient tools for determining the
Bloch mode properties for any periodic structure. The representation of the permittivity
and the electromagnetic field distributions using the orthogonal basis allows one to
introduce the continuous variation of PhC structure parameters and overcome the issue
due to the permittivity discontinuity [81, 82]. The developed method calculates the
change of the state frequency and the field distribution as a result of the PhC parameters
perturbation.

87
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4.1 The Bloch mode calculation and the perturba-
tion theory

As it has been discussed in the section 2.1, the monochromatic electromagnetic field is
a solution of the Maxwell’s equations:

8(1—r)v <V x B(r) = (%)2E(r)

v x fi)v « H(r) = (;)2H(r) (A1)

for the electric (E) and the magnetic (H) fields, respectively. Here and later in this
chapter it is assumed that the magnetic permeability p(r) = 1 and that the dielectric
permittivity e(r) is a scalar real positive function of the coordinates.

The equations (4.1) can be written in a general form of an operator eigenvalue
problem

Lop = N, (4.2)

where 1) represents either the electric field E or the magnetic field H and A is the eigen-
value. The operator £ is determined by the distribution of the dielectric permittivity
and the type of the field.

The eigenvalues of the equation (4.2) determine the mode frequencies and the eigen-
functions determine the field distribution.

Variation of the permittivity distribution leads to change of the operator £ and new
solutions of the equation (4.2). If the variation is small the new operator may be written

as
L=LO4aL®yac® (4.3)

where « is a perturbation parameter. Operator £ corresponds to the original un-
perturbed permittivity distribution and operators £ and £®) are the perturbation
operators of the first and the second accuracy orders, respectively. The way how to
describe the variations of the permittivity and how to introduce the perturbation pa-
rameter will be discussed in the section (4.2).

Then the equation (4.2) is converted into

(LO +aL® +a2L®) = Ay (4.4)

Mathematical formalism for the solution of this type of equations is well developed
and is widely used, for example, in quantum mechanics. The permittivity in this case can
be considered as a some equivalent of a potential energy of light in the Hamilton operator
and the permittivity distribution determines the energy and the field distribution of the
solution of the Maxwell’s equations (4.1). Following this analogy, several useful methods,
initially developed for quantum mechanics, can also be applied for the solution of the
problem of the light propagation.

According to the perturbation theory, a small variation of the master operator pro-
duces new eigenvalues and eigenfunctions, which can be determined using the known
solutions A,® and 1,” for the n-th state of the initial problem (4.2). For the per-
turbed equation (4.4) with a small perturbation the new solution for one particular
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state (indicated by the index n) can be expressed as:
b= D entld, o=l + o) 4%l .
A= A0 1 ad® 4 02\ (4.5)

where functions @Z)ﬁ,?) are normalized solutions of the unperturbed eigenvalue problem

LOYD = NPy (4.6)

The summation over the index m in the expressions (4.5) is performed over all
possible solutions of the initial problem (4.6) (the discrete spectrum is assumed) and
the upper index of the terms in the series corresponds to the perturbation order. The
derivation of the exact formulas for the coefficients of the series (4.5) can be found in
many textbooks (see, for example [83]).

For the non-degenerated eigenstates of the equation (4.6) the corrections of the first
order of the accuracy are:

AP = £l (4.7
W 0, m=n
R ) (A&“) - A%?) m#n (48)

Here £, is the perturbation matrix element
£3, = W) = [ 60 L0uar (49)

Because the perturbation operator £ is hermitian the matrix element Eg,ll% = .c:;(,}).
The second order corrections are:

NP = £+ S 2R 0 =) (4.10)

m#n
2
iy e
2 LalFn (1(0)_y(0))?’
cg) = " (A"O - )

(4.11)

W)
1 £(2) L)L, LomiLiy
—5—7 - Smlln |
QRN [ mn = 0 + 2 itn A\ | - #

Here the matrix element Loy = ({0 [LP[{V).

If the states of the operator £ are degenerated the standard procedure of the
diagonalization should be applied for using the perturbation theory.

Using the plane wave expansion method or the guided mode expansion method the
solutions of the equation (4.6) are represented as a sum of orthonormal functions which
form the basis in a functional space {¢;}. Then the solutions can be written as:

PO = e, W0 = b (4.12)
k

l
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Then the matrix element

WWDIL[D) =" arbi(eil Ller) =Y aibily (4.13)

Lk Lk

So, the matrix elements L3, and £, for two solutions of the equation (4.6) can be
calculated using the matrix elements of the basis functions Ll(,? and Lglz).

The Maxwell’s equation operator L is determined by the permittivity distribution,
hence, the perturbation operators £ and £ are determined by the perturbation of

the permittivity.

4.2 Variations of the permittivity distribution

As it has been discussed before in the chapters 2 and 3 the coefficients of the Fourier
decomposition of the permittivity distribution are used in order to calculate the operator
matrix element for the basis functions. The following idea is applicable for the plane
wave expansion and the guided mode expansion methods. .

Consider a photonic crystal slab where the permittivity in the j-th layer is 51()] ) (and
the corresponding refractive index is nl()j )). The coefficient of the Fourier decomposition
of the permittivity distribution for the photonic crystal which consists of cylindrical
atoms can be written as:

, , N 2] 27R P ,
5(J)(Gm) = 5%) = Z {(nl(a)> — (nl(f)) 1 5 Gl J1 (G Ry))e Gmry +€,(,])5Gm70

l€atoms

(4.14)

Here G, is the wave vector of the reciprocal lattice, [ is the index of the atom in
the computational cell, nl(] ) is the atom refractive index, R; is the atom radius, S, is
the area of the cell, and r; is the position of the atom center. .J; is the Bessel function
of the first kind.

Later in this section it is assumed that all calculations required for the approximation
of the permittivity matrix are performed for each layer in the case of using GME method
and the index j of the layer is omitted for simplicity. '

Using the plane wave expansion method there is only one effective layer and néj ) is
the effective refractive index of the planar waveguide. The index j is not required in
this case.

In general, the coefficients of the decomposition of the permittivity are functions of
a set of parameters, which describe the positions and properties of all atoms in the cell.
They can be defined as functions of variables in the multidimensional parametric space
e(k) = e(k, x), where the vector x contains all coefficients which describe the photonic
crystal structure (atom’s radii, atoms’s positions, etc.).

Because these functions are smooth enough we can write the change of the coef-
ficients due to the variation of the parameters (up to the second order of accuracy)
as:

e(k,x + Ax) = e(k,x) + (Ax - Vy)e(k,x) + = (Ax - Vi )?e(k, x)

Oe(k,x) 1 0%e(k,x)
) I A A LA
(%:i + 2 T 35018:6]

N | —

=e(k,x) + Az; (4.15)
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Here the summation over all components in the parametric space is assumed.
In order to facilitate calculation of the derivatives in the expression (4.15) we can
note, that the expression (4.14) has the form

ek) = > gi(m)ga(Ri)gs(ri) + €00 (4.16)
where
g1(n) =n* —n} (4.17)
0(R) = L1 (kR) (4.18)
g3(r) = ek (4.19)

The constant term for the zero wave vector doesn’t affect the derivatives.

So, the variations of the atoms refractive indices, atoms sizes, and atoms positions
can be separated. It allows to calculate all partial derivatives in (4.15) using the ex-
pressions:

2

%9 _ o AT (4:20)

0 2 o? 27

a_i; — TRy (kR) azgRQ = 5 [h(kR) = kR (kR)] (4.21)
2

gfs S ara %?; = —k, ke k" (4.22)

One particular case of the variation of the parameters of the photonic crystal will
be considered here. In this case different components of the variation vector Ax are
connected as

Azx; = aAZy, (4.23)

where AZz; are arbitrary constants and « is a free variable. It corresponds to the variation
of the parameter vector x along a line in the parametric space. Hence, the variation can
be described (with a given set of constants AZ;) by only one perturbation parameter:
a.

The coefficients of the decomposition of the permittivity and the corresponding
permittivity matrix can be written as:

e(Gm) = (G, @) = €0,n + Q1 + Ao (4.24)
gmn = gmn(a) = gO,mn + Oégl,mn + 05252,mn (425)
Since the matrix elements of the operator W depend on the inverse permittivity

matrix © = £~! the goal is to obtain the perturbation of the inverse permittivity
matrix in the form:

0= @0 + 0491 + a2@2 (426)

where ©g = (£9) ! and ©;, O, are correction matrices.
Assuming a small variation of the matrix € (v < 1) it can be approximated (up to
the second order of accuracy) using the matrix Taylor series expansion:

@:@O—Oé@()'é\l'@0+052(@0'§1‘@0'5\1‘@0—@0'?’:\2'@0) (427)
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And hence

@1 - —@0 . 51 . @0 (428)
@2:@O'é\l'@O'é\l'@O_@O‘gQ'@O (429)

The matrix elements L'y, and L&), can be calculated using the formulas for the
original operator £, by substitution of the coefficients ©1 ,,,,, and O3 ,,,, instead of 6,,,,,.

4.3 Application of the perturbation method

The perturbation method described above can be used to analyze the response of the
optical properties of the photonic crystals on small variations of the photonic crystal
parameters. Consider a triangular lattice photonic crystal consisting of circular holes
etched in the thick waveguide with the effective refractive index n.ry = 3.24. The radius
of the holes R = 0.33a, where a is the lattice constant. The dispersion relation of the
TE polarized Bloch modes calculated using the PWE method is shown in the Fig. 4.1.

0.6

0.4+

u=a/A

0.2

0.0

M r K M
Figure 4.1: Dispersion of the TE polarized Bloch modes for the triangular lattice
photonic crystal consisting of the circular air holes (the filling factor

f = 0.4) in the dielectric slab with the effective refractive index nefs =
3.24.

Two states are selected for the further analysis: the state of the first band with the
Bloch vector k; in the middle between the I' and the K points and the state of the
second band with the Bloch vector ks at the I' point.

The comparison of the results obtained by the standard PWE method and the
perturbation method is discussed below. The maximum length of the reciprocal lattice
vector Goee = 713%” and the number of used plane waves N = 187, which ensures a
good accuracy of calculated Bloch modes frequencies.

Infiltration of the holes by a material changes the dispersion of the Bloch modes,
because the photonic crystal “atoms” have new refractive index. Hence, the photonic
crystals can be used as sensor to the refractive index of the environment. In order to
design the photonic crystal structure with desired sensitivity and calibrate it a precise
knowledge of the response of the dispersion on the variations of the atom refractive
index is required. The perturbation method can analyze such variations with a high
accuracy.
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Figure 4.2: Dependence of the Bloch mode frequency on the variation of the hole
refractive index for different accuracy of the inverse permittivity ma-
trix approximation. a) The first state. b) The second state.

The dependence of the Bloch mode frequency on the variation of the hole refractive
index is shown in the Fig. 4.2. Several different ways have been used to calculate the
mode frequencies. The first uses exact inverse permittivity matrix for each values of the
hole refractive index. The results obtained by this approach are plotted by black lines.
The second way is to approximate variation of the inverse permittivity matrix with the
first order of accuracy and then use the approximated matrices to construct the eigen-
value problem (red lines). The reference point for the hole refractive index have been
taken in the middle of the variation range. The last way is to use the second order ap-
proximation for the inverse permittivity matrix (green lines). In all these cases the final
mode frequencies have been obtained by exact solutions of the corresponding eigenvalue
problems. Hence, the accuracy of the approximation of the inverse permittivity matrix
variations are examined in this example.

The frequencies obtained using different approaches are quite close which proves the
quality of the approximation of the inverse permittivity matrix using the Taylor series.
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Figure 4.3: Relative error of the mode frequencies calculated with different ac-
curacy of the inverse permittivity matrix approximation. a) The first
state. b) The second state.

The frequencies calculated using the exact inverse permittivity matrix with conse-
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quent solution of the corresponding eigenvalue problems are chosen as the reference
frequencies u,.¢ and the relative frequency difference (v — tyef)/ures is used to analyze
the accuracy of the method.

The relative frequency difference as a function of the hole refractive index is plotted
in the Fig. 4.3. The typical scale of the relative frequency difference is of the order of
1073, which prove high accuracy of the proposed approximation scheme. The results
are similar for both states, which allows to expect similar approximation errors for all
states with arbitrary Bloch vector within several first photonic bands.

It is clearly seen that utilization of the first approximation order leads to a systematic
error roughly proportional to the square of the deviation of the hole refractive index
from the reference value. Utilization of the second approximation order eliminate this
error and greatly improves the accuracy.

The next step in the proposed perturbation method is to replace the solution of
the eigenvalue problem for each value of the varied photonic crystal parameter by
calculation of the corrections to the eigenvalues.
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Figure 4.4: Dependence of the Bloch mode frequency on the variation of the hole
refractive index for different orders of the perturbation method. a) The
first state. b) The second state.

The comparison of the results obtained by utilization of the perturbation method
and exact solution of the eigenvalue problem is presented in the Fig. 4.4. The results
provided by the exact solutions of the exact eigenvalue problem for each values of
the atom refractive index are shown as black lines. The results obtained as the exact
solutions of the eigenvalue problems with the approximated inverse permittivity matrix
(the second order approximation has been used) are plotted as red lines. Green and
blue lines correspond to the results calculated using the perturbation method of the
first and the second accuracy orders, respectively. All methods give very close results
and detailed analysis of the relative frequency difference is required.

The relative frequency difference for different calculation methods is plotted in the
Fig. 4.5. All methods exhibit very good accuracy with the typical relative error less than
1073, The first order approximation method also exhibit the systematic parabolic error
which can be removed by using the second order perturbation method. The relative
error in this case can be improved for up to 107%.

Another important example of variation of the parameters of the photonic crystal
is change of the “atom” sizes. Because fabrication of the real-life samples always in-
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Figure 4.5: Relative error of the mode frequencies calculated with the perturba-
tion method. a) The first state. b) The second state.

troduced some fabrication error and there is always some uncertainty in the sizes of
the etched holes or pillars. The perturbation method can serve as an efficient tool to
examine the tolerance of the photonic crystal structures to the fabrication errors.

Here the variation of the frequency of the same Bloch modes as have been used
above is examined for the hole radius R changing from 0.31a until 0.35a.
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Figure 4.6: Dependence of the Bloch mode frequency on the variation of the hole
size for different accuracy of the inverse permittivity matrix approxi-
mation. a) The first state. b) The second state.

The dependence of the Bloch mode frequency on the variation of the hole refractive
index is shown in the Fig. 4.6. The notation of the results is the same as used in the
Fig. 4.2. Approximation of the inverse permittivity matrix using the Taylor series in
this case leads to larger errors in the mode frequencies, especially for the first order
approximation.

The relative error of the calculated frequency is plotted in the Fig. 4.7. Typical
relative error is the order 10~2 for both states. The first order approximation exhibits
the systematic parabolic-like error which can be suppressed using the second order
approximation of the inverse permittivity matrix.

Utilization of the perturbation method for calculation of the corrections to the eigen-
values allows to obtain the results quite close to the exact calculation, which is clearly
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seen in the Fig. 4.8. The notation of the results is the same as in the Fig. 4.4.

The relative error in the mode frequency is shown in the Fig. 4.9. The typical error
is of the order 1073 for the first order perturbation method and is improved up to 10~*
for the second order. Surprisingly, the full perturbation method (approximation of the
inverse permittivity matrix 4+ approximation of the eigenvalue corrections) works better
than partial perturbation method (approximation of the inverse permittivity matrix +
exact solution of the corresponding eigenvalue problem). It seems that there is some
intrinsic stability of the perturbation method which improves accuracy of the eigenvalue
corrections approximation.
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Figure 4.7: Relative error of the mode frequencies calculated with different ac-
curacy of the inverse permittivity matrix approximation. a) The first
state. b) The second state.
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Figure 4.8: Dependence of the Bloch mode frequency on the variation of the hole
size for different orders of the perturbation method. a) The first state.
b) The second state.

Another example of the photonic crystal parameter variation is shifting positions
of the “atoms”. Such disturbance of the photonic crystal lattice change dispersion of
the structure and an be used to tune the photonic crystal optical properties for some
specific applications.

Consider the L2 cavity in the triangular lattice photonic crystal consisting of the
circular air holes etched in the thick planar waveguide with the effective refractive
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Figure 4.10: a) L3 cavity in the triangular lattice photonic crystal. b) Dependence
of the cavity localized modes frequencies on the displacement of the
side holes.

Ness = 3.36. This cavity is schematically shown in the Fig. 4.10(a). Shifting the position
of the side holes (indicated by blue color) along the x axis in the directions indicated
by the black arrows modifies the cavity geometry and frequencies of the cavity localized
states. Variation of the position of these holes (as well as variation of the hole size) also
affect the quality factor of the localized states.

The dependence of the cavity localized modes frequencies on the displacement of the
side holes is plotted in the Fig. 4.10(b). The magnetic field H, profiles of the selected
localized states (all are TE polarized) are shown in the insets.

Calculation of such dependencies is a challenging task for the plane wave expansion
or the guided mode expansion methods. A large super-cell is required to represent the
cavity surrounded by the photonic crystal area. Increasing the size of the super-cell
leads to fast increasing of the number of used plane waves (or guided modes) and
greatly increase the computer resources required to find the mode frequencies.

The perturbation method solve the matrix eigenvalue problem only once, which
drastically reduces the time of the calculation.

Comparison of the selected localized mode frequencies obtained by the exact calcu-
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Figure 4.11: Comparison of the results obtained by the exact solution and using
the perturbation method.

lation and using the perturbation method is presented in the Fig. 4.11.

The second order perturbation method exhibit a small relative error of the order
10~ and can properly reproduce non-linear dependence of the mode frequency on the
holes displacement (which is evident for the mode with the lowest frequency).



Chapter 5

Polarization Beam Splitter design

Photonic crystals are in the focus of extensive research for integrated optics applications.
Through skilful engineering, PhC heterostructures offer a variety of appealing optical
functionalities, that may be integrated in advanced photonic circuit chip as building
block with a very small footprint. However, PhC structures are highly sensitive to the
polarization of the light and there is a fundamental need for devices enabling polar-
ization control. Polarization splitters belong to such class of devices, which can be of
interest in a polarization diversity scheme where both orthogonal polarization states of
the signal are treated independently.

Polarization beam splitter (PBS), that can split light into two orthogonal polariza-
tion states, is one of the important components in integrated photonics. A polarization
splitter is a more demanding device compared to a polarizer, as it should perform equally
well for both polarization. The key parameters to assess the quality of a polarization
splitter device are transmission coefficients for both polarization outputs which should
be as close to unity as possible and cross talk and back reflection which should be as
low as possible.

Several types of PBSs have been reported based on ridge waveguides. However,
the typically required guiding length is of the order of millimeters, making them less
attractive for integration. Recently, a new type of PBSs, based on two-dimensional
photonic crystals, has been proposed [84-93].

There are two major requirements to realize a compact high-efficiency PBS. First,
both the TM and the TE polarized light must propagate with low loss in the device.
Second, the difference between the propagating properties of the TM and the TE light
must be large enough to ensure that the two polarizations can be separated after a
short propagation distance. The first requirement might be satisfied by creating the
device in a PC with a complete photonic band gap (PBG) for both polarizations, e.g., a
triangular or square lattice of air holes in a high-index medium with a sufficiently large
air-filling factor. Utilization of two parallel waveguides with low losses and different
coupling efficiency for the TE and the TM polarized light and, consequently differ-
ent coupling length, allows to transfer light with only desired polarization from one
waveguide to another [84, 85]. Another approach is based on polarization-dependent
dispersion properties of PhC, which may lead to different propagation direction for the
TE and the TM polarized light. Utilization of positive refraction for one polarization
and negative refraction effect for another allows one to separate light beams [86-89].

99
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Two main types of 2D photonic crystals have been proposed for this type of the PBS:
high permittivity pillars in air [86, 87] and air holes in a dielectric media [88, 89]. Weak
vertical light localization in the case of the pillar-type photonic crystals leads to very
high losses, unacceptable for any practical devices [87]. Long light path inside hole-type
PhC and large air holes are detrimental to light guiding and lead to out-of-plane losses
(24, 25]. Furthermore, the difference between the TM light and the TE light propaga-
tion properties will not be substantial if both polarization states are guided through a
similar effect, which would violate the second requirement for a compact PBS.

The way to create a large difference of the propagation properties of two different
polarization is working in the frequency range where there is the band gap only for one
polarization. In this case the main idea of the PBS design is utilization of a PhC slab
which can transmit light with one polarization and reflect light with another due to the
band gap effect [90-93].

5.1 Simple design

The simple design of the polarization beam splitter contains PhC slab, operating as the
splitter, input waveguide and output waveguides for transmitted and reflected light. It
is presented in the Fig. 5.1.

s
o]
s*eetes’s

Figure 5.1: Schematic principal design of the polarization beam splitter.

The light beam comes from the input waveguide and TE polarized light is reflected
into one output waveguide while TM polarized light is transmitted into the second
output waveguide.

Straightforward implementation of such concept, where a PhC slab, exhibiting a
band gap for only one polarization, is inserted into a regular or a PhC waveguide,
proved to be inefficient. This is mainly due to the occurrence of strong in-plane light
diffraction because the PhC slab interface acts as a grating as it is located at a PhC/non
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Figure 5.2: 2D FDTD simulation of the TE polarized field pattern for the simple
design polarization beam splitter.

PhC crystal boundary. An example of the field distribution of the TE polarized light is
shown in the Fig. 5.2. Strong backward scattering is observed which decreases the device
performance. Because the direction of the scattered light depends on the light reduced
frequency (u = 0.3 (2m¢/a) in this example) usually there is small deviation between
the direction of the backward scattered light and the direction of the input waveguide.
In this example shallow etched waveguide with small refractive index contrast are used
and the light localization is weak, so the light can propagate even outside of the input
waveguide. Utilization of the waveguide with large index contrast also exhibit strong
backward scattering but in this case the field pattern is more complex because of the
interference with the input beam. So, only the case of the shallow etched waveguide is
presented here for the sake of simplicity.

Strong scattering of the TE polarized light drastically decreases intensity of the light
in the TE-output waveguide. This makes such a device an acceptable polarizer but not
a good polarization beam splitter.

5.2 Self-collimation based design

It is therefore important to decrease the losses which arise due to the mismatch of the
light modes inside the polarizer and the outer regions. It can be done by control of the
possible mode propagation directions. As it has been discussed in the section 2.5.3, for
specific frequencies and PhC lattice structure, light can propagate without diffraction.
This effect, commonly referred to as self-collimation, relies on the special dispersion
properties of Bloch waves in PhCs where the curvature of the equifrequency surface
(EFS) moves away from the normally circular curvature in free space. As the direction
of a propagating Bloch mode is always normal to the EFS, self-collimation is achieved
when the EFSs are as flat as possible.

The self-collimation effect has been proposed to control the beam propagation in
square lattice photonic crystal [32, 91] and suppress the light scattering at the heteroin-
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terfaces. This effect is also used in several proposed designs of the PBS to decrease the
in-plane losses for the propagating beams [92, 93].
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Figure 5.3: Gap map of a square lattice photonic crystal consisting of air holes
in a dielectric with the effective index n.ry = 3.25. The shaded areas
indicate the band gap energies. The black (grey) curve shows the self-
collimating frequency for TM (TE) polarization. A pair of operating
points are indicated (A and B). The shaded segment indicates a 5%
operating range, corresponding to coarse CWDM operation.

Fig. 5.3 shows the gap map of a square lattice photonic crystal consisting of air
holes in a dielectric with the effective index n.¢; = 3.25. The shaded areas indicate the
band gap energies as a function of the filling factor f. The grey (black) curve shows the
self-collimating frequency for TE (TM) polarization as a function of f. The operating
points should be chosen such that for a given frequency the first lattice has a band
gap for one polarization but not for the other, whereas the second lattice exhibits self-
collimation for both polarizations. Such a pair of operating points is indicated in the
Fig. 5.3 (points A and B). The frequency range of operation depends on the frequency
width of the band gap and is also related to the slope of the self-collimating curves; a
steeper curve favours a wider operating range. A 5% frequency range, for coarse CWDM
operation is indicated in Fig. 5.3 (shaded segment, note that the frequency axis is on a
log-scale).

For low index contrast planar waveguide structure self-collimation has the desirable
property that it occurs at nearly identical frequencies for both TE and TM polarizations
and over a wide frequency range (several percents).

The proposed polarization splitter structure [94] is shown in the Fig. 5.4. It consists
of a tile polarization splitter, comprised of a PhC working in the self-collimation mode
(a square lattice working in the second band). Embedded in this is an intermediate PhC
slab with identical lattice symmetry but different filling factor which exhibits a large
reflection coefficient for TE and a high transmission coefficient for TM polarization.
Note that the short path length of the TM light through the slab means that maintaining
self-collimation in this region is not essential. Embedding the polarizing slab within a
PhC structure of the same crystal lattice (only the filling factor changes) suppresses
the in-plane diffraction losses at the PhC/non-PhC interface.
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Figure 5.4: Schematic design of the polarization beam splitter based on the self-
collimation effect.
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Figure 5.5: 2D FDTD modeling of (a) TE and (b) TM field patterns for the op-

timized self-collimating polarization splitter structure, showing trans-
mission for TM light and high reflection for TE light.

The results of 2D finite-difference time-domain (FDTD) simulations of light propa-
gation through the polarization beam splitter are shown in Fig. 5.5 for the TE (a) and
TM (a) field patterns for the optimized self-collimating polarization splitter structure.
Note the weak back reflection and the absence of in-plane diffraction at the boundary
between the polarizer region and the cladding photonic crystal regions.

The light propagating in the photonic crystal regions exhibits out-of-plane scattering
which give information about the field distribution and intensity. The top view of the
polarization splitter obtained using a high-numerical-aperture microscope is presented
in Fig. 5.6 for the TE (a) and the TM (b) input polarization states. It is clearly seen,
that TE-polarized light is reflected while TM-polarized light is transmitted through the
polarization splitter. The scattered light is observed only inside photonic crystal regions
since the input and output waveguides have very weak radiation losses.

Performance of the polarization splitter has been estimated and optimized using 2D
FDTD method. Calculated transmission for both light polarizations is shown in Fig. 5.7.
The optimized filling factor for a square lattice structure of holes was found to be
fse = 30% for the self-collimating tile and f,,, = 50% for the polarizer slab. Transmission
for both polarizations of up to 83% is predicted including the insertion reflection, and
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a) b)

Figure 5.6: Top view from a high-numerical-aperture microscope image of the
polarization splitter with TE and TM input polarization states. (a)
TE-polarized beam is reflected; (b) TM-polarized beam propagates
through the splitter. A = 1.55 pym.

occurs over a bandwidth as large as Au/u = 7% (shaded area in Fig. 5.7). As expected,
the TE channel exhibits good transmission when the incident beam frequency lies within
the photonic band gap, and the TM channel exhibits transmission over a broader range
which is limited either by the band-edge of the TM band gap or when the frequency
deviates too much from the self-collimation conditions.

The fabricated structure consists of six lines with nominal f = 50% embedded
in a tile of 40 lines with f = 30%. Refraction in the slab and Goos-Hénchen effect
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Figure 5.7: Solid curve, 2D FDTD modeling of the (top) TE and (bottom)
TM output spectrum of the optimized structure (fs. =30% and
fpol = 50%); dashed curve, cross-talk TE (TM) transmission in the
TM (TE) channel.
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[95] induce a small offset of the output axis waveguides compared with their nominal
specular location which has to be taken into account in the final device design. The
structure actually fabricated consist of a set of two splitters, the first splitter performs
the polarization separation itself while the second splitter reflects the TE beam, thus
allowing the two polarizations to be measured through parallel ridge waveguides. The
structures were fabricated in a single- and a dual-block version (see Fig. 5.8). Note that
TE measurements presented below are normalized to a single polarization splitter, i.e.
the shown transmission spectra are the square root of the measured spectra.

The planar waveguide consists of an optimized GalnAsP/InP structure [48]. The
lithography was performed on a LEO 1530/Raith Elphy electron-beam system, and
structures were etched onto a custom-designed chemically assisted ion-beam etching
(CAIBE) system by using Ar : Cly and flowable oxide (FOx-12, Dow Corning) as the
hard mask. While the PhC section was deeply etched, the access waveguides were defined
in a second lithography step and were shallow etched to ensure single-mode operation.
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Figure 5.8: Output spectrum of the polarization splitter (lattice constant
a = 450 nm) in single (top) and dual (bottom) versions, TM (TE)
channel left (right). TM, black; TE, gray. TE output is normalized
to one device. Insets, microscope images of the single-block and dual-
block version with or without an intermediate ridge waveguide.

Measurements were performed on a regular end-fire setup with a tunable laser (range
1.47 — 1.66 pm) light source coupled into the sample via lensed optical fibers. Polariza-
tion control and analysis are inserted into the input and collection fibers. The samples
as fabricated had filling factors close to the nominal values, as determined optically
from calibration test structures. The transmission spectra for both output channels are
shown in Fig. 5.8. The best results were obtained over a frequency bandwidth in excess
of 5% and show an output transmission of 35% (25% - 30%) for the TM (TE) channel
with 0.2% - 0.8% (3% - 4%) TE (TM) cross talk in the TM (TE) output, respectively.
The frequency range is likely to be larger, as the low-energy cutoff could not be mea-
sured owing to the limited wavelength range of the tunable laser for the given lattice
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constant of the sample. The free spectral range of the FabryPerot type fringes in the
dual-block version [Fig. 5.8(b)] agrees with the optical length corresponding to back
reflections at the tile interface or at the polarizing slab. The fringe contrast allows us to
evaluate the reflection coefficient at 37% for TE and 10% for TM. The values obtained
for the TE output were confirmed by an independent in situ measurement performed
by N. Le Thomas and R. Houdré based on an analysis of the emission pattern of the
light diffracted from the surface [black dots in Fig. 5.8(d)].

Two mechanisms reduce the transmission of the polarization splitter: (1) out-of-
plane light scattering, which can be either intrinsic, because the sample always op-
erates above the light cone, or extrinsic, due to sample imperfections (hole shape or
disorder); and (2) back reflection of the light at the interfaces (the ridge waveguide
with the PhC tile or the polarizing slab). Improving the processing could reduce light
scattering; however, this can be a demanding task, given that the present processing
is already of high quality. Back reflected light could be reduced by improved design
of the interfaces, including antireflective coatings with, for example, rows of increasing
hole sizes. Considering that back reflection was estimated at 37% (TE) and 10% (TM),
this gives a potential for improvement of transmission in the range of 45% - 55% for
the TM channel and 60% - 90% for the TE channel, which are acceptable values for a
marketable device.



Chapter 6

Conclusions and perspectives

In this work the optical properties of two-dimensional photonic crystals have been
theoretically investigated using the methods developed in the framework of the thesis.
These methods are based on the general ideas of the mode expansion method and allow
one to obtain detailed information about the Bloch modes in the photonic crystals.

The general formulation of the plane wave expansion method for arbitrary two-
dimensional photonic crystal has been derived in the second chapter of the thesis. The
Bloch vector based approach and the frequency based approach have been considered.
These approaches are intended for investigation of the propagating Bloch modes and the
evanescent Bloch modes, respectively. It has been shown that combination of these ap-
proaches allows one to analyze properties of complex photonic crystal based structures,
like cavities and waveguides.

The effect of the discontinuity of the distribution of the dielectric permittivity and/or
the magnetic permeability in the photonic crystal on the accuracy of the developed
methods have been discussed. The discontinuity leads to the Gibbs phenomenon which
deteriorate accuracy of the approximation of the dielectric permittivity and/or the
magnetic permeability. New methods to filter out the oscillations relater with the Gibbs
phenomenon and improve the approximation accuracy have been proposed and tested.
It has been shown that the proposed methods can significantly improve accuracy of the
calculated distribution of the in-plane components of the electromagnetic field in 2D
photonic crystals.

A detailed analysis of the optical properties (dispersion relation, group velocity, self-
collimation effect, field distribution etc.) of the 2D photonic crystals has been performed
using the developed methods.

An extension of the PWE method — the guided mode expansion method has been
derived for the 2D photonic crystal slabs with the intrinsic planar waveguide. This
method takes into account the electromagnetic field distribution in the planar waveg-
uide, which improves accuracy of the method, especially for the case of thin waveguides
with high refractive index contrast (e. g. SOI and membrane waveguides).

A new method of analysis of small variations of photonic crystal parameters has
been developed. This approach has been proven to be fast and accurate method for
calculation of the effect of the photonic crystal modification on the optical properties.

The developed methods have been used to design the polarization beam splitter
based on the self-collimation of the Bloch modes and polarization-dependent dispersion
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of light in 2D photonic crystals. Good agreement between the theoretical predictions
and performances of the fabricated sample proves the validity of the methods.

The methods discussed in this thesis work well and provide many important infor-
mation about the light modes in 2D photonic crystals. But several directions of the
methods improvements may be proposed based on the gained experience.

First direction is based on the fact that all discussed methods work with photonic
crystals with periodicity either at the micro scale (primitive photonic crystal cell) or the
macro scale (artificial super-cell to represent lattice defects). All real life samples have
imperfections due to fabrication, which are randomly distributed across the sample. A
method to take into account the small disorder and estimate its effect on the sample
optical properties is important for more detailed analysis of the real-life structures.

Another important point is further analysis of the effect of the permittivity and/or
the permeability discontinuities on the accuracy of the methods. New ways to suppress
the Gibbs phenomenon will improve the convergence rate and increase the calculation
speed of the proposed methods.

One thing is certain. Since the numerical modelling is an essential tool for the
integrated optics future advances in the modelling methods will have large and positive
impact on development next-generation integrated optics devices.



Appendix A

Optical properties of the 2D
photonic crystals

A.1 Dispersion properties of photonic crystals

A.1.1 Square lattice photonic crystals

The dispersion of the Bloch modes of the square lattice photonic crystal consisting of
a semiconductor circular pillars with the effective refractive index n.fr = 3.24 in the
air and with the filling factor f = 0.4 is presented in the Fig. A.1 and Fig. A.2. The
maximum length of the reciprocal lattice vector G, = 8%” and the number of used
plane waves N = 197. The dispersion of the first band near the I" point is close to the
dispersion of the light in a homogeneous media and only near the boundary of the first
Brillouin zone the effect of the photonic crystal is visible. The noticeable difference is
observed for the dispersion of the second band for the TE polarized light. The maximum
mode frequency corresponds to the states with the Bloch vector at the corner of the
first Brillouin zone (the M points) (in comparison with the I" point for the photonic
crystal made of the air holes in the dielectric background). The dispersion of the TM
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Figure A.1: Dispersion of the TE-polarized Bloch modes for the square lattice
photonic crystal consisting of the circular dielectric pillars (the filling
factor f = 0.4) with the effective refractive index n.sr = 3.24 in the
air. a) The first band. b) The second band.
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Figure A.2: Dispersion of the TM-polarized Bloch modes for the square lattice
photonic crystal consisting of the circular dielectric pillars (the filling
factor f = 0.4) with the effective refractive index n.sy = 3.24 in the
air. a) The first band. b) The second band.

polarized Bloch modes is similar to the dispersion of the TM polarized modes of the
hole-type photonic crystal.
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Figure A.3: Dispersion of the Bloch modes for the square lattice photonic crystal
consisting of the circular dielectric pillars (the filling factor f = 0.4)
with the effective refractive index n.ry = 3.24 in the air. a) TE
polarization. b) TM polarization.

The cross-section of the light dispersion is shown in the Fig. A.3. In this case two
full photonic band gaps (indicated by the gray regions) exist for the TM polarized light.
Changing of the type of the permittivity contrast from “low index atoms, high index
background” to “high index atoms, low index background” modifies the effect of the
photonic crystal to different light polarization. The first type corresponds to a larger
effect on the TE polarized light while the second one affects more the TM polarized
states.

The dependence of the position and the width of the full photonic band gaps on
the filling factor is shown in the Fig. A.4. The gaps exist for the TM polarized Bloch
modes in a wide range of the filling factor and only a narrow full band gap for the TE
polarized states opens for large filling factor f ~ 0.65.
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Figure A.4: The full photonic band gaps for the square lattice photonic crystals
consisting of dielectric pillars (n.ss = 3.24) in the air.

A.1.2 Triangular lattice photonic crystals

The dispersion of the Bloch modes of the triangular lattice photonic crystal consisting of
a semiconductor circular pillars in the air with the effective refractive index n sy = 3.24
and with the filling factor f = 0.4 is presented in the Fig. A.5 and the Fig. A.6. The
maximum length of the reciprocal lattice vector Ge: = 7%27“ and the number of used
plane waves N = 187. Similar to the case of the square lattice photonic crystal the
maximum frequency of the second band for the TE polarized light corresponds to the

corners of the first Brillouin zone (the K points).
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Figure A.5: Dispersion of the TE-polarized Bloch modes for the square lattice
photonic crystal consisting of the circular dielectric pillars (the filling
factor f = 0.4) with the effective refractive index n.sy = 3.24 in the
air. a) The first band. b) The second band.

The cross-sections of the dispersion of the Bloch modes for the pillar type triangular
lattice photonic crystal are presented in the Fig. A.7. The full photonic band gap exist
for the TE polarized Bloch modes and two much larger full band gaps exist for the TM
polarized states.

The dependence of the position and the width of the full photonic band gaps on the
filling factor is shown in the Fig. A.8. The gaps exist for the TM polarized Bloch modes
for almost all possible values of the filling factor and a narrow full band gap for the TE
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Figure A.6: Dispersion of the TE-polarized Bloch modes for the square lattice
photonic crystal consisting of the circular dielectric pillars (the filling
factor f = 0.4) with the effective refractive index n.ss = 3.24 in the
air. a) The first band. b) The second band.
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Figure A.T7: Dispersion of the Bloch modes for the triangular lattice photonic
crystal consisting of the circular dielectric pillars (the filling factor
f = 0.4) with the effective refractive index n.rr = 3.24 in the air.
a) TE polarization. b) TM polarization.
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Figure A.8: The full photonic band gaps for the triangular lattice photonic crys-
tals consisting of dielectric pillars (nefy = 3.24) in the air.

polarized states opens for the filling factor f larger that about 0.2.
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A.2 Group velocity of the propagating Bloch modes

A.2.1 Square lattice photonic crystals

The group velocity of the Bloch modes for the square lattice photonic crystal made of
the dielectric pillars in the air is presented in the Fig. A.9 and the Fig. A.10. It exhibit
the behavior similar to the case of the hole-based photonic crystal. The calculation
parameters are the same as used for the results shown in the section A.1.1.

The difference can be observed for the direction of the group velocity for the TE po-
larized Bloch modes in the second band near the M points. Because the mode frequency
is maximum at the M points the group velocity is directed towards the M points, which
opposite to the case of the hole-based photonic crystal (see Fig. 2.29).
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Figure A.9: Group velocity of the TE-polarized Bloch modes for the square lattice
photonic crystal consisting of the circular dielectric pillars (the filling
factor f = 0.4) with the effective refractive index n.sr = 3.24 in the
air. a) The first band. b) The second band.
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Figure A.10: Group velocity of the TM-polarized Bloch modes for the square
lattice photonic crystal consisting of the circular dielectric pillars
(the filling factor f = 0.4) with the effective refractive index n.sy =
3.24 in the air. a) The first band. b) The second band.
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The group velocity of the Bloch modes for the Bloch vector along the high-symmetry
directions is plotted for the first three bands in the Fig. A.11(a) for the TE light
polarization and in the Fig. A.11(b) for the TM light polarization. The group velocity is
maximum at the I' point for the first band and decays when the Bloch vector approaches
the boundary of the first Brillouin zone. The group velocity for higher bands has more
complex dependence on the Bloch vector but in general it tends to be equal to zero at
the I', M, and X points.
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Figure A.11: Group velocity of the Bloch modes for the square lattice photonic
crystal consisting of the circular dielectric pillars (the filling factor
f = 0.4) with the effective refractive index nefs = 3.24 in the air.
a) TE polarization. b) TM polarization.

A.2.2 Triangular lattice photonic crystals

The group velocity of the Bloch modes for the triangular lattice photonic crystal made
of the dielectric pillars in the air is presented in the Fig. A.12 and the Fig. A.13. The
calculation parameters are the same as used for the results shown in the section A.1.2.
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Figure A.12: Group velocity of the TE-polarized Bloch modes for the triangular
lattice photonic crystal consisting of the circular dielectric pillars
(the filling factor f = 0.4) with the effective refractive index nrs =
3.24 in the air. a) The first band. b) The second band.
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Figure A.13: Group velocity of the TM-polarized Bloch modes for the triangular
lattice photonic crystal consisting of the circular dielectric pillars
(the filling factor f = 0.4) with the effective refractive index nesr =
3.24 in the air. a) The first band. b) The second band.

The group velocity of the Bloch modes for the Bloch vector along the high-symmetry
directions is plotted for the first three bands in the Fig. A.14(a) for the TE light
polarization and in the Fig. A.14(b) for the TM light polarization.
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Figure A.14: Group velocity of the Bloch modes for the triangular lattice pho-
tonic crystal consisting of the circular dielectric pillars (the filling
factor f = 0.4) with the effective refractive index ne¢r = 3.24 in the
air. a) TE polarization. b) TM polarization.

A.3 Shape of the frequency isolines

A.3.1 Square lattice photonic crystals

The maps of the EFS curvature as functions of the Bloch vector for the square lattice
photonic crystal consisting of the dielectric pillars on the air are plotted in the Fig. A.15
for the TE polarized Bloch modes and in the Fig. A.16 for the TM polarized Bloch
modes. The calculation parameters are the same as used for the results shown in the
section A.1.1.
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Figure A.15: EFS curvature of the TE-polarized Bloch modes for the square lat-
tice photonic crystal consisting of the circular dielectric pillars (the
filling factor f = 0.4) with the effective refractive index n.rr = 3.24
in the air. a) The first band. b) The second band.
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Figure A.16: EFS curvature of the TM-polarized Bloch modes for the square
lattice photonic crystal consisting of the circular dielectric pillars
(the filling factor f = 0.4) with the effective refractive index nesy =
3.24 in the air. a) The first band. b) The second band.

The cross-sections of the EFS curvature are shown in the Fig. A.17 for the first
three bands of the TE polarized Bloch modes (Fig. A.17(a)) and the TM polarized
Bloch modes (Fig. A.17(b)).
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Figure A.17: EFS curvature of the Bloch modes for the square lattice photonic
crystal consisting of the circular dielectric pillars (the filling factor
f = 0.4) with the effective refractive index ners = 3.24 in the air.
a) TE polarization. b) TM polarization.

A.3.2 Triangular lattice photonic crystals

The maps of the EFS curvature as functions of the Bloch vector for the triangular
lattice photonic crystal consisting of the dielectric pillars on the air are plotted in the
Fig. A.18 for the TE polarized Bloch modes and in the Fig. A.19 for the TM polarized
Bloch modes. The calculation parameters are the same as used for the results shown in
the section A.1.2.

0.6 ) EFS curvature 0.6 EFS curvature
10 ‘ I g 10

LobubbhibbioanwroO~N®O

o
VYR
S OPNOANRON=_O=NWAOON®O

o

Figure A.18: EFS curvature of the TE-polarized Bloch modes for the triangular
lattice photonic crystal consisting of the circular dielectric pillars
(the filling factor f = 0.4) with the effective refractive index n.sy =
3.24 in the air. a) The first band. b) The second band.

The cross-sections of the EFS curvature are shown in the Fig. A.20 for the first
three bands of the TE polarized Bloch modes (Fig. A.20(a)) and the TM polarized
Bloch modes (Fig. A.20(b)).
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Figure A.19: EFS curvature of the TM-polarized Bloch modes for the triangular
lattice photonic crystal consisting of the circular dielectric pillars
(the filling factor f = 0.4) with the effective refractive index nss =
3.24 in the air. a) The first band. b) The second band.
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Figure A.20: EFS curvature of the Bloch modes for the triangular lattice photonic
crystal consisting of the circular dielectric pillars (the filling factor
f = 0.4) with the effective refractive index n.ss = 3.24 in the air.
a) TE polarization. b) TM polarization.
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