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Abstract

The extra ordinary improvement in the progress of information data processing in the
past few decades is associated with the generation of high performance and
considerable miniaturization of integrated circuits in semiconductor technology.
However it results in increase in resistance and power dissipation in circuits. To
overcome these problems, devices using photons rather than electrons as an
information carrier were developed. The simple analogy between an electron in a
semiconductor and a photon in a periodically varying dielectric medium, known as
photonic crystal, can reveal novel electromagnetic phenomenon. These new types of
structures (photonic crystals) are able to control electromagnetic waves in three
dimensions since they can give rise to bandgaps for photons, analogous to bandgap in
semiconductors known as forbidden energy bandgap. Furthermore, devices based on
photonic crystals benefit from high speed of optical signals which provide larger
bandwidth and reduced cross talks between the channels because of the absence of
interaction between the photons.

The existence of unique and interesting properties such as -photonic bandgap
(PBG) i.e. in the range of frequencies at which optical propagation is completely
prohibited in any direction, as well as the existence of defect modes, that may appear
within the photonic bandgaps when a defect is introduced into an otherwise perfect
photonic crystal, has resulted in fast growth of photonic technology. The possibility of
molding the flow of light through these structures has led to the design and
development of efficient optoelectronic devices and systems. The high refractive

index contrast provided by silicon has led to silicon based micro-photonics. In the



present thesis, first the photonic bandgap (PBG) induced wave guiding applications of
photonic crystals is exploited to design 2D dual band wavelength demultiplexer
(DBWD) for separating the two telecommunication wavelengths, 1.31 um and 1.55
um. Initially, two designs were presented based on air bridge type photonic crystal
structures in which both the upper and lower cladding is made up of air. However,
these types of structures are mechanically unstable from practical perspective as well
as not suitable for large scale integration. On the contrary, structures with solid
support are more realistic. To overcome this instability, silicon-on-insulator (SOI)
based PhC DBWD is designed. In these structures, mechanical robustness is improved
by the supporting dielectric material under the slab. Enhancement in spectral response
is further obtained by optimizing the Y junction of de-multiplexer giving rise to high
transmission and extinction ratios for the two wavelengths, 1.31 pm and 1.55 pm.
Tolerance analysis was also performed to study the effect of the variation of air hole
radius, etch depth and refractive index on the transmission characteristics of the
proposed design of SOI based photonic crystal DBWD.

In addition the strong light matter interaction observed in silicon photonic crystals
results in slowing down the group velocity of light within such photonic crystals. By
carefully engineering the photonic dispersion relationship, one may obtain unique
opportunities for realization of devices that exploit the impact of slow light effects
within such photonic crystals. These devices serve as key sources for processing,
storing and buffering, required in future all-optical communication networks and
information processing systems. PhC channel waveguides can be used as defect-mode
slow light structure which enables increased time-delay for optical signals. Therefore,

the design of a silicon-on-insulator photonic crystal channel waveguide for slow light



propagation, with group velocity in the range of 0.0028c to 0.044c and ultra-flattened
group velocity dispersion (GVD), is proposed. The proposed structure is also
investigated for its application as an optical buffer with a large value of normalized
delay bandwidth product (DBP), equal to 0.778. Furthermore it is also shown that the
proposed structure can also be used for time or wavelength-division de-multiplexing.
The tunability of PhC lattices can further be extended and controlled by filling their
segments with certain types of liquid crystal (LC) material. This combination offers
the possibility of shifting the frequency of the defect modes and tuning the dispersion
curves, in order to obtain flat slow modes with low group velocity dispersion. Since
dynamically tuned devices are essential components in optical systems, PhC
waveguide configurations with infiltration of LC material offer a strong potential for
realizing integrated micro-photonic devices. An SOI based LC infiltrated slow light
PhC channel waveguide having rectangular air holes in silicon core is thus proposed
which yields an average group index of 43 over a bandwidth of 1.02 THz and
vanishing group velocity dispersion. Propagation losses and their dependence on
group velocity are another matter of concern. There is little justification in exploring
the slow light regime if any advantage obtained is immediately counteracted by
excessive losses. Such issues of concern are tackled directly in the present thesis - in
order to obtain a highly efficient slow light PhC waveguide, with a simple design, that
is suitable for fabrication.

The response of a given material to an incident electromagnetic wave is
characterized by the study of induced polarization of the medium. The linear response
of the medium is valid only if the incident radiation is weak. However, if the intensity

of incident light increases, polarization of the medium is no longer linear and becomes



nonlinear. Therefore in such media, light propagation is controlled by the intensity of
the incident light. The concept of nonlinear photonic crystals can be employed by
taking the advantage of slow group velocity of light achievable in such structures. In
this frame of work, we next, report the effect of slow light on two photon absorption
(TPA), free carrier absorption (FCA) and self phase-modulation (SPM) processes in
silicon-on-insulator (SOI) photonic crystal (PhC) channel waveguides. It is important
to mention here that, as optical pulses propagate through photonic crystal waveguide;
their evolution in both the time and frequency domains is governed by the interplay of
linear dispersion and nonlinearity. It is observed that, in the slow light regime, these
nonlinear effects are enhanced and the resulting increase in the induced phase shift
can be used to decrease the size and power requirements needed to operate devices
such as optical switches, logic gates, etc. However, soliton dynamics will dominate
the propagation of femtosecond pulses in PhC waveguides when group velocity
dispersion (GVD) is strongly anomalous because of large waveguide dispersion.
Keeping above facts in view, | have investigated the propagation of light in a
nonlinear slow light medium formed by a channel SOI PhC structure having elliptical
holes in silicon core - and it is observed that, while beginning with almost the same
spectral width as that of an input pulse, the pulse spectrum broadens as the input
power level increases. The rate at which the spectrum broadens with power is larger
for slower waveguides. However it is found that the SPM-induced phase shift
decreases as the TPA coefficient increases, which in turn depends on the slow down
factor, S. The spectral broadening factor calculated for the waveguide shows that a
higher input power level of the order of 10° W is required to obtain the same level of

spectral broadening in fast waveguides as compared to the power level on the order of



10° W required in the case of slow waveguides. This type of slow light structure has
considerable potential for use in photonic device applications such as optical switches,

logic gates etc. - as demonstrated in chapter 6 of the present thesis.
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Chapter 1

Introduction

1.1 Introduction

Photonics involve the research and application of light to perform tasks that could
previously be carried out only by electronics. This includes transmission, manipulation
and storage of data using photons. Devices based on photonic crystals benefit from the
high speed of optical signals which provide larger bandwidth and reduced cross talks
between the channels and open the way to faster signal processing. The high refractive
index contrast provided by silicon, GaAs, etc can be used in highly integrated all optical
communication systems. Since silicon is transparent above 1200 nm, therefore it is
convenient to use it around telecommunication wavelength of 1310 nm and 1550 nm. In
addition, photonics also offers a platform for the investigation of fundamental laws of
physics that govern the behaviour of photons. Strong light matter interaction resulting in
slowing down the velocity of light and the corresponding impact of slow group velocity
on the nonlinear effects are some of the interesting phenomenon that can be observed

when coupling between light and matter occurs at the nano-scale.

1.2 Photonic Crystals

Since their proposal by Yablonovitch and John [Yablonovitch (1987), John (1987)] in

1987, photonic crystals (PhC) have emerged as one of the most significant topics in the
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field of optical communication. These are defined as materials with refractive index
periodically varying along one, two or three dimensions. Thus according to the degree
of refractive index periodicity, they are classified into three categories; one dimensional
(1D) PhCs, two dimensional (2D) PhCs and three dimensional (3D) PhCs. It also refers
to the degree of light confinement in photonic crystals. One dimensional photonic
crystal is the dielectric stack where periodicity varies in one dimension. 2D photonic
crystal exists when the periodicity of the dielectric stack is two dimensional. These
crystals are assumed to be infinitely long in a direction perpendicular to the plane of
periodicity. 3D photonic crystals, having periodicity in three dimensions, can control
the propagation of light in all directions (Figurel.1). Since the fabrication of 3D PhC is
still a difficult process, the use of lower dimensional PhCs is a more appealing

approach.

Figure 1.1 Model of 1D, 2D and 3D Photonic Crystals.

(Source: http://ab-initio.mit.edu/photons/tutorial)

The most important feature of photonic crystals is the existence of photonic
bandgap. It corresponds to a band of frequencies within which, light is prohibited from
propagating through the structures. Thus photonic bandgap materials can realize the

localization and trapping of light over a band of frequencies [Joannopolous et al.
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(1995)]. By locally breaking the periodicity of photonic crystals, by creating vacancies
or by changing the radius of rods/holes, a region within the photonic crystal can be
created which has optical properties different from that of the surrounding bulk
photonic crystal. This is referred to as PBG optical waveguide [Sakoda (2001)] or
simply PhC line defect waveguide. The deliberate creation of defects in the periodic
structures gives rise to localized electromagnetic field modes in which light is trapped
in the defect region of PBG. These waveguides actually support true guided modes in
the frequency range lying within the photonic bandgap of the photonic crystal [Notomi
et al. (2001), Johnson et al. (1999)]. The guided modes are horizontally confined by
PBG and vertically by total internal reflection because of the high refractive index

contrast between the slab and the cladding.

7.

®)
©

(@
Figure 1.2 Schematic of photonic crystal line defect waveguides. (a) 1D PBG waveguide, (b) 2D

PBG waveguide with low index guidance and (c) 2D PBG waveguide with high index guidance.
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Different types of PBG waveguides are shown in Figure 1.2. The simplest 1D PBG
waveguide consisting of a guiding layer sandwiched between 1D PBG structures is
shown in Figure 1.2(a). These types of photonic crystal waveguide were first observed
by Yeh and Yariv in 1970’s [Yeh and Yariv (1976)]. Another type of PhC waveguides
are the 2D PBG based waveguides shown in figure 1.2(b) and 1.2(c). These waveguides
can further be classified as- low index guidance waveguide consisting of photonic
crystal lattice arrangement of dielectric rods in air [Notomi et al. (2001), Sinha and
Kalra (2006)] and high index guidance waveguides consisting of embedded air holes in
the dielectric medium [Johnson ef al. (1999), Vlasov et al. (2003)]. These symmetric
structures are known as air bridge structures because they have air cladding both above
and below the dielectric core. However, asymmetric structures like silicon-on-insulator
(SOI) structures are more realistic and act as a good substrate for optical integration.
These are made up of a silicon core with air cladding above and silica cladding below.

For symmetric structures in vertical direction, like air bridge structures, light can be
classified into transverse electric (TE) and transverse magnetic (TM) modes and as even
and odd modes. However for asymmetrical structures, such as SOI structures, the
modes cannot be classified selectively- and each mode has an even as well as odd
component. In a PhC lattice, having periodicity in xz plane, modes with Hy as
predominant component are referred to as TE like modes and those with E, as
predominant component are referred to as TM-like modes (Figure 1.3). Thus in
asymmetrical structures, TE like modes have both TE and TM components and the
bandgap for pure TE modes cannot be calculated. However, if the amount of TM
component is negligible in TE like modes, the photonic crystal supports bandgap for

such modes, known as quasi bandgap. So the propagation of TE like modes can be
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stopped completely within the desired frequency range. Thickness of the PhC
waveguide core layer should then satisfy the single mode condition, in order to exploit

the quasi PBG effectively [Shinya et al. (2002)].

X

Figure 1.3. Schematic of photonic crystal structure defining the coordinate system (SOI structure).

In the present thesis, the devices based on both symmetric and asymmetric
structures are studied. Chapter 2 discusses about de-multiplexers based on symmetric
structures like air bridge structures having silicon slab with air cladding both above and
below the slab. While in rest of the chapters, asymmetric structures based on SOI
substrates are used for the study of various optical phenomenon. These structures are
made up of silicon core layer sandwiched between silica (Si0,) cladding layer below
and air cladding above. Figures 1.4(a) and 1.4(b) shows the pillar type and embedded
air hole type air bridge structures having air cladding both above and below the silicon
core. Figures 1.4(c) shows the SOI based PhC structure with silica cladding below and

air cladding above the silicon core. A photonic crystal line defect is created in the 'K
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direction which supports guided modes through them. Here a is the lattice constant and
r is the radius of air holes/rods. However, photons which are incident on the interface
between the semiconductor slab and air at small angles (angles smaller than critical
angle for total internal reflection) escapes from the slab and convert into the radiation

modes. In order to take into account these losses, we introduce a light line or a light

cone in the analysis of PhC waveguides.
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Figure 1.4. PhC line defect waveguides in (a) Pillar type and (b) slab type air bridge structures. (c)
SOI based PhC line defect waveguide. Corresponding dispersion curves for (d) pillar type (TM

polarization), (e) slab type (TE polarization) and (f) SOI type (TE polarization) PhC waveguides,

respectively.

Figures 1.4(d), 1.4(e) and 1.4(f) shows the dispersion curves for structures in figures

1.4(a), 1.4(b) and 1.4(c), respectively. Region above the light line consist of the leaky
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modes or the radiation modes. These modes travel into the waveguide but are lossy in
the vertical direction. The light-line is known as air light line in air bridge structures
whereas it is known as silica light line in SOI based PhC structures. However, modes
which lie below the light line are the actual guided modes of the slab. Photonic bandgap
in this case is the range of frequencies in which no guided modes exist. It is not a true
bandgap because there are still radiation modes existing at those frequencies [Johnson
and Joannopoulos et al. (2004)].

The controlled propagation of light in PhC waveguides has led to a variety of novel
optical phenomenon including superprism effects [Kosaka er al (1998)], negative
refraction [Dowling and Bowen (1994), Luo et al. (2002), Rajput and Sinha (2010)],
slow light generation [Vlasov et al. (2003)], and nonlinear effects [Soljacic and
Joannopoulos (2004)] etc giving rise to realization of a new generation of photonic
components with application in optical communication, optical signal processing and
optical sensing [Joannopoulos et al. (1995), Sakoda (2001), Johnson and Joannopoulos
et al. (2004)]. It has led to the design and development of novel devices such as
polarizers, splitters, multiplexers and de-multiplexers, couplers, resonators, lasers,
modulators, etc. [Sinha and Kalra (2006), Settle et al. (2006), Li (2007), Quan et al.
(2008), Schonburn et al. (2006), Camarago et al. (2004), Chung and Lee (2007), Chien
et al. (2006), Fan et al. (1999), Meier et al. ((1999)]. Photonic Crystals are also used for
achieving slow light in the flat band regions of guided modes supported by the line
defect waveguides [Gersen ef al. (2005), Baba and Mori (2007), Fandsen et al. (2006)].

Slow light refers to the reduction of group velocity of light - and is a promising
technology for future all-optical communication networks. It can be used for the

enhancement of light-matter interaction and for the miniaturization of optoelectronic
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integrated circuits (OEICs) [Krauss (2008), De La Rue (2008), Vlasov et al. (2005),
Almieda et al. (2004), Jacobsen et al (2006)]. Photonic crystal (PhC) line-defect
waveguides that are created within the photonic band gap (PBQG) are extensively used
for achieving slow light in the flat band regions of guided modes supported by these
waveguides [Soljacic et al. (2002), Gersen et al. (2005), Baba and Mori (2007),
Frandsen et al. (2006)]. Therefore they have strong application possibilities in optical
buffers and other optical storage devices [Tucker et al. (2005)].

Recently, nonlinear effects such as the Raman effect, soliton propagation, two
photon absorption (TPA), etc. have been observed by different authors [Oda et al.
(2008), Astrov et al. (2000), Tsang et al. (2002), Ding et al. (2008)]. Self phase
modulation (SPM), which leads to chirping and spectral broadening of ultra short
pulses, has also been reported earlier [Tsang et al. (2002)]. However TPA limits the
extent of SPM through nonlinear absorption [Nicolae et al. (2006)]. TPA typically
involves transitions from the ground state of a system to a higher state by absorption of
two photons from an incident radiation field having identical or, more generally, two
different frequencies. TPA further creates free carriers that lead to additional losses
through free carrier absorption (FCA) and refractive index changes through free carrier
dispersion (FCD) [Yin and Agrawal (2007), Oda et al. (2007), Inoue et al. (2009)].
Thus TPA, FCA, FCD and SPM are important effects that influence the behavior of
short laser pulses in silicon waveguides. However soliton dynamics will dominate the
propagation of femtosecond pulses in PhC waveguides when group velocity dispersion
(GVD) is strongly anomalous because of large waveguide dispersion [Ding et al.
(2008)]. The spatial compression experienced by light when it enters from fast light to

slow light waveguide and the more time it spends in the waveguide because of the slow
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group velocity, leads to the increase in light matter interaction and enhancement of
nonlinear effects [Soljacic et al. (2002)]. Slow light PhC waveguides may thus cause
the reduction in input power and physical length of the waveguide needed to see same
linear and nonlinear effects in fast light regime [Soljacic et al. (2002), Soljacic and

Joannopolous (2004)].

1.3 Master Equation

Maxwell’s Equations are given as-

V.D=p (1.1)
V.B=0 (1.2)
VXE:—Z—;B (1.3)
Vi =L oE (1.4)
ot
D=¢cE (1.5)
B=uH (1.6)

where E is the electric field, H is the magnetic field and p is the charge density. In an
isotropic medium, the permittivity is written as & = g,&, where & is the permittivity of
vacuum and ¢, is the relative permittivity. The materials used in this work are
considered as non-magnetic insulators i.e. x4 =, and o = 0, therefore equation (1.3)

and (1.4) are written as:

VxE(r,t)=- 0

= LHH (0] (1.7)
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VxH(r,t)= %[eog,(r)E(r,z)] (1.8)

Solving equation (1.8) for £ and inserting it into time derivative of equation (1.7) gives:

2

1 0
Vx(eoer(r)VxH(r,t)]——?,uoH(r,t) (1.9

Time dependence of magnetic field allows us to write:
H(r,t)=H(r)e ™

Therefore equation (1.9) becomes:

Vx[ ! vmm]:[?} H(r) (1.10)

&€, (1)

where ¢ = is the speed of light in vacuum. Equation (1.10) is known as the

1
\ Ho&o

master equation for the magnetic field. In homogeneous medium, equation (1.10)

becomes:

V2H(r) = —n? (?j H(r) (1.11)

where n = \/8_ is the refractive index of the medium. Solution of equation (1.11) gives

4

the superposition of plane waves of the form:
H(r,t)=H,e'"“" " (1.12)

k

no 2r . . .
=—= nT and 4 is the wavelength in vacuum. Therefore, the plane wave is
c

k:

traveling in a direction defined by & with phase velocity v, given by

vV =

w
fai (1.13)

n

10
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However, for group index ng, group velocity is given by

v _do_c 1.14
4 8k ng ( )

Since n depends on w, therefore dispersion relation w (k) is not linear. = v, #v, .

1.4 Computational Methods

1.4.1 Plane Wave Expansion (PWE) Method
Plane wave expansion method remains a reference method for calculation of bandgap in
photonic crystals based on Fourier expansion of electromagnetic field and dielectric

function [Johnson and Joannopoulous (2001), Joannopoulous et al. (1995)]. This

. . . wa .
method gives rise to a set of eigen values py for each value of k; the optical modes
e

are solved in the vector space i.e. in the reciprocal space. The PWE method utilizes the
periodicity of PhCs for expansion of electromagnetic fields and refractive index
distribution. However, some structures without periodicity, such as cavities and straight
waveguides, can be simulated by implementing a supercell. Dispersion relations in this

work have been calculated using RSOFT’s Bandsolve package.

1.4.2 Finite Difference Time Domain (FDTD) method

FDTD method calculates time evolution of the electromagnetic waves by direct
discretization of Maxwell’s Equations. In this method, the differentials in Maxwell’s
Equation are replaced by finite differences to connect the electromagnetic fields in one
time interval to the ones in the next interval [Taflov (1998), Qiu and He (2000)]. FDTD

method is therefore best suited for modeling time dependent problems like simulating

11
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pulse propagation through a photonic device. Since this method solves Maxwell’s
equations without any assumptions, therefore it is flexible in terms of geometry of the
device under study. FDTD simulations in this work are carried out by RSOFT’s

Fullwave package.

1.5 Fabrication Techniques

Photonic crystals are generally not found in nature and have to be designed and
fabricated. Therefore a number of methods of fabrication of photonic crystals have been
developed [Busch ef al. (2004)]. Two photon lithography and ¢ beam lithography were
the first methods for fabrication of photonic crystal. Two photon lithography utilizes the
fact that certain materials, such as polymers are sensitive enough for two photon
excitation to trigger chemical or physical changes in the material structure with
nanoscale resolution in three dimensions [Cunpston et al (1999)]. In e beam
lithography, sample is covered with an electron sensitive material called resist which
undergoes a substantial change in its chemical and physical properties, when exposed to
an electron beam [Subramania and Lin (2004)]. Another technique which has been
developed recently is the holographic lithography which utilizes the interference
between two or more coherent light waves to produce a periodic intensity pattern to
produce a periodic photonic structure in a photo resist [Campbell et al. (2000)]. Self
assembly is another most popular approach to fabricate 3D photonic crystals. It is based
on the natural tendency of the mono dispersive colloidal particles to self assemble into
ordered arrays called artificial opals [Park and Xia (1999), Vlasov et al. (2001)]. Auto
cloning technique is another fabrication technique which includes three processes

occurring simultaneously; the sputtering deposition of dielectric layers, their physical

12
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etching by ions accelerated perpendicularly to the surface and the redeposition of the
neutral particles torn from the deposited layer by accelerated ions. The subtle balance
achieved between these processes result in repetition of the topology of a prestructured

growth substrate from one deposited layer to other [Kawakami (2002)].

1.6 Outline of the thesis

The main focus of this thesis is the design and characterization of devices based on
photonic crystal line defect waveguides. These devices include dual band wavelength
de-multiplexers, optical buffers and delay lines, soliton propagator, optical switches and
logic gates. The research work carried out in the thesis also demonstrates the generation
of slow light in elliptical and rectangular hole photonic crystal waveguides and the
extension of their tunability, by filling its segments with certain types of liquid crystal
(LC) materials. The impact of slow light on the third order nonlinearities have also
been investigated in such photonic crystal channel waveguides. This chapter, i.e.
Chapter 1, defines the introduction and outline of the proposed thesis.

In Chapter 2, photonic bandgap (PBG) induced wave guiding application of
photonic crystals is exploited to design 2D dual band wavelength demultiplexer
(DBWD) for separating two telecommunication wavelengths, 1.31 pm and 1.55 pm.
Two designs that use silicon rods in air and embedded air holes in silicon material are
realized for this purpose. 2D plane wave expansion (PWE) method and 2D finite
difference time domain (FDTD) methods are used to design and analyze the DBWD in
Y type photonic crystal structures.

In Chapter 3, a highly efficient 3D photonic crystal DBWD using Silicon-on-

Insulator (SOI) substrates is proposed for de-multiplexing the two optical

13
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communication wavelengths, 1.31 pm and 1.55 pm. De-multiplexing of the two
wavelength channels is obtained by modifying the propagation properties of guided
modes, in two arms of Y-type photonic crystal structure. Propagation characteristics of
proposed DBWD are analyzed utilizing 3D FDTD method. Enhancement in spectral
response is further obtained by optimizing the Y junction of de-multiplexer giving rise
to high transmission and extinction ratio for the wavelengths, 1.31 um and 1.55 pum.
Hence it validates the efficiency of proposed optimized DBWD design for separating
two optical communication wavelengths, 1.31 pm & 1.55 pm. Tolerance analyses was
also performed to check the effect of variation of air hole radius, etch depth and
refractive index on the transmission characteristics of the proposed design of SOI based
photonic crystal DBWD.

In Chapter 4, a silicon-on-insulator photonic crystal waveguide with hexagonal
arrangement of elliptical air holes is reported for slow light propagation with group
velocity in the range, 0.0028c to 0.044c and ultra-flattened group velocity dispersion
(GVD). The proposed structure is also investigated for its application as an optical
buffer with a large value of normalized delay bandwidth product (DBP), equal to 0.778.
Furthermore it has been shown that the proposed structure can also be used for time or
wavelength-division demultiplexing to separate the two telecom wavelengths, 1.31 pm
and 1.55 pm, on a useful time-scale and with minimal distortion.

In Chapter 5, an SOI-based liquid-crystal (LC)-infiltrated photonic-crystal channel
waveguide having rectangular air holes in a Silicon core is proposed - that has an
average group index of 43 over a bandwidth of 1.02 THz, with vanishing group velocity
dispersion, as well as reduced higher-order dispersion. The possible propagation losses

due to coupling inefficiency are also investigated for the proposed structure. It is found
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that high transmission is obtained for a broad bandwidth from the output of the
heterogeneous waveguide finally designed, which consists of an LC-infiltrated PhC
slow waveguide surrounded by fast PhC regions on either side. The LC-infiltrated W0.7
PhC waveguide that has been designed for slow light propagation should be highly
tolerant to fabrication errors - and has enhanced sensitivity in comparison with
conventional PhC waveguides.

In Chapter 6, the effect of slow light on two photon absorption (TPA), free carrier
absorption (FCA) and self phase-modulation (SPM) processes in silicon-on-insulator
(SOI) photonic crystal (PhC) channel waveguides has been reported. It is found that, in
the slow light regime, these nonlinear effects are enhanced, but that the enhancement
produced depends on the input peak power level. The increase in the induced phase
shift produced by lower group velocities can be used to decrease the size and power
requirements needed to operate devices such as optical switches, logic gates and
wavelength translators. Simulations also indicate the possibility of soliton-like
propagation of 111 fs pulses at 1.55 pm inside such a photonic crystal waveguide.

Finally, the conclusions from the proposed thesis are presented with discussion
about the avenues of further research. The future scope of the thesis include the
design and development of devices based on slow light in 3D photonic crystals as
well as the impact of the enhanced nonlinear effects on different processes such as

soliton formation and Raman effect.
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Chapter 2

2D Photonic Crystal Air Bridge Dual Band

Wavelength Demultiplexer?

2.1 Introduction

As discussed in Chapter 1, Photonic crystals (PhCs) have the potential of realizing
nanoscale optical components and devices. Radiation losses exhibited by the PhC
sharp bend waveguides are far lesser than the conventional waveguides [Valsov and
McNab (2004)]. Therefore, two dimension PBG waveguides can be used to design a
variety of structures such as directional couplers [Nagpal and Sinha (2004)], beam
splitters [Chen et al. (2004)], multiplexers and demultiplexers [Centeno et al. (1999);
Tekeste and Yarrison-Rice (2006)], resonators [Fan et. al. (1999)], polarizers [Sinha
and Kalra (2006)], polarization beam splitter [Zabelin et al. (2007)] and so on.

In the recent past, interest has grown in the design and development of Dual Band
Wavelength Demultiplexer (DBWD) because of their wide applications in
bidirectional communication networks (Chien et al. 2004; Chien et al. 2006; Chung
and Lee 2007). For example, 1.31/1.55 um duplex devices are commonly used in
fiber-to-the-home (FTTH) transmission systems as well as in Coarse Wavelength

Division Multiplexed (CWDM) systems [Fiberdyne Labs (2007)]. PhCs have opened

! Parts of the results reported in this chapter has been published in the paper, “Modeling and design of
2D photonic crystal based Y type dual band wavelength demultiplexer,” Optical and Quantum
Electronics, 40,603-613, July, 2008 .



Chapter 2: 2D Photonic Crystal Air Bridge Structures

new possibilities for ultra compact wavelength selective optical devices owing to their
PBG induced wave guiding properties. Hence, in the proposed chapter, wave guiding
phenomenon due to PBG property of PhC is exploited for the formation of DBWD in
Y type air bridge PhC structures, as shown in Figure 2.1(b) and Figure 2.5(b). This
design of DBWD separates the two telecommunication wavelengths 1.31 um and 1.55
pm with a very high extinction ratio and superior quality factor and transmission
characteristics. Since the PBG structures strongly control the flow of light, therefore
defect created in periodic lattice of PhC results in the confinement of light along
specified one arm of the Y type crystal.

Here, the designs of two types of air bridge structures are reported, -one is the
hexagonal lattice arrangement of silicon rods in air and the other is the hexagonal
lattice arrangement of embedded air holes in silicon material. Both Y type PhC
heterostructures were analyzed using 2D Plane Wave Expansion (PWE) method and
the performance characteristics in terms of extinction ratio, quality factor and
transmittance was obtained by applying 2D Finite Difference Time Domain (FDTD)

method.

2.2 Design Characteristics

PhC based DBWD was designed having hexagonal arrangement of silicon rods in air
or embedded air holes in silicon material. The lattice constant and radius of rods/holes
were chosen so as to provide a wide wavelength span (1.25-1.60 um) at the band edge
of input waveguide of DBWD. Selection of lattice constant and radius of rods/holes of

the structure is based on the fact that the bandgap exist for both the wavelengths, 1.31
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pm and 1.55 pum so that when line defects are created in photonic crystals, they
produce guided modes in photonic crystals corresponding to these wavelengths.
Defect radius is chosen such that band gap exist for 1.55 pum in one arm of the Y type
DBWD and not for 1.31 um and vice versa for other arm. Structures having silicon
rods in air provide large PBG at technologically convenient geometrical parameters
with 1/a<0.5, as described in reference [Suknoivanov et al. (2006)]. Propagation of
light is simulated by 2D FDTD method for wavelengths, 1.31 pm and 1.55 pm and it
indicates that 1.31/1.55 wm mixed light will be separated into two lights and guided

into two output ports of Y type PhC structure.

2.2.1. 2D PhC DBWD having silicon rods in air

First, the design of a 2D PhC with hexagonal arrangement of Si (n=3.42) rods in air is
presented. PWE method was used to study the photonic bandgap variation for
transverse magnetic modes (TM polarization) of the incident light where the electric
field component of electromagnetic waves is oriented perpendicular to the plane of
propagation.

To obtain PBG for the desired range of wavelengths, covering both 1.31 um and
1.55 pm, we have chosen the lattice constant, a=0.68 um and rod radius r = 0.2 um.
With these parameters, PhC provides a large bandgap in range of normalized
frequency, 0.42318 to 0.54325, for TM polarization (Figure 2.1(a)). Figure 2.1(b)

shows the schematic of the finally designed DBWD with silicon rods in air.
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Figure 2.1 (a) TM band structure of bulk photonic crystal having silicon rods in air, for r = 0.2
pm. (b) Schematic of proposed DBWD having silicon rods in air with (i) Input Wg, (ii) Output

Wqg1 and (iii) Output Wg2.

A linear defect waveguide is then formed by removing few rods from the direction

of propagation of incident light i.e. from I'K direction. Since the designed structure
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possesses bandgap for TM polarization of light, in the wavelength range 1.25 ym < A
< 1.60 um, both wavelengths, 1.31 um and 1.55 pum, are guided through the region of

input waveguide (Input Wg). Presence of guided mode for both the wavelengths in the

input waveguide is confirmed in the figure 2.2(a).
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Figure 2.2. Dispersion relations of the three involved PhC waveguides. The blue line (pointed
line) corresponds to the respective guided modes for TM polarization in (a) Input Wg, (b) Output

Wg1 and (c) Output Wg2.
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Further, DBWD was designed by changing the geometrical parameters of Si rods
in two arms of Y type photonic bandgap induced waveguides (Figure 2.1(b)). Radii of
Si rods in one arm of the structure, named Output Wgl, is changed such that signal of
1.55 pm experiences bandgap and 1.31 pum passes through while radii of Si rods in
other arm of the structure, named Output Wg2, is changed such that signal of 1.31 um
experiences bandgap and 1.55 pm passes through. Figures 2.2(b) and 2.2(c) shows the

existence of guided modes for 1.31 um in Output Wgl and 1.55 pm in Output Wg2.

______ Output Wgl for 1.31 pum
— Output Wgl for 1.55 um |

Transmittance
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Figure 2.3. Variation of transmittance with defect radius ry in two output waveguides, Output

Wg1l and Output Wg2 for TM polarization of 1.31 pum and 1.55 pm.

While selecting the radii having above specifications for the two output
waveguides, it was observed that, a range of radii exists for which the desired range of
bandgap appears. Hence the defect radius rq is investigated by studying the variation
of transmittance from the output ports. (Figure 2.3). 2D FDTD method for T™M
polarization was utilized to generate data for these plots and that radius was chosen,

for which transmitted power was maximum. Note that the maximum efficiency of the
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device is obtained when defect radius in output Wgl is rg=0.2318 um so that
wavelength of 1.31 um can pass through and 1.55 wm suffers bandgap. In similar line,
the maximum transmission efficiency for wavelength of 1.55 pm from the device is
obtained when defect radius in output Wg2 is r4=0.1768 um. The field pattern for TM

polarization for the two telecom wavelengths, 1.31 pym and 1.55 pm in Y type DBWD

having silicon rods in air is shown in Figure 2.4.

(@ (b)
Figure 2.4. Field pattern for TM polarization at (a) A=1.31 pm and (b) A=1.55 pm for the

designed Y type DBWD having silicon rods in air.

The type of launch field used was Gaussian continuous wave (CW) and beam
width and step size was taken to be 0.1 pm and 0.005 um. Boundary conditions for
2D FDTD simulation of designed structure were taken as X (min): X (max) = -5.6525
pm: 5.6525 pm & Z (min): Z (max) = -2.9996 pm: 2.9996 um. Output power was
determined by the time monitors at output end of the two output waveguides. It is
observed that 1.31 um was obtained from Output Wgl having defect radius r4=0.2318

pm and 1.55 pm was obtained from Output Wg2 having defect radius r4=0.1768 pm.
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2.2.2. 2D PhC DBWD having embedded air holes in silicon:
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Figure 2.5. (a) TE band diagram of PhC structure having embedded air holes in silicon for

r=0.1896um. (b) Schematic of proposed DBWD having embedded air holes in silicon material

with (i) Input W, (ii) Output Wgl and (iii) Output Wg2.
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The second type of DBWD was designed using silicon material (n = 3.42) with
embedded hexagonal lattice arrangement of air holes. The lattice constant was chosen
to be, a = 0.48 um. While studying the photonic bandgap variation using PWE
method, it was found that large photonic bandgap in the range 1.25 pm <A < 1.60 um
can be obtained for the transverse electric modes (TE polarization) in the hexagonal
arrangement of embedded air holes in silicon material. These air holes have radius r =
0.1896 pm (Figure 2.5). A linear waveguide in the crystal was then created, by
removing a few holes from the periodic structure so that TE polarization of
wavelengths from 1.25 pm to 1.60 pm can be guided into the input waveguide, shown
as Input Wg in Figure 2.5. The PBG based Y type DBWD was created by changing
the geometrical parameters of the air holes in the two arms of Y type photonic
bandgap induced waveguides such that the wavelength of 1.31 um was obtained at the
output end of one of the arms and wavelength of 1.55 um was obtained at the output
end of the other arm.

Thus radius of the air holes in the two output waveguides are varied such that
wavelength of 1.55 pm experiences bandgap in one arm (output Wgl) of Y type
demultiplexer and 1.31 pum is guided through, while wavelength of 1.31 um
experiences bandgap in the other arm (output Wg2) of Y type demultiplexer and 1.55
pm passes through it. Figure 2.6 shows the guided modes for the three involved

photonic crystal waveguides.
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Figure 2.6. Dispersion relation of the three involved PhC waveguides. The red line (pointed line)

corresponds to the respective guided modes for TE polarization in (a) Input Wg, (b) Output Wg1l

and (c) Output Wg2

It’s observed, while varying the radii to obtain the desired bandgap, a range of
radii exists for which the given bandgap appears. However, that radii was chosen, for
which the transmitted power is maximum. This was investigated by studying its

variation with the transmittance from two output ports at 1.31 um and 1.55 pm, for

TE polarization (Figure 2.7). It was found that the maximum efficiency for 1.31 um
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guidance can be obtained when defect radius is 14=0.1646 um, in output Wgl, while
maximum efficiency of 1.55 pm can be obtained when defect radius is 14=0.228 pm,

in Output Wg2.

A ---- Output Wel for 1.31 pm
0.6 | P — Output W2 for 1.55 um

05
04 r

031

Transmittance

0.15 0.17 0.19 021 023
(um)

Figure 2.7 Variation of transmittance with defect radius rq in two output waveguides, Output

Wgl and Output Wg2 for TE polarization of 1.31 um and 1.55 pm.

The field pattern for TE polarization of the two telecom wavelengths, 1.31 pm and
1.55 pm, in Y type DBWD having embedded air holes in silicon material is shown in
Figure 2.7. The type of launch field is Gaussian Continuous Wave (CW). Beam width
and step size is taken to be 0.1 pm and 0.00025 pm. Boundary conditions for 2D
FDTD simulation of embedded air hole type DBWD is taken as X (min): X (max) = -
2.6775 pm: 2.6775 pm & Z (min): Z (max) = -2.9894 pum: 2.9894 pum. Output power
is determined by the time monitors at output end of two output waveguides. It was
observed that 1.31pum is obtained from Output Wgl having defect radius r4=0.1646

pm and 1.55 pm is obtained from Output Wg2 having defect radius r4=0.228 pm.
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(@ (b)

Figure 2.8 Field pattern for TM polarization at (a) A=1.31 um and (b) A=1.55 um for the designed

Y type DBWD having embedded air holes in silicon material

2.3. Numerical Analysis

The proposed Y type DBWD was simulated using 2D FDTD method. Output Wgl
reflects the radiation of wavelength 1.55 pm and allows 1.31 um while and Output
Wg2 reflects the radiation of wavelength 1.31 pm and allows 1.55pm. Efficiency of

the device was then investigated by calculating different parameters like

transmittance, extinction ratio and quality factor.

2.3.1 Transmittance:
Transmittance of the designed DBWD is defined as the ratio of output intensity [Ioy]

from either of the two output waveguides to the incident intensity [li,] at the entrance

out

of the Y type waveguide: T =
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Figure 2.9. Variation of Transmittance with wavelength at the output end of each output

waveguide for (a) the silicon rods in air-based DBWD and (b) embedded air holes in silicon-based

DBWD
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Variation of transmittance from the two output waveguides of Y type PhC
structure consisting of silicon rods in air-based DBWD is shown in Figure 2.9(a) and
for embedded air holes in silicon-based DBWD is shown in Figure 2.9(b). It is noted
from the two graphs, that maximum efficiency in output Wgl is shown for the
wavelength of 1.31 um whereas in output Wg2, maximum transmission is shown for
the wavelength of 1.55 pm. Hence, the two telecommunication wavelengths 1.31 pm

and 1.55 pum can be separated out easily using these two designs of DBWD.

2.3.2 Extinction Ratio:
Further, the extinction ratios ER1 and ER2 of the DBWD were calculated, which
explains that the separation of two wavelengths, 1.31 um and 1.55 pm can be

respectively, achieved in such structures. The extinction ratios ER1 and ER2 are

defined as:
ERI=10lo fractional output power for 1.31 um wavelength in waveguidel
Sio fractional output power for 1.31 um wavelength in waveguide2
ER2=10log,, fractional output power of 1.55 um wavelength in waveguide2

fractional output power of 1.55 pm wavelength in waveguidel

Simulation by 2D FDTD method indicates that in case of silicon rods in air-based
DBWD, extinction ratios were calculated to be; ER1 = 36.30 dB and ER2 = 30.40 dB
while in case of embedded air holes in silicon-based DBWD, extinction ratios were

calculated to be 22.05dB and 22.70 dB for the two wavelengths, 1.31 pm and 1.55

um, respectively. The PBG induced DBWDs thus have high extinction ratio for
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filtering two telecom wavelengths, 1.31um and 1.55um, efficiently [Wang et.al.,

(2005), Chung and Lee (2007)].

2.3.3 Quiality Factor:

Quality factor is defined as the ratio of wavelength at peak transmission},, to the full

width at half maximum intensity (FWHM) or AA .

Quality factor for wavelength 1.31 um and 1.55 um, in case of silicon rods in air-
based DBWD was calculated to be 109.16 and 172.22 respectively, while in case of
embedded air holes in silicon-based DBWD, it was found to be 131.0 and 155.0,
respectively, at the output end of the two output waveguides. It is mentioned here that
these values of quality factors are significantly higher at two widely used
telecommunication wavelength windows and hence these designs of PhC based

DBWD are having superior filter characteristics.

2.4. Conclusions

In this chapter, the design of Y type DBWDs for separating two telecommunication
wavelengths, 1.31 um and 1.55 pm, in PhC employing (i) silicon rods in air and (ii)
embedded air holes in silicon material, is presented. Designs of the appropriate
structures were obtained using PWE method, while transmission and other filter
characteristics were investigated using 2D FDTD method. It has been demonstrated

that the PhC consisting of silicon rods in air -based DBWD reported in this chapter
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exhibit high extinction ratio of 36.30 dB for the wavelength of 1.31 um and 30.40 dB
for a wavelength of 1.55 um. Similarly the other PhC DBWD having embedded air
holes in silicon, exhibit extinction ratios as 22.05 dB and 22.70 dB for the wavelength
of 1.31 um and 1.55 um, respectively. The proposed designs also exhibit superior
transmittance and high quality factor values at these widely used telecommunication
wavelengths. Thus the proposed DBWD PhC structure can be effectively used in
bidirectional optical transmission systems and networks covering broad spectrum of

optical communication windows.
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Chapter 3

3D Silicon-on-Insulator Photonic Crystal Dual

Band Wavelength Demultiplexer’

3.1 Introduction

In chapter 2, it has been studied that various types of line defect waveguides can be
formed in the PhC’s by changing the radius of rods/holes or by removing them
completely. These waveguides support true guided modes in the frequency range
lying within the PBG of photonic crystal [Johnson ef al. (1999), Notomi et al. (2001)].
These guided modes are horizontally confined by PBG of the photonic crystal and
vertically by total internal reflection because of high refractive index contrast between
the slab and the cladding. For symmetric structures in vertical direction, like air
bridge structures, light can be classified into transverse electric (TE) and transverse
magnetic (TM) modes and as even and odd modes. However, for asymmetrical
structures, such as SOI structures, the modes cannot be classified selectively- and
each mode has an even as well as odd component. In a PhC lattice, having periodicity
in xz plane, modes with Hy as predominant component are referred to as TE like

modes and those with E, as predominant component are referred to as TM-like modes

' Part of the results reported in this chapter has been published in the paper: “Design, Analysis and
Optimization of Silicon-on-Insulator Photonic Crystal Dual Band Wavelength Demultiplexer”, Optics
Communication, 282, 3889-3894, Oct 2009.



Chapter 3: 3D Silicon-on-Insulator Photonic Crystal Dual Band Wavelength Demultiplexer

(Figure 1.3). Thus in asymmetrical structures, TE like modes have both TE and TM
components and the bandgap for pure TE modes cannot be calculated. However, if the
amount of TM component is negligible in TE like modes, the photonic crystal
supports bandgap for such modes, known as quasi bandgap. So the propagation of TE
like modes can be stopped completely within the desired frequency range. Thickness
of the PhC waveguide core layer should then satisfy the single mode condition, in
order to exploit the quasi PBG effectively [Shinya et al. (2002)]. However, from
practical perspective, air bridge type structures having air cladding on both sides are
mechanically unstable and cannot be used as a platform for future integrated circuits
[Kawai et al. (2001), Sinha and Kalra (2006), Sinha and Rawal (2008)]. A PhC slab
on oxide cladding is more of a promising candidate for large scale integration than air
bridge structures. A frequently used material for realizing such PhC slabs is Silicon-
on-Insulator (SOI) substrates having silicon layer between silicon-dioxide (SiO;)
cladding on one side and air cladding on the other side. Various PhC components like
waveguides, directional couplers, polarizers and polarization splitters have already
been realized [Settle ef al. (2006), Quan et al. (2008), Schonbrun et al. (2006), Cui et
al. (2008), Camargo et al. (2004), Camargo and De La Rue (2004)] using photonic
crystal architecture on SOI substrates. DBWD’s are the key components for
transmitter receiver devices in bidirectional communication in local area optical
networks. 1.31/1.55um duplex de-multiplexers are also used in fiber-to-home (FTTH)
transmission systems and in Coarse Wavelength Division Multiplexing (CWDM)
systems [Fyberdyne Labs (2007), Chung and Lee (2007), Chien et al (2006)]. In the
recent past, various photonic crystal dual band demultiplexers have been realized for

demultiplexing signals of wavelength 1.31um and 1.55um which are important in the
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field of optical communication [Chung and Lee (2007), Chien et al. (2006),
Sukhoivanov et al. (2006), Huang ef al. (2008), Sinha and Rawal (2008)]. However,
these designs are based on air bridge structures with air cladding on both sides i.e. the
PhC structures are freely suspended in air and hence are mechanically unstable from
practical perspective as well as not suitable for large scale integration. Structures with
solid support are more realistic. To overcome this instability, SOI based PhC DBWDs
are required to be designed and developed. In these structures, mechanical robustness
is improved by the existence of supporting dielectric material under the slab [Notomi
et al. (2002), Qui (2002), Tanaka et al. (2004), Tanaka et al. (2004)]. Further such Y
type structures are also required to be optimized for high transmission from both the
output waveguides [Dekkiche and Naoum (2006)].

In this chapter, earlier approach is extended to design a 3D silicon-on-insulator
photonic crystal dual band wavelength demultiplexer (DBWD) for de-multiplexing
the two telecom wavelengths, 1.31 um and 1.55 pm. The structure designed is purely
3D with a silicon (core) thickness of 0.35um and silica (cladding) thickness of 3 um.
Dispersion curves were obtained using 3D Plane Wave Expansion (PWE) method to
explain the guidance in three concerned waveguides; Input Waveguide, Output
Waveguidel and Output Waveguide2. Modes in these waveguides, which lie below
the silica light line, are guided in the plane along the defect. However, modes which
lie above the light line are lossy in the vertical direction and are called the radiation
modes. 3D guidance of the light is thus confirmed in the proposed structure.

Optimization of Y bend is also carried out by adding a air hole near the Y junction
of proposed SOI based DBWD. This reduces the multimode effect and backward

scattering in the input waveguide from Y junction. Increased transmission of the
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resulting structure is also calculated using 3D FDTD method. Tolerance of the device
to fabrication is also investigated by varying the radius of air holes; etch depth and
refractive index of Si core. Demultiplexing function is demonstrated using 3D Finite
Difference Time Domain (FDTD) method. Numerical analysis indicates that the
proposed structure demultiplexes the TE like polarization of 1.31um and 1.55um,
effectively. It is expected that such designs will help in realizing devices and

components for broad band optical communication systems and networks.

3.2. Structure Design

The Y type DBWD was designed; consisting of hexagonal arrangement of embedded
air holes in Si (n=3.42) PhC slab having thickness 0.35um on silica (Si0,) cladding of

thickness, 3um.

Figure 3.1 Schematic view of proposed non optimized DBWD having embedded air holes in
silicon material with (i) Input Wg (ii) Output Wgl with »,=0.129 pm (iii) Output Wg2 with
r;=0.187 pm (iv) Silicon material and (v) Silica. Radius of holes in the bulk structure is chosen to

be 0.175pm.
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Selection of radius of the holes of the entire structure is based upon the fact that
bandgap exist for the telecom wavelengths, 1.31 pm and 1.55 pm, so that when line
defect is created in such structures, they produce guided modes corresponding to both
these wavelengths. Defect radius in the two arms of Y type structure is chosen so that
bandgap exist for 1.55 pum in one arm and not for 1.31 pm in the same arm and vice
versa for the other arm (Figure 3.1). To obtain PBG for desired range of wavelengths
covering both 1.31um and 1.55um, we have chosen lattice constant, a to be 0.42 um
and hole radius » =0.175pm. 3D PWE method is utilized for calculating guided modes
below silica light-line. With these parameters, the structure supports a large photonic
band gap for TE like modes in the range of normalized frequency varying from

0.2558 t0 0.4367 1.e. wavelength 4 ranging from 1.64 pm to 0.96 um (Figure 3.2).
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Figure 3.2 Band structure for TE like modes for hexagonal lattice having hole radius r=0.175 pm,

r;=0.129 pm, r,=0.187 pm and lattice constant a=0.42 pm.
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The input waveguide (Input Wg) is formed by removing a few holes in a row from
the direction of propagation. Since the designed structure possess PBG for TE like
modes of telecom wavelengths, 1.31um and 1.55um, the line defect, input waveguide,
created supports the guided modes for both these wavelengths. Figure 3.3(a) shows
the dispersion curve for Input Wg, which supports the light propagation for
normalized frequency, 0.3206 and 0.2709, in the proposed design of PhC. The black
solid line is the SiO; light line. The waveguide modes which lie below the light line
are guided modes while those which lie above the light line become resonant i.e. they
are still guided in the plane along the line defect but they are lossy in the vertical
direction. Thus wavelengths, 1.31 um and 1.55 um are guided in the input waveguide.
The PBG based DBWD is then created by changing the geometrical parameters in
two arms of the Y type structure. The radii in the two arms of the structure are chosen
such that signal for wavelength of 1.31 um is obtained from output end of one arm
and signal for wavelength of 1.55 pm is obtained from output end of the other arm.
For this we need to have a bandgap for 1.55 pm in first arm and for 1.31 um in second
arm. Figure 3.2 explains that for defect radius r= 0.129 pm, PBG exist for
normalized frequency 0.2709 (A=1.55pum) and not for 0.3206 (41=1.31 pm). While for
defect radius 7,=0.187 um, PBG exist for normalized frequency of 0.3206 and not for
0.2709. Thus we change the radii of holes in one arm of the Y type structure to »; and
named it as Output Wgl and radii of holes in other arm of the Y type structure are
changed to », and named as Output Wg2. Thus Output Wgl is a reduced index region
because it is obtained by increasing the radii of embedded air holes in silicon slab
while Output Wg2 is an increased index region because it is obtained by decreasing

the radii of air holes.
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Figure 3.3 Dispersion relations of the three involved PhC waveguides. The black (solid) line
corresponds to SiO, light line and the red lines corresponds to the respective single guided modes

in (a) Input Wg, (b) Output Wgl and (c) Output Wg2.

Dispersion curve in Figure 3.3(b) shows that the guided modes exist for
normalized frequency 0.3206 corresponding to optical wavelength of 1.31 pm while
normalized frequency of 0.2709 i.e. wavelength of 1.55 um is clearly not supported

by Output Wgl. Hence if incident light is 1.31 pm, it will be well confined within the
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waveguide having defect radius »; i.e. Output Wgl. However if the incident light is
1.55 pm, it will be completely radiated out from Output Wgl. In the same way
dispersion curve in Fig. 3.3(c) shows that guided mode exist for normalized frequency
of 0.2709 corresponding to optical wavelength of 1.55 um in Output Wg2 while no
guided mode exist for 1.31 um in the same waveguide having defect radius »,. Thus
the incident light of 1.55um is propagated in Output Wg2 and 1.31 um is radiated out.
Hence in the proposed design of DBWD, we obtain wavelength of 1.31um from

Output Wgl and 1.55 pm from Output Wg2.

3.3. FDTD Simulation Results and Discussion

3D FDTD simulation was performed to determine the de-multiplexing efficiency of

the designed DBWD for separating two telecom wavelengths, 1.31 pm and 1.55 pm.
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Figure 3.4 Variation of transmittance with wavelength from two output waveguides for TE like

polarization of incident light for non optimized SOI based DBWD.
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3D FDTD simulations were carried out by PhotonD (Crystal Wave) package
where mesh size is taken to be Period/3 and device dimensions are taken to be
3.31umx5.86um in XZ plane. Here Transmittance (T) is defined as the ratio of output

power obtained from either of the output waveguides to the input power i.e.

T=P,, / P., . Figure 3.4 shows the spectral response of proposed DBWD for TE like

polarization of incident light. From this figure, it is clear that the proposed structure
successfully split the two telecom wavelengths but the maximum peaks obtained from
two output waveguides is 50% of input signal for 1.55 um and 58% of input signal for
1.31 um. This weak transmission is due to the backward scattering, in the input
waveguide, from Y junction as well as excitation of higher order modes which cannot
correctly propagate in the output waveguides. In order to improve transmission,
junction region has to be modified by adding a smaller hole near the junction in the
input waveguide. This reduces multimode effect and backward scattering by varying

the optical width of the waveguide.

3.4. Optimized Structure

In order to enter the proper optimization for increasing the transmission at the two
output ports, one has to define the position and radius of the hole which is inserted
near the Y junction of proposed SOI based DBWD. This caused gentle perturbation of
the incoming wave while changing its direction from input waveguide to either of the
output waveguides. By tailoring the radius of induced air hole, transmittance peaks
from two output waveguides can be increased. Figure 3.5 shows the variation of

radius (R) of the additional air hole placed at different positions (L as shown in Figure
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3.6) with transmittance from two output waveguides corresponding to two telecom

wavelengths, 1.31 pm and 1.55 pm.
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Figure 3.5 Variation of Transmittance with radius R of additional air hole added at different

positions (a) L=0.205 pm , (b) L=0.625 pm and (c¢) L=1.045 pm.

It is observed that, for R=0.0245 pm and L=0.625 um, transmittance from two
output waveguides increases significantly which corresponds to decrease in backward

scattering from the junction. The resulting optimized SOI based DBWD is shown in
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Figure 3.6. Placing the additional air hole near the junction clearly increases the

power transmission as observed in 3D FDTD simulation of optimized structure.

(b) ()

Figure 3.6 (a) Optimized structure of SOI based DBWD with R=0.0245 pm and L=0.625 pm.

Field pattern for TE like polarization at (b) A=1.31 pm and (b) A=1.55 pm for the proposed SOI

based DBWD.

Spectral response of transmittance for proposed optimized SOI based photonic

crystal DBWD is shown in Figure 3.7. It explains that the two wavelengths 1.31 um
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and 1.55 pum separate out efficiently and are received from the two output
waveguides, respectively. Power transmittance efficiency for 1.31 um obtained from
Output Wgl is calculated to be 89% and transmission efficiency of 1.55 pm obtained

from Output Wg2 is found to be 69%.
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Figure 3.7. Variation of transmittance with wavelength from two output waveguides for TE like

polarization of incident light for optimized SOI based DBWD.

Efficiency of the device is further confirmed by calculating its extinction ratio which

18 defined as:

Transmittance for 1.31 um obtained from Output Waveguidel

ER1=10log,, : ; :
Transmittance for 1.31 um obtained from Output Waveguide?2
and
ER2 =10log,, Transmittance of 1.55 um obtained from Output Waveguide2

Transmittance of 1.55 um obtained from Output Waveguidel
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The values are calculated to be; ER1=26.10 dB for 1.31 pm and ER2=27.50 dB
for 1.55 pum. It is mentioned here that these values of extinction ratio are sufficiently

high for SOI based PhCs.

3.5. Tolerance Analysis

In this section, the effect of change in air hole radius, variation of angle from vertical
of the optimizing air hole near Y junction and variation of refractive index of silicon
core by 0.01 to 0.001 on the transmission characteristics of optimized SOI based
DBWD in PhC is studied. First, it is shown, how the transmission changes for £3%
variation in 7; and r; because for these variations in the radius, desired frequencies lie
well within the desired bandgap. Figure 3.8 shows the variation of transmittance
plotted on both left and right hand y-axis of graph with tolerance on x-axis. The solid
curve corresponds to the tolerance in Output Wgl i.e. in defect radius »; while the
dash-dot curve corresponds to the tolerance in Output Wg?2 i.e. in defect radius 7,. It
can be seen from the tolerance analysis that although increase or decrease in defect
radii by +£3% do not cause significant change in photonic band gap, the wavelength
region of the guided mode remains unaffected in the proposed DBWD.

Hence, simulation results in figure 3.8 explains (i) the change in intensity of the
transmitted light of wavelength 1.55 um falls to 52% from 69% with -3% change in
defect radius 7, in Output Wg2 while it rises to 83% when r increases by 3% and (i1)
the intensity of the transmitted light of wavelength 1.31 pm with +3% change in

defect radius r; in Output Wgl varies approximately from 89% to 72%.
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Figure 3.8 Effect of tolerances in defect radius r; and r, on the transmission characteristics of

proposed optimized DBWD.

Further, the tolerance analysis of the device was carried out for variation in etch
depth of optimizing air hole having radius R=24.5nm inserted near the Y junction of
the structure. During fabrication, air holes with small radius usually etch at a slower
rate and hence tend to be shallower. Also the shape of the hole would be conic since
the defect is quiet small with regard to lattice holes. Therefore impact of conic angle
from vertical, with a corresponding change in etch depth, on transmittance is shown in
Figure 3.9(a).

The variation in refractive index of silicon core and its impact on transmission
characteristics of proposed SOI based DBWD (Figure 3.9(b)) is also studied and it is
observed that transmittance changes by less than +0.02% from either of the output

waveguides. Tolerance analysis of above factors leads us to conclude that the
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proposed DBWD on SOI based photonic crystal has a reasonable fabrication

tolerance.
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Figure 3.9 Effect of tolerances in (a) angle from vertical of optimizing defect radius R having
conic shape and (b) variation of refractive index of Si core on the transmission characteristics of

proposed optimized DBWD.

3.6. Conclusion

In this chapter, the design of SOI based DBWD to split the TE like polarization of
two telecommunication wavelengths, 1.31 um and 1.55 pum is presented. The
principle of the design of DBWD is based on the phenomenon of light wave guidance
due to photonic bandgap in horizontal direction and refractive index contrast in
vertical direction and thereby the existence of guided modes in defect waveguides.
The filtering characteristics were computed using 3D FDTD method and it was found
that the two telecom wavelengths can be de-multiplexed efficiently. Transmission
characteristics are enhanced by optimizing the structure by adding smaller air hole
near the Y junction. Transmittance peaks obtained from two output waveguides is

89% for 1.31 um and 69% for 1.55 um. Extinction ratio of the optimized structure is
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calculated to be 26.10 dB for 1.31 um and 27.50 dB for 1.55 um. Tolerance analysis
of the device was also carried out for +3% change in defect radius in the two output
waveguides and it is found that wavelength region of the guided mode remains
unaffected in the proposed optimized SOI based DBWD with increase or decrease in
defect radii by 3%. Effects of variation in etch depth of the optimizing air hole and

variation of refractive index of slab on transmittance is also studied.
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Chapter 4

Slow Light with Ultra-Flattened Dispersion in
SOI Photonic Crystal*

4.1 Introduction

Slow light refers to reduction of the group velocity of light - and is a promising
technology for future all-optical communication networks. As discussed in Chapter 1,
photonic crystal (PhC) line-defect waveguides that are created within the photonic
band gap (PBQG), are extensively used for achieving slow light in the flat band regions
of guided modes supported by these waveguides [Soljacic et al. (2002), Gersen et al.
(2005), Baba and Mori (2007), Frandsen et al. (2006)]. Therefore they have strong
application possibilities in optical buffers and other optical storage devices [Tucker et
al. (2005)]. The high refractive index contrast achievable in SOI structures provides
strong confinement of light in the vertical direction, while the PBG of the PhC lattice
provides confinement of light in the horizontal direction. Slow light in PhCs has
already been observed by several authors [Povinelli et al. (2005), Baba et al. (2004),
Krauss (2007)] near the edge of the Brillouin zone. Recently Mori and Baba have
experimentally demonstrated a slow light device based on a chirped PhC coupled

waveguide [Mori and Baba (2005), Mori and Baba (2004)] and have achieved the low

! Part of the results reported in this chapter has been published in the paper: “Slow Light Miniature
Devices with Ultra-Flattened Dispersion in Silicon-on-Insulator Photonic Crystal”, Optics Express,
17, 13315-13325, August 2009.
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group velocity of 0.017¢c. However fabrication of such complex devices is challenging
and may limit their practical utilization in large scale integration.

In this chapter, the design of an SOI based PhC structure having elliptical air holes
within a silicon core is reported. However, for asymmetrical structures, such as SOI
structures, the modes cannot be classified selectively- and each mode has even as well
as odd components. Modes with Hy as the predominant component are referred to as
TE-like modes - and those with Ey as the predominant component is referred to as
TM-like modes. (See Figure 1) The thickness of the PhC waveguide core layer should
then satisfy the single-mode condition, in order to exploit the quasi PBG effectively
[Shinya et al. (2002)]. The SOI waveguide structure is made up of a silicon core layer
sandwiched between a silica cladding layer below and an air cladding above. The
major and minor axes of the elliptical air holes are tuned to obtain a flat section of

dispersion curve below the silica light-line for slow light propagation.

~.Silica X

- Silicon Z /l_.

- Elliptical Air Y
Holes

+ B(Semi major axis)

Supercell used 1n A(Semi minor axis)
computation of
designed SOI based PhC

(@) (b)
Figure 4.1. (a) Schematic of the proposed design for the W1 line defect channel waveguide

configuration with length equal to 15a. (b) Diagram defining the coordinate system.
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Figure 4.1 shows a schematic of the proposed design that has elliptical holes in a
hexagonal arrangement - with a W1 line-defect channel waveguide configuration. The
inset in Figure 4.1 shows the super-cell used in computational modelling of the
designed structure. For the device applications of such waveguides, the group velocity
dispersion (GVD) and other higher-order dispersion parameters should be very low
[Di-Falco et al. (2008), Wang et al. (2008)] thereby enabling the optical signal to
propagate with reduced distortion - as would be demonstrated using FDTD
simulations. The band structure was obtained using a 3D PWE method. Using these
simulation tools we have been able to design an SOI based PhC channel waveguide
with slow light behaviour - having a group velocity in the range from 0.0028c to
0.044c — and with vanishing GVD, third order dispersion (TOD) and fourth order
dispersion (FOD) parameters. The structure designed has also been investigated for its
possible application in the design of (i) an optical buffer with a value of normalized
DBP that is equal to 0.778 - a value that is higher than previously reported values
[Mori and Baba (2005), Settle et al. (2007), Ma and Jiang (2008)] - and (ii) a time and
wavelength division de-multiplexing device. The proposed device is designed to de-
multiplex the two telecommunication wavelengths, 1.31 pm and 1.55 um as well as
other wavelengths around 1.55 pm, using time discrimination and with minimal

distortion, while exhibiting an ultra-flattened dispersion curve for both wavelengths.

4.2. Design Aspects and Device Description

For the design, a hexagonal arrangement of air holes in an SOI based PhC structure

was first assumed. The refractive index of silicon has been taken to be 3.50 and its
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thickness has been taken to be 450 nm. Computed results for the band-structure of a
W1 channel waveguide aligned along the I'-K direction are shown in figure 4.2. They
indicate that only a single guided mode exists below the silica light-line - and the
calculated value of the effective index of the guided mode for the fundamental TE-
like guided mode is calculated to be 3.25. This core guiding layer of silicon is
typically bonded on to a silica (SiO;) lower cladding layer that may be as much as
3 um thick, in practice.

The lattice constant for the air holes has been chosen to be a=0.42 um, with a
basic air hole radius of 0.33a. As shown in Figure 4.2(a), the band gap of the designed
structure lies in the frequency range 0.2130(2nc/a) to 0.3058(2nc/a), for the TE like
polarization. A W1 PhC channel waveguide was then obtained by creating a single
line defect in the photonic crystal. By examining the dispersion diagram in Figure
4.2(b), it is possible to identify a flat section for the even-symmetry transverse mode
of the W1 waveguide located at frequencies around 0.24(2nc/a). The inset in the
figure shows the super-cell used in the 3D PWE calculation.

It is observed that the group velocity becomes very low because of the flat (i.e.
near horizontal) dispersion curve, but the waveform of the optical signal is likely to be
severely distorted by the large GVD parameter, on the order of 10% ps*/km for this

situation, thus limiting the achievable bandwidth for slow light transmission.
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Figure 4.2. (a) TE bandgap map and (b) dispersion diagram having flat section of guided modes
in the hexagonal lattice with lattice constant a = 0.35 um and basic air hole radius r=0.33a. The
inset in the figure shows the super-cell used in the 3D PWE method. The black solid line is the

silica light line, while the red line is the dispersion curve.

Our main goal in this work was to obtain slow guided-light modes that feature the

combination of low group velocity and vanishing GVD parameter. The main
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requirements for such modes to be achieved are: (a) operation below the silica light-
line, because the modes which lie above the light-line are intrinsically lossy (i.e.
leaky) in the vertical direction - and (b) a flat section of dispersion curve should be
obtained i.e. the slope of the dispersion curve should not only be small but it should
also be close to constant for a given range. Otherwise the higher order derivatives of
the dispersion curve will lead to GVD, third-order dispersion (TOD) and fourth-order
dispersion (FOD).

To satisfy the above requirements we change the embedded circular air holes into
an array of identical elliptical air holes with semi minor axis (A) and semi major axis
(B), while retaining a hexagonal lattice arrangement. The dependence of the
dispersion diagram on the semi-minor axis (A) and semi-major axis (B) of the air
holes is shown in Figure 4.3(a) and 4.3(b). As indicated earlier, these are the
normalized dispersion curves for propagation for a W1 channel waveguide oriented
along the I'K axis of the PhC lattice, for different values of A and B. Figure 4.3(a)
shows that the dispersion curves move up in frequency in the slow light regime when
the magnitude of the semi-minor axis A of the elliptical air holes is varied
progressively from 0.20a to 0.32a -and the effective indices of the modes of the
structure increase. In obtaining these curves, the value of the semi-major axis B has
been fixed at 0.45a. In the same way, when the semi-major axis B is varied
progressively from 0.39a to 0.48a, the dispersion curve again moves up in frequency,
as shown in Figure 4.3(b) - where A is fixed at 0.28a. The tuning of the two structural
parameters, A and B has been performed in order to tailor the dispersion properties of
the waveguide in the slow light regime below the silica light line and for the desired

frequency range.
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Figure 4.3. Movement of the dispersion curves when (a) the semi-minor axis A and (b) the semi-

major axis B changes gradually.
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0.35 0.4 0.45 0.5
k (2n/a)
(b)
Figure 4.4. (a) TE band diagram of finally designed structure. (b) Dispersion diagram for the
proposed SOI based single line defect photonic crystal having elliptical air holes with semi-minor
axis A=0.286a and semi-major axis B=0.457a. Flat section of dispersion curve corresponds to

slow light region.
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Finally, an optimal waveguide was obtained with elliptical air holes that have a
semi-minor axis A = (0.286a and semi-major axis B = 0.457a. Figure 4.4(a) shows the
band structure for TE-like modes of the designed structure with lattice constant
a=0.42 um, semi-minor axis A =0.286a and semi-major axis B = 0.457a. For these
parameter values, the bandgap ranges from 0.2352(2mc/a) to 0.3277(2mc/a). The
dispersion curve obtained for the fundamental mode of the W1 waveguide is shown in
Figure 4.4(b), together with the super-cell used in the 3D PWE method. The region
0.41< (2m/a) < 0.5 is chosen for slow light transmission - because in this region the
flattest section of the dispersion curve is obtained that lies below silica light-line and
is within the PBG region. i.e. the slow modes are confined vertically by total internal

reflection and horizontally by the photonic bandgap of the PhC regions.

4.3. Numerical Results and Discussion

4.3.1. Group velocity:

In the previous section a W1 channel waveguide in an SOI based photonic crystal
structure with a hexagonal lattice of elliptical air holes in silicon is presented. The
structure shows a flat dispersion curve below the silica light line. The key velocity of
such modes is their group velocity, defined as the velocity with which the envelope of
a short pulse propagates through space. The standard definition for group velocity is
[Agarwal (1997)]:

V—d—w 4.1

where o is the angular frequency and K is the wave-vector along the waveguide.
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4.3.2. Group Velocity Dispersion (GVD):

The GVD is defined as the derivative of the inverse group velocity w.r.t. angular

frequency.
d *k
ﬁ_da)z
_ 4 _1
d
do [ 4o,
_ 1 d’w
do /Y dk’
(57 ) .
ﬂ__l_dza)
vy dk?

From Equation (4.2), it can be observed that if the group velocity converges to zero,
the GVD parameter goes to infinity - which causes the spreading of an optical pulse in
time and as a result of different frequency components of the pulse travelling at
different velocities may merge together.

Keeping the above fact in view, we have designed our structure to obtain a flat-
band situation that is characterized by small and nearly constant slope, with relatively
low group velocity and GVD parameter. In Figure 4.5 the frequency dependence of
the group velocity - and the GVD parameter - on normalized frequency are plotted for
the slow wave region shown in Figure 4.4(b). The flat band of the dispersion curve
lying below silica lightline i.e. the frequency range between 0.2700(27c/a) and
0.2733(2nc/a) was considered. It was observed that, for this range of frequencies, the
group velocity remains in the range 0.0028c to 0.044c - and the GVD parameter lies

in the range of 10% ps*/km.
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Figure 4.5. Variation of group velocity and Group Velocity Dispersion (GVD) parameter for flat

section of dispersion curve plotted in Figure 4.4.

The GVD has positive as well as negative values and, for a particular spectral

region, it becomes flat - ie., for a bandwidth oon:A—(D:Zl THz, the GVD

27
parameter lies below 10 psz/km.The low group velocity obtained at the extreme points
(~0.005c¢) is at the cost of large GVD, on the order of 10” ps*/km - while near the mid
point, around ® = 0.2718 (2znc/a), vg~ 0.044c and the GVD parameter vanishes.

Hence a very low GVD value is obtained over the wide spectral bandwidth of

2.1 THz.

4.3.3 Third Order Dispersion (TOD) and Fourth Order Dispersion (FOD):

The TOD parameter was deduced by calculating:
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Top = L 9(GVD) (4.3)
v, ok
1.e. the first derivative of the GVD.
and the FOD parameter was deduced by calculating:
FOD:L—G(TOD) (4.4)
Vv ok

g
1.e. first derivative of the TOD.

Figure 4.6(a) shows that the upper limit of the TOD is on the order of 10* ps*/km
for the slow light regime below the silica light-line i.e. in the frequency range from
0.2700 (2mc/a) to 0.2733 (2nc/a) However a flat curve near the centre of frequency
range was obtained, over a bandwidth of 2.1 THz, where TOD varies from 10' to
10? ps*/km. Figure 4.6(b) shows that the upper limit of the FOD is on the order of
10° ps*/km for the slow light regime, but again a flat curve is obtained for a
bandwidth of 2.1 THz near the centre. These values of TOD and FOD are less than
those reported in previous work [Di Falco et al. (2008), Assefa and Vlasov (2007)].
Thus both TOD and FOD vanish for a particular frequency range in the proposed SOI
based structure having elliptical air holes PhC.

The results obtained for the TOD and FOD are important for evaluating the pulse
broadening that is due to higher order dispersion, as well as for evaluating nonlinear
effects that are dependent on high order dispersion in the slow light regime. Their low
values, tending to zero in a bandwidth of 2.1 THz, show that the proposed waveguide
can be used for device applications such as multiplexing and de-multiplexing, as well

as in realizing delay lines for optical buffers.
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Figure 4.6. Variation of higher order dispersion parameters (a) TOD and (b) FOD with

frequency.
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4.4. Photonic Crystal Waveguide as an Optical Buffer

The optical buffer is a device that temporarily stores and adjusts the timing of optical
packets. Application of PhC waveguides with slow light in optical buffers has
recently been attracting wide attention [Tucker et al. (2005)]. We then investigated
the properties of the SOI-based elliptical air hole W1 channel waveguide for use as an
optical buffer - and determine the limitations of slow light propagation in the
proposed structure. The number of bits that can be stored in a slow light device is
given by its Delay Bandwidth Product (DBP). The expression for the DBP is:
DBP=Tqy.B (4.5)
where Tq4 is the time of propagation of a pulse in the waveguide and B is the
bandwidth. If L is the length of the structure and the pulse is propagating with
minimum distortion, the upper limitation on the DBP is given by [Ma and Jiang

(2008b)]:

b
DBP =T,.B si(l—]

Vg | 47 L|B] @7
(=)
— DBP < - 1
47 vg|,8|4

Thus the DBP depends upon the length of the structure, the average group velocity

and the GVD parameter. If the length of the structure is fixed, the DBP is inversely
proportional tov |8 |% . i.e., in order to increase the value of DBP, we need to

decrease the value of the average group velocity v, and the GVD parameter, B.

Next, the upper limit of the DBP was calculated in the proposed SOI-based PhC
having a hexagonal arrangement of elliptical air holes, in the slow light regime below

the silica light-line.
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Figure 4.7. Variation of group velocity with frequency in the slow light region below the silica

light-line.

At frequencies my=0.2709 (2nc/a), i.e. for an incoming wave at Ay = 1.55 pm, the

average group velocity is calculated to be 0.035c - and the average GVD parameter is
B=0.5ps’km (from Figure 4.5). Therefore,(/gﬂ%ﬂ 0.0247c.pskm”?. This value is
highly reduced as compared to the value of 4.4c ps.kml/ % in reference [Ma and Jiang
(2008b)]. Even for the slowest velocity achieved at a frequency of 0.27009(2nc/a) i.e.
Lo =1.555 um, the average group velocity is 0.0028¢ and B =376 ps’km - and
therefore,\79|ﬂ|%m 0.0543c.pskm”?. Hence the upper limitation on the delay bandwidth

product is strongly enhanced in our structure.

The DBP, defined by T4.B, provides a measure of the buffering capacity that a
slow light device potentially provides. However its normalized form can become
more useful if devices that have different lengths and different frequencies are

compared. The value of the normalized DBP was also calculated for the proposed SOI
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based photonic-crystal channel-waveguide. Figure 4.7 shows the variation of the
group velocity with frequency. The average group index in the frequency range Aw is

calculated as:

~ wg+tAa/ d
ne = [ (0) (4.8)

wy-Aw/2
From Figure 4.7, the average value of group index is- ﬁg =66.60, in the normalized

frequency bandwidth ofA—w:0,0117. The normalized DBP is calculated to be-
a

Ng Ao _ 0.778, which is substantially greater than that reported in references [Mori

[0
and Baba (2005), Ma and Jiang (2008a)]. The normalized DBP calculated in [Settle et
al. (2007)] is equal to 0.359, which is also less than the value of 0.778 that we have
calculated for the proposed structure. The proposed structure can therefore be used as

an optical buffer with a high DBP value.

4.5. FDTD Simulation

In this section an investigation is described for the broadening of pulses propagating
through the waveguide of the proposed structure, using FDTD simulations. FDTD
simulations were carried out using the RSOFT FULLWAVE package with the mesh
size taken to be Period/3 and device dimensions- taken to be 6.72pum x 5.04pm in XZ
plane. If the central frequency is fixed at wy = 0.2709(2nc/a) i.e. at Ao = 1.55 um, the
group velocity and GVD parameter at this wavelength are 0.035¢ and 0.5 ps®/km,

respectively.
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Figure 4.8(a): Field amplitude of the Gaussian pulse recorded at the input end and output end of

the waveguide as a function of time for A,=1.55 um. Modal field distribution in the PhC

waveguide for (b) 1.550 um and (c) 1.555 pum.

As shown in Figure 4.8(a), for wavelength of 1.55 pm, time delay between the

input peak and output peak is nearly 0.57 ps for a waveguide length of 15a. Hence the
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corresponding group velocity is 0.036¢ which is slightly larger than that observed
using PWE method (i.e. 0.035¢c). The slowdown factor, which is defined as the ratio
of the phase velocity to the group velocity (S=vp/v,) is calculated to be 17 at
Ao = 1.55 pum. Thus the width of the Gaussian pulse at the output end is approximately
equal to that of the pulse at the input end, with very little pulse expansion, as shown in
Figure 4.8(a). Here, the length of waveguide is taken to be 15a, as shown in Figure
4.1. The incident pulse with a full width at half-maximum (FWHM) of 0.07 ps
expands to 0.11 ps at the output. The modal field distribution for an incident wave at a
wavelength of 1.55 um was observed in Figure 4.8(b) - which shows that the light
spreads substantially into the first and second nearest rows of elliptical air holes of the
PhC, due to the slow light propagation in the waveguide. Figure 4.8(c) shows the
spreading of the wave for Ao = 1.555 um - for which the slowest group velocity value

of 0.0028c is achieved in the proposed SOI based photonic crystal waveguide.

4.6. Time and Wavelength Division Demultiplexing (TDM and

WDM)

The proposed SOI based PhC, with elliptical air holes, is next investigated for use in
time and wavelength division demultiplexing (TDM and WDM). It is found that the
proposed structure has a bandgap in the frequency range of 0.2352 (2nc/a) to 0.3277
(2mc/a) as shown in Figure 4.4(a). Hence the bandgap exist for both the wavelengths,
1.31 pm, which corresponds to a frequency of 0.3206 (2mc/a) and 1.55pm, which

corresponds to a frequency of 0.2709 (2rc/a).
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Figure 4.9(a) shows the frequency dependence of the group velocity and GVD
parameter for a section of dispersion curve below the silica light-line. For an
incoming pulse of light at a wavelength of 1.31 um, the group velocity is calculated to
be 0.178¢ and the GVD parameter is 0.0083 ps’/km, which implies low signal
distortion for a wavelength of 1.31 um. Thus a signal at a wavelength of 1.31 pm is
more than five times faster than one at 1.55 pm, where the velocity is equal to 0.035c.
Therefore the channel guides a signal at a wavelength of 1.31pum at faster velocity -

and hence it reaches the output end of the W1 waveguide earlier than a signal at the

wavelength of 1.55 pm.

0.25

02}
0.15}
. 0.1}
2

o 0.05¢

D -
-0.051
-0.1

0.318 0.320 0.322 0.324
o (2nc/a)

@ (b)
Figure 4.9. (a)Variation of group velocity and Group Velocity Dispersion (GVD) parameter for
region having central wavelength near 1.31um (b) Modal field distribution in PhC channel

waveguide for a wavelength of 1.31pm.
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The FDTD simulation for 1.31 pm is shown in Figure 4.9(b), indicating that the
spread of light wave in theW 1 waveguide at 1.31 um is less than that for 1.55 pm, as
observed in Figure 4.8(b). If the device length is assumed to be 600 um, the delay
time for a wavelength of 1.55 um is calculated to be 57 ps - and for a wavelength of
1.5534 pm it is calculated to be 89 ps. For a wavelength of 1.5550 pm, it is calculated
to be 704 ps, while for a wavelength of 1.31 um; it is calculated to be 11 ps (Figure
4.10). Here, it is observed that even for the slowest velocity achieved i.e. 0.0028c, the
GVD parameter is relatively small (on the order of 10 ps*/km) and hence this
waveguide PhC structure can be used in both time and wavelength division de-

multiplexing.
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Figure 4.10. Schematic for separation of pulses of light at telecom wavelength 1.31 um, 1.5500

pm, 1.5534 pm and 1.5550 um for time and wavelength division de-multiplexing.

4.7. Conclusions

In this chapter, the design of an SOI based PhC channel waveguide with elliptical air
holes is reported for use in slow light propagation, with group velocities in the range
from 0.0028c to 0.044c — and with extremely low GVD, TOD and FOD parameters.

This combination of small values for key parameters causes an input signal to pass
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through the PhC waveguide with much less distortion. The proposed structure has

considerable potential for use in photonic device applications such as optical buffers,

TDM and WDM processing -as we have demonstrated.
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Chapter 5

Slow Light Propagation in Liquid-Crystal
Infiltrated SOI Photonic Crystal Channel

Waveguides'

5.1 Introduction

Photonic crystals with photonic bandgap properties have attracted much attention as a
possible platform for densely integrated photonic circuits and novel photonic
functionality. Results obtained in chapter 4 explains that, by carefully engineering the
photonic dispersion relationship, one may obtain unique opportunities for realization
of devices that exploit slow light effects [Soljacic et al. (2002), Gersen et al. (2005),
Baba and Mori (2007), Frandsen et al. (2006)]. PhC channel waveguides can be used
as defect-mode slow light structures. However, slow light is typically accompanied by
large amounts of dispersion, which can remove much of the advantage of operation in
the slow light regime - because it limits the bandwidth that can be utilized [Engelen et
al. (2006)]. This bandwidth-dispersion issue can be overcome by tuning the structure

towards dispersion-free behaviour [Yanik and Fan (2004)]. This approach has resulted

! Part of the results reported in this chapter has been published in the paper: “Low-loss slow light
transmission in photonic crystal waveguides comprising of liquid crystal infiltration”, Journal of
Electronic Science and Technology (JEST), 8, 2010.

Updated part of the results reported in this chapter has been published in the paper: “Slow Light
Propagation in Liquid-Crystal Infiltrated Silicon-on-Insulator Photonic Crystal Channel Waveguides”
IEEE/OSA Journal of Lightwave Technology, 28, 2560-2571, 2010.
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in more complex devices, fabrication of which is challenging and hence potentially
limits their practical utilization. In Chapter 4, we have demonstrated the feasibility
and benefits of using an elliptical air-hole based photonic crystal structure to obtain
slow light behaviour [Rawal et al. (2009)]. However, it has been shown by a number
of authors that square hole photonic crystal structures present better performance in
comparison with circular hole PhC structures in terms of transmittivity, loss
characteristics and maximization of the transmission bit rate of the signal in optical
networks. Even the group index obtained in the low GVD regime of PhC channel
waveguides is higher in square hole waveguides than in circular hole waveguides
[Bavat et al. (2009), Koerkamp et al. (2004), Zhang et al. (2010)]. The tunability of
PhC lattices can further be extended and controlled by filling their segments with
certain types of liquid crystal (LC) material [Alagappan et al. (2006), Kosmidou et al.
(2005)]. This combination offers the possibility of shifting the frequency of the defect
modes and tuning the dispersion curves, in order to obtain flat slow modes with low
group velocity dispersion (GVD) [Ebnali-Heidari et al. (2009)]. Liquid Crystal (LC)
material has been simulated using an anisotropic form of the finite-difference time-
domain (FDTD) method [Kriezis and Elston (2000)]. Since dynamically tuned
devices are essential components in optical systems, PhC waveguide configurations
with microfluidic infiltration of LC material offer a strong potential for realizing
integrated micro-photonic devices. C.L.C. Smith and co-workers [Smith et al. (2008)]
have described how the required LC infiltration in a PhC can be achieved by using a
tapered glass micro-tip. The droplets that are attached to the length of capillary tube
due to adhesive forces between glass and liquid are deposited on a device chip besides

the PhC structure. A microscope objective is used - which resolves properly the air

70



Chapter 5: Slow Light Propagation in Liquid-Crystal Infiltrated SOI Photonic Crystal

holes in the PhC and provides sufficient working distance for the tapered microtip to
draw the chosen droplet along the air hole, perpendicular to the PhC waveguide,
during infiltration. Propagation losses and their dependence on group velocity are
another matter of concern. There is little justification in exploring the slow light
regime if any advantage obtained is immediately counteracted by excessive losses.
These losses include losses due to backscattering (into the guided Bloch modes), with
propagation in the opposite direction - and losses due to inefficient coupling.
Backscattering is mainly disorder-induced and increases with the inverse group
velocity squared [Petrov et al (2009), Kuramochi et al. (2005), Gerace and Andreani
(2007)]. Hence it is dominant in the case of slow group velocities, while inefficient
coupling occurs due to the large mismatch at the interface between the slow light PhC
waveguide that results from large changes in group index. This mismatch can be
considered, in a general sense, as a form of impedance mismatch that involves
conservation of power flow and the possibility of energy storage in evanescent modes.
One way of overcoming the problem of impedance mismatch is the use of adiabatic
tapers [Pottier et al. (2007)], but these tend to be relatively long and the construction
of systematic design procedures is challenging. An alternative way is to introduce a
finite region that firstly couples the light from a ridge or stripe waveguide into a fast
mode PhC waveguide and then into the slow mode PhC waveguide [Ozaki et al.
(2007),Velha et al. (2007), Martijn de Sterke et al (2007), Hugonin et al. (2007)].
Such issues of concern are tackled directly in the present chapter - in order to obtain a
highly efficient slow light PhC waveguide with a simple design that is suitable for

fabrication.

71



Photonic Crystal Waveguides and Devices, Swati Rawal

In this chapter, the design of an SOI based PhC structure is reported that has a
silicon core sandwiched between a silica cladding layer below the core and an air
cladding region above. A hexagonal lattice arrangement of rectangular air holes is
introduced into the silicon waveguide core. Since it is an asymmetric structure
vertically, the Bloch modes of the waveguide cannot be strictly classified into purely
transverse electric (TE) and transverse magnetic (TM) modes, since each Bloch mode
has an even as well as an odd distribution component. For the even modal
components, the magnetic field should lie in the direction perpendicular to the plane
of the structure, i.e. along the y-direction - and, for odd components, the electric field
should lie along the y-direction. In general a mixture of all six field components is
obtained for the modal distributions when periodic structuring is added. This periodic
structuring leads to Bloch modes having only quasi-TE or quasi-TM characteristics.
Modes with Hy as the predominant component are referred to as TE-like modes and
those with Ey as the predominant component are referred to as TM-like modes
[Shinya et al. (2002)].

The PhC structure is designed to exhibit a full PBG for TE-like modes. Therefore
these modes are horizontally confined by PBG effects and vertically by total internal
reflection. The rectangular holes are then filled with LC material, which provides an
extra free parameter for achieving very small dispersion slow light waveguides. The
infilling LC material is assumed to occupy only the exact depth of the holes in the

silicon waveguide core - and only in one row of holes on either side of the waveguide.
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(@)

Hy Mode Profile
(Quasi TE mode)
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(b) (©)
Figure 5.1. (a) Schematic of the proposed design with the first neighbouring holes on either sides

of the W0.7 waveguide having Liquid Crystal infiltration. (b) XY view of slow light photonic

crystal channel waveguide with (c) field component of the quasi TE guided mode.

Figure 5.1 gives a schematic of the proposed design, with the first neighbouring
holes on either side of the W0.7 waveguide having liquid crystal infiltration. The
minimum values for the losses and defect mode dispersion below the silica light-line

are found for the W0.7 waveguide. For this reason, a typical structure employed in the
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experiments is a W0.7 PhC waveguide [ Kuramochi et al. (2005), Pottier et al. (2007),
Petrov and Eich (2004), Notomi et al. (2001)]. For the device application of such
waveguides, the group velocity dispersion (GVD) and other higher order dispersion
parameters should be very low, thereby enabling the optical signal to propagate with
least distortion, as demonstrated previously in Chapter 4 - and will be demonstrated
again in the present chapter. We shall also describe the tolerance analysis of the
proposed structure with respect to variations in the waveguide geometry and
variations in the refractive index of the liquid crystal and silicon core. The sensitivity
of the proposed LC-infiltrated PhC channel waveguide is also compared with that of
conventional waveguides. The structure designed has also been investigated for
possible propagation losses, which include losses due to coupling inefficiency. It is
found that high transmission is obtained over a broad bandwidth for the hetero-
waveguide finally designed, which consists of a locally LC infiltrated slow PhC

channel waveguide terminated at either end by fast PhC waveguide sections.

5.2 Slow light photonic crystal waveguide

Line defect PhC waveguides can lead to guided mode bands that can either be index-
guided or bandgap guided - or a combination of both. Anti-crossing between these
two types of mode can determine the local shape of dispersion curves, the slope of
which determines the group velocity of the mode [Khayam and Benisty (2009),
Petrov and Eich (2004), Notomi et al. (2001), Li et al. (2008)]. These guided mode
bands can be made as flat as desired by appropriate design for the achievement of
slow group velocity, together with low group velocity dispersion (GVD), over a broad

bandwidth. In order to obtain slow guided modes with low group velocity and a
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vanishing GVD parameter, two basic requirements have to be fulfilled. The first one
is structure oriented, i.e. the geometrical properties (waveguide width, hole size or
position) are modified to obtain a flat section of dispersion curve, with not only small
but constant slope - over a given range of frequencies - because, otherwise, higher
order derivatives of the dispersion curve will lead to GVD, third-order dispersion
(TOD) and fourth-order dispersion (FOD). The second requirement is loss oriented,
i.e. the possibility of operation of the waveguide below the silica light-line is
considered - because modes that lie above the light-line are intrinsically lossy (i.e.
leaky) out-of-plane. The FDTD method and the PWE method [Plihal and Maradudin
(1991)] are two powerful numerical tools that can be used to simulate Maxwell’s
Equations with minimal approximation. They are known to be able to reproduce
experimental results very closely. RSOFT’s version 8.1 is used for carrying out PWE
and FDTD analysis. Some useful parameters for characterization of PhC waveguides
are:

(1) Group Velocity: which is defined as the velocity at which the envelope of a short

pulse propagates through space - and is expressed as [Agarwal (1997)]

do
= = 5.1
v g d k ( )
) C
Group index Ny = v (5.2)

The average values of group velocity and group index in frequency range Aw are

given as:

Vo = j‘”““”/zvg (a))i—z)) (5.3)

w,-Aw/2
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wot+Aw/2

~ dw
and Ng = J.wowa/z ng (a) )H (54)

(i1) Group Velocity Dispersion (GVD): is defined as the derivative of the inverse

group velocity and is given as (refer Chapter 4):

d’w
dk?

d’k 1
B = BEERVER
Vg

. (5.5)

It is observed that to obtain a distortion-less slow light pulse, i.e. low GVD
parameter, the value of group velocity should be small - and with nearly constant
slope.

(iii) Third order Dispersion (TOD) and Fourth order Dispersion (FOD): TOD and

FOD are expressed as:

1 o(GVD)
TOD=——"— 5.6
v, ok (56)
and FODzia(TOD) 5.7
\% ok

9
(iv) Delay-Bandwidth-Product (DBP): which defines the number of bits stored in a
slow light device - and is expressed as:

DBP=T4.B (5.8)
where Ty is the delay time of the propagating pulse and B is the bandwidth. For a
given length L of the structure, the upper limit on the DBP is given by [Ma and Jiang

(2008)]:

(5.9)

Lj% 1

DBPS( _
A vg|ﬁ|%

Therefore, in order to increase the value of the DBP, one has to decrease the value

of the product v | Jij |% for a fixed length L of the device. For comparison of
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devices having varying lengths, the normalized form of DBP can be useful - and is

defined as: DBP = n, Ao

(2]

5.2.1 Design Aspects

For the design, the possibilities for slow light propagation in an SOI based waveguide
PhC structure realized in a 335 nm thick silicon layer supported by a 3000 nm thick
silica (n=1.45) layer, with air above the silicon waveguide core, were considered. The
hexagonal periodic arrangement of square holes having width = 300 nm and lattice
constant @ = 420 nm is embedded in silicon (n=3.50). Figure 5.2(a) shows the plane
view schematic of the square hole SOI structure designed to obtain a flat dispersion
curve. The PhC structure that has been designed exhibits a band-gap for TE-like
modes between pi, = 0.2573(2nc/a) and ®yax = 0.4311(2nc/a), as shown in Figure
5.2(b). In order to guide Bloch modes in the structure, a line defect W0.7 PhC
waveguide is conceptually created by removing a row of square holes along the 'K
direction and shifting the two PhC regions closer to one another - resulting in a PhC
waveguide width 0.7 times that of W1, i.e. a W0.7 PhC waveguide.

The dispersion diagram shown in Figure 5.2(c), which was obtained using the 3D
PWE method, indicates the existence of only a single guided mode below the silica
light-line. By examining the dispersion diagram in Figure 5.2(c), we have found that
only a modestly enhanced group index (~ 15) with high GVD (~ 10’ psz/km) is

achieved for this situation, limiting its possible use in slow light based PhC devices.
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Figure 5.2. (a) Plane view schematic of square hole SOI structure showing the super-cell used in
the computation, (b) TE band-gap map and (c) dispersion diagram having flat section AB of
guided mode with lattice constant a =420 nm and square hole width as 300 nm. The black solid
line is the silica light-line, while the red line is the dispersion curve. The inset in the figure (c)

shows the super-cell used in 3D PWE calculation.

In order to satisfy the two requirements, (structure-oriented and loss-oriented) for
achieving slow light systems, it was chosen to change the embedded square air holes
into an array of rectangular air holes by varying the width of the X axis (X1) and

Z axis (Z1) of each square, while retaining the hexagonal lattice arrangement. A
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parameter scan was performed in order to tailor the dispersion properties of the
waveguide and is shown in Figures 5.3(a) and 5.3(b). As mentioned earlier, these are
dispersion curves for W0.7 PhC waveguides oriented along the 'K direction, with
different values of X1 and Z1 for the square air holes. In Figure 5.3(a), the value of

Z1 is fixed at 330nm, while in Figure 5.3(b) the value of X1 is fixed at 220nm.
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Figure 5.3. Movement of the dispersion curves when (a) X1 and (b) Z1 vary gradually. The black

solid line is the silica light-line.
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A parameter scan was then performed to achieve a flat section of dispersion curve
below the silica light line and for the desired frequency range. Figure 5.3 makes it
possible to trace a flat-band slow-light region for X1 =223 nm and Z1 =335 nm.
Hence a slow light waveguide is achieved for triangular lattice rectangular air holes
with X1 = 223 nm and Z1 =335 nm together with a lattice constant of a = 420 nm,

along the I'K direction.
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Figure 5.4. (a) TE bandgap map for the PhC having rectangular air holes with parameters
X1=223 nm and Z1= 335 nm. (b) Dispersion curve with single mode guidance for the designed

structure. Inset shows the super-cell used in 3D PWE method.
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For these parameter values, the band-gap ranges from ®mi, = 0.2579(2nc/a) to
®max = 0.3217(2nc/a), as shown in Figure 5.4(a). The dispersion diagram for this
WO0.7 waveguide design is shown in Figure 5.4(b), together with the super-cell used in
the 3D PWE method. However, an even slower group velocity, together with less
GVD, can further be achieved by the use of liquid crystal (LC) infiltration. The
combination of the rectangular hole PhC structure with such micro-fluidic regions
gives an extra free parameter in the waveguide design, which allows the fine tuning of

its group velocity and dispersion.

5.2.2 Vanishing dispersion slow light in photonic crystal waveguides with liquid
crystal infiltration:

Liquid crystals (LCs) offer a tuning mechanism for achieving slow light waveguides
with highly reduced GVD, as their refractive index can be varied with temperature
change - or by applying a local electric field [Chandrashekhar (1995)]. Selective
liquid crystal infiltration in the some of the rectangular air holes of the PhC channel
waveguide offers the possibility of shifting the frequency of the defect mode in the
desired range - and obtaining a flat section of dispersion curve with small but constant
slope. In order to investigate the shape of the dispersion curve, calculations on the LC
infiltrated photonic crystal were carried out using the PWE method. The refractive
index of TE polarized light or TM polarized light depends upon the alignment of the
optic axis of the liquid crystal inside the rectangular holes. If it is now assumed, that
the extraordinary axis lies along the y-axis parallel to the main axis of the holes, then
the TM-like polarization, with the electric field aligned along the y-axis, samples only

the extraordinary index of refraction, and TE-like polarization, with the electric field
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lying in the X-z plane, samples only the ordinary index of refraction. Hence the
calculation for TE polarized light was carried out using the ordinary refractive index

of liquid crystal [Leonard et al. (2000)].
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Infitrated Holes
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Figure 5.5. (a) Schematic of the final design for the slow light PhC waveguide with rectangular
air holes. The first row closest to the waveguide on either side is infiltrated with liquid crystal. (b)

Single guided dispersion curve with a flat section of dispersion curve for achieving slow light.
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The LC material used to generate refractive index values for our calculations, is a
phenyl acetylene derivative (nematic LC), that has an ordinary refractive index n,
equal to 1.6 and an extraordinary refractive index n. equal to 2.2. [Alagappan et al.
(2006),Takeda and Yohino (2002)]. The first row of rectangular air holes closest to
the W0.7 waveguide on either side is infiltrated with the LC, in order to obtain a flat
dispersion curve with vanishing GVD, as displayed in Figure 5.5(b). The region
chosen for slow light transmission varies over the range 0.4 <k (2r/a) < 0.5 because,
in this region, the dispersion curve satisfies the single mode guidance condition below
the silica light-line and has a flat section with small but constant slope. Figure 5.5(a)
shows a schematic of the SOIl-based LC W0.7 PhC waveguide with liquid crystal
infiltration. We have then compared the group index n, and the GVD for the flat band
obtained from the W0.7 PhC waveguide shown in figure 5.4(b) and the one obtained
from the LC WO0.7 PhC waveguide shown in figure 5.5(b). The results obtained are

shown in figure 5.6(a) and 5.6(b).

As can be observed, the average group index ﬁg increases from 8 in the W0.7
PhC waveguide to 54.7 in the partially LC-infilled W0.7 PhC waveguide, because of
the increased effective index of the waveguide produced by liquid crystal infiltration.
However, the variation in p is comparatively small, since it reduces from 1 ps*/km in
the W0.7 PhC waveguide to 0.2ps’/km in the partially LC-infilled W0.7 PhC
waveguide, for frequencies near the centre of the slow group velocity band. The high
value of the group index (~347) obtained at the extreme points is at the cost of high
GVD, on the order of 10° ps*/km. As a result, it is possible to identify a region of very
low GVD over the wide spectral width of 1.02 THz, with an average group index of

43.05.
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Figure 5.6. Variation of group velocity and GVD parameter for the flat section of dispersion
curve, for: (a) a W0.7 PhC waveguide and (b) the partially in-filled LC W0.7 PhC waveguide. (c)
Variation of higher order dispersion parameters TOD and FOD for LC W0.7 PhC waveguide

with frequency in slow light region.

Since the value of the GVD parameter B is nearly constant in a region near the
centre of the range, the values of the TOD and FOD are also low, as observed in

Figure 5.6(c). The upper limit of the TOD is on the order of 10* ps*/km, for the slow
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light regime, below the silica light-line. However near the centre it varies from 10' to
10 ps3 /km. Similarly the upper limit of the FOD is on the order of 10° ps4/km, but
near the centre it varies from 107 to 10° ps*/km. These results indicate that the higher
order dispersion is strongly suppressed in the proposed partially LC-in-filled W0.7
PhC waveguide for a bandwidth of 1.02 THz, with average group index of 43.05,
which further suppresses the pulse broadening and non-linear effects that are
dependent on the higher-order dispersion parameters. As a result, the proposed
partially infiltrated PhC waveguide has considerable potential for device applications
such as multiplexers and de-multiplexers, delay lines and optical buffers. We shall
now estimate the quantitative performance of the proposed SOI based partially LC-
infilled W0.7 PhC waveguide.

From equation (5.9), the high value for the upper limit of the delay-bandwidth
product (DBP) can be evaluated by reducing the value of v | Jij |% . At the operating

wavelength, A =1.55 um, i.e. for a frequency of 0.2709 (2nc/a), the average group

velocity is calculated to be 0.029¢c and the GVD parameter is p = 0.0243 ps*/km.
Therefore v, |8 |% =0.0007¢ ps.km'?. This value is highly reduced as compared to

the value of 4.4c ps.kml/ ? in reference [Ma and Jiang (2008)]. We therefore observe

that, for a given length of waveguide, the upper limitation on the DBP is greatly

enhanced in our structure. The normalized DBP (=n, A_a)) is calculated to be 0.226,
w

which is sufficiently large for the possible use of tunable slow light PhC waveguides

in optical buffers.
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Figure 5.7. (a) Field amplitude of the pulse recorded at the input and output ends of the partially

LC-infiltrated W0.7 PhC waveguide. (b) Modal field distribution at 2=1.55pm.

Further, the slow-down factor achieved in the partially LC-infilled W0.7 PhC
channel waveguide was also calculated. It is defined as the ratio of phase-velocity to
group-velocity (S = V,/V,) - and was calculated to be 20.91 at AL = 1.55 um, for the
designed rectangular-hole PhC-infiltrated channel waveguide. Assuming that the

optical axis of the LC in-fill is perpendicular to the periodic plane, i.e. it lies parallel
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to the y-axis, then we obtain the dielectric tensor € = diag (ny, ne, ne) [Kao and Yu
(2009)].

Applying 2D FDTD method, TE polarized analysis of PhC waveguide along 'K
direction is obtained in Figure 5.7. For a Gaussian pulse at a centre frequency of my =
0.2709 (2mc/a), i.e. at Ay =1.55 pm, v, = 0.029¢ and the GVD = 0.0243 ps?/km. Due to
this vanishing dispersion, the width of the pulse at the input end is nearly equal to that
at the output end, as shown in Fig. 5.7(a). The length of waveguide is nearly 16a,
where a is the lattice constant. The modal field distribution for the input wave is
shown in Figure 5.7(b). It can be seen that the incident pulse spreads substantially into
the neighbouring rows of partially LC-infilled W0.7 PhC waveguide, due to the slow

light propagation.

5.3. Tolerance Analysis

In this section, a study of the tolerances associated with the infiltration based
approach for variations in the parameters of the rectangular air holes - and for
variation in the refractive index of the Si core and infiltrated liquid crystal regions is

presented.

5.3.1 Parameter Tolerances for rectangular air holes

Firstly it was shown, how the group index of the designed, SOI-based, partially
LC-infiltrated W0.7 PhC waveguide varies with a 4% variation in either X1 or Z1 -
and Figures 5.8(a) and 5.8(b) show this variation. Figures 5.8(c) and 5.8(d) show the
corresponding change in the group index of the partially LC-infiltrated W0.7 PhC

waveguide. It can be seen that changes in the parameters of the rectangular air holes,
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by +4%, shift the dispersion curve up in frequency - but that there is less than 2.5 dB
change in the group index for this particular frequency range, i.e. it still remains
constant near the centre - and hence much less variation can be seen in the DBP

(Delay Bandwidth Product).
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Figure 5.8: (a) and (b) show the shift in the dispersion curve with £4% variation in X1 or Z1. (¢)
and (d) show the corresponding change in the group index of the partially LC-infilled W07 PhC

waveguide.
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5.3.2 Tolerance in refractive index

Tolerance analysis of the device will be carried out for variations in the refractive

index of the silicon core and of the liquid crystal used.
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Figure 5.9. Movement of dispersion curve with variation in (a) refractive index of slab, ng,, and

(c) ordinary refractive index of liquid crystal, n;c. (b) and (d) represents the corresponding

change in group index with variation in refractive index of slab and liquid crystal respectively.

Figure 5.9(a) shows the shift in the dispersion curve when the refractive index of

Si changes by +0.05. Corresponding variations in the group index are shown in Figure

&9
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5.9(b). Similarly, Figure 5.9(c) shows the shift in the dispersion curve for An = £0.05
variation in the ordinary refractive index of the liquid crystal in-fill - and the
corresponding variation in the group index is shown in Figure 5.9(d).

It can be seen that the small variations in refractive index (less than 20 %)
incurred during PhC fabrication or changes in temperature still allow us to achieve the
flat-band situation corresponding to the slow light regime with nearly constant group
velocity - and near the centre. In the above, we have shown that the proposed SOI
based partially LC-infilled WO0.7 PhC waveguide is highly tolerant for small
variations in refractive index - and there is no significant change in the group index of
the partially LC-infilled W0.7 waveguide produced by such fabrication errors. The
average group index in the respective ranges of frequency remains approximately the

same - with a variation of less than 25 %.

5.3.3 Material Dispersion Consideration

Material dispersion, which corresponds to the dependence of refractive index on the
optical frequency, is now considered in the PWE method. We first calculate the
guided modes in LC-infilled PhC waveguides for different refractive indices of Si, as
shown in Figure 5.9(a). Reference data of refractive index for material dispersion of
Si is calculated by using the Sellmeier-type formula [Handbook of Optics (1994),
Guryev and Sukhoivanov (2007)]:

) C 2 2 C.A
"R oeh) #-chH #-c))
2 4 5

where
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C1=10.6684293, (C,=0.301516485, C;3=0.003043475, Cs=1.13475115,

Cs=1.54133408, Cs=1104.0
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Figure 5.10 Variation of eigen frequencies at k (2n/a) = 0.35 (dash dot line) with refractive index

and material dispersion of (solid line) silicon.

The intersection between the material dispersion curve and the line formed by
different eigen frequencies taken at a specific k point, for different refractive index
values, gives the eigen frequency of the structure with material dispersion taken into
account, as shown in Figure 5.10.

If all k-points of the guided mode are now considered, the intersection with the
material dispersion curve takes the form of points that give rise to a new guided mode
with material dispersion taken into account. The variation in group index for the new
guided mode in a partially LC-infilled PhC waveguide (figure 5.11) was then

calculated. It shows that not only there is a slight decrease in average group index to
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~41.00, but also that the bandwidth increases, raising the normalized value of the

DBP to 0.245.
0.285 —— | 0
_ Without Material S0l
Dispersion
0.280 ___ With Material -100
_ Dispersion
“g 0.275 Light line -150+
k [
el # =200
8 0.270 22501 _,_Vvl’imoutl Material |
Dispersion
With Material
0.265 =300 " Dispersion
-350
0.260 : : -400 : * :
0.35 0.4 045 0.5 0.27 0.271 0.272 0.273 0.274
k(2n/a) ® (2nc/a)
(@) (b)

Figure 5.11 (a) Band structure and (b) variation in group index with (solid line) and without

(dotted marked line) material dispersion consideration.

5.4. Sensitivity

Sensitivity can be evaluated by determining the magnitude of the change in the
cut-off frequency of the even guided mode with variation in the refractive index of the
medium. In this section we have compared the sensitivity of the cut-off frequency for
a liquid-infiltrated photonic crystal waveguide (LC WO0.7 PhC waveguide) with
conventional PhC waveguide (W0.7 PhC waveguide), both composed of a hexagonal
arrangement of rectangular air holes in an SOI-based PhC. Here we consider a
situation where the volume above the conventional stripe waveguide, the W0.7 PhC
waveguide - and inside the holes is filled with air of refractive index n,. Figure 5.12(a)
shows the cut-off wavelength as a function of refractive index n, (the ordinary

refractive index of the liquid crystal) for LC infiltrated W0.7 PhC waveguide and n,
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(refractive index of gas in-filled holes) for the 'conventional' W0.7 PhC waveguide.

The change in wavelength is nearly linear with variation in refractive index.
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Figure 5.12. Variation of cut-off wavelength as a function of refractive index of air n, and (a) n,

and (b) ny ¢, respectively.

e AL e
If sensitivity is defined as — expressed as a percentage, then the sensitivity is
0

0.0012% for infiltrated LC W0.7 PhC waveguides and 0.0005% for the conventional
waveguide. Therefore a PhC waveguide infiltrated with LC that has its optical axis
perpendicular to the x-z plane is more than twice as sensitive as a conventional W0.7
PhC waveguide to variations in the refractive index of the holes.

Now consider that the photonic crystal is locally filled with a liquid crystal for
which the optic axis orientation changes randomly and becomes parallel to the
periodic plane, i.e. the x-z plane, then it acts as an isotropic material with refractive
index given by ni¢c = (n. + 2 n, )/3 [Takeda and Yoshino (2002)]. Here the liquid

crystal used has extra-ordinary and ordinary refractive index values of 2.20 and 1.60,
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respectively. Therefore ni ¢ = 1.8. Fig. 5.12(b) shows the variation of cut-off
wavelength as a function of nic , since now the optic axis of the liquid crystal is
parallel to the periodic plane. The sensitivity is calculated to be 0.00147%, which is
nearly three times as sensitive as for conventional waveguides. These results show
that the tunability of photonic crystal waveguides can be significantly increased by

field enhancement and slow light effects.

5.5. Pulse Transmittance Measurements

An immediate problem arising from the design of the slow-light waveguide is its
capability for input and output coupling of slow modes efficiently, in the slow light
regime. This problem arises from the large mismatch at the boundaries of the PhC
waveguide that arises from large differences in the group index.

To solve this complex problem, short intermediate sections of fast PhC channel
waveguide that act as coupler sections are added at both ends, in addition to the slow
light PhC waveguide obtained through partial liquid crystal infiltration. The model of
the proposed heterogeneous waveguide is shown schematically in Figure 5.13(a). The
calculated photonic band structure of the fast PhC waveguide with a stretched period
(2’=450nm) obtained using the 3D PWE method is shown in Figure 5.13(b). From the
slope of the dispersion curve of the fast waveguide, it is observed that the velocity of
a signal at 1.55 pm is 0.169c, which is much higher than that obtained in slow-light
partially LC-infilled W0.7 PhC waveguide (~ 0.029¢) - or homogeneous waveguide.
The 3D FDTD method was used for calculating the transmittance through the

proposed heterogeneous PhC waveguide.
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Figure 5.13. (a) Schematic of the proposed heterogeneous PhC waveguide. (b) The dispersion

curve of the fast PhC waveguide with a stretched period a’=450nm obtained using the 3D PWE

method. (¢) Transmittance obtained from the homogeneous and heterogeneous liquid infilled

PhC waveguide. (d) Modal distribution with a continuous wave at A,=1.55 pm.
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As observed in reference [Hugonin et al. (2007)], efficient coupling of light is
obtained between the fast and slow photonic crystal waveguides having large group
index mismatch, (of the order of 20) at the interface. This optimization of injection
efficiency is carried out by adding a taper between the two waveguides in a region
which forms a transition zone. However in our case, the group index mismatch
between the fast and the slow waveguides is only (35/6) 5.83, so such modification
for efficient coupling is not required. Figure 5.13(d) shows the modal field
distribution with a continuous wave at Ap=1.55pm going from a fast PhC waveguide
into a slow PhC waveguide. It shows the existence of a transition zone at the interface
where the field varies smoothly as it penetrates the slow waveguide.

Figure 5.13(c) summarizes the transmittance of the propagating pulse through a
heterogeneous PhC waveguide consisting of a 16a long partially LC-infiltrated W0.7
slow light waveguide surrounded by two sections of fast PhC channel waveguide
made up of high group velocity regions. The coupler length is chosen so that
maximum coupling efficiency is obtained along the coupler and through the transition
zone i.e. evanescent modes excited at each end of the coupler do not overlap and
interfere destructively [Sa“yna'tjoki et al. (2008)]. This results in maximum
transmission. As shown in Figure 5.13(c), the transmittance of the heterogeneous PhC
waveguide for the slow-light flat-band window ranging from 1.545 pm to 1.555 pm is
higher than 80% while the transmittance obtained for a homogeneously LC-infilled
WO0.7 PhC waveguide alone is nearly 50%. This higher (lower) transmittance in a
heterogeneous (homogeneous) waveguide is due to better (poorer) coupling into the

slow mode.
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5.6. Conclusions

In the present chapter, an SOI-based partially liquid-infiltrated photonic crystal W0.7
channel waveguide having rectangular air holes in a silicon core is proposed. It has
been demonstrated that the proposed structure has an average group index of 43 over
a bandwidth of 1.02 THz, with vanishing group velocity dispersion and likewise small
values of the other higher-order dispersion terms. The designed partially LC-
infiltrated W0.7 PhC waveguide for slow light propagation is highly tolerant of
fabrication errors and has nearly twice higher sensitivity than conventional PhC
waveguides. The structure designed has also been investigated for possible
propagation losses, which include losses due to coupling inefficiency. It is found that
high transmission can be obtained over a broad bandwidth in the heterogeneous
waveguide that was finally designed - and consists of a partially LC-infiltrated PhC

slow waveguide, surrounded by fast PhC waveguide on either side.
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Chapter 6

The Impact of Slow Light on Third Order Non-
linearities in SOI Photonic Crystal Channel

Waveguides'

6.1 Introduction

As discussed in Chapters 4 and 5, high refractive index contrast structures such as
photonic crystals (PhCs) have been demonstrated to be a promising approach to the
achievement of slow light behavior [Gersen et al. (2005), Vlasov et al. (2005), De La
Rue (2008), Krauss (2008), Rawal et al. (2009), Rawal et. al. (2010)]. However,
linear effects such as gain, the thermo-optic effect - and some types of electro-optic
interaction - scale linearly with the slow-down factor, while non-linear effects such as
two photon absorption (TPA) and Kerr nonlinearity scale with the square of the slow-
down factor [Krauss (2007), Soljacic and Joannopolous (2004)]. The spatial
compression experienced by light when it goes from a fast light situation to a slow

light situation - and the greater time that light spends in the waveguide, because of the

! Part of the results reported in this chapter is submitted in the paper: “Slow light enhanced third order
non-linearities with device application in silicon-on-insulator photonic crystal channel waveguides”
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slow group velocity, increase the strength of the light-matter interaction and imply the
enhancement of nonlinear effects. Thus slow light behaviour causes a reduction in the
input power level and the physical length of waveguide needed to produce a given
magnitude of linear and nonlinear effects in the fast light regime [Krauss (2007),
Soljacic et al. (2002), Setlle et al. (2007)]. By carefully engineering the photonic
dispersion relationship, one may obtain unique opportunities for the realization of
devices that exploit slow light effects [Baba and Mori (2007), Frandsen et al. (2006)].
Recently, nonlinear effects such as the Raman effect, soliton propagation, two-photon
absorption (TPA), etc. have been observed by different authors [Oda et al. (2008),
Astrov et al. (2000), Tsang et al. (2002), Ding et al. (2008), Miller et al. (1999)]. Self
phase-modulation (SPM), which leads to chirping and spectral broadening of ultra-
short pulses, has also been reported earlier [Tsang et al. (2002)]. However TPA limits
the extent of SPM through nonlinear absorption [Nicole ef al. (2006)]. TPA typically
involves transitions from the ground state of a system to a higher state by absorption
of two photons from an incident radiation field having identical or, more generally,
two different frequencies. TPA further creates free carriers that lead to additional
losses through free-carrier absorption (FCA) and refractive index changes through
free-carrier dispersion (FCD) [Yin and Agrawal (2007), Oda et al. (2007), Inoue et al.
(2009)]. Thus TPA, FCA, FCD and SPM are important effects that influence the
behavior of short laser pulses in silicon waveguides. However soliton dynamics will
dominate the propagation of femtosecond pulses in PhC waveguides when the group
velocity dispersion (GVD) is strongly anomalous because of large waveguide
dispersion [Ding et al. (2008)]. It is important to mention here that, as optical pulses

propagate through photonic crystal waveguides; their evolution in both the time and
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frequency domains is governed by the interplay of linear dispersion and nonlinearity.
These effects are characterized by the characteristic lengths, namely the GVD length,
Lp, and the nonlinear length Ly; [Agrawal (2001)]. Depending on the relative
magnitudes of Lp, Ly; and the waveguide length, L, pulses evolve in various different

ways. Here:

T, 1
Ly=127, Ly =—
|ﬂ2 rE

where 7 is the initial width, in time, of the pulse, Py is the incident power, £, is the
GVD parameter and y is the nonlinear parameter defined in subsequent sections. As a
consequence, the propagation behaviour of the pulse is classified as follows:

(1) For the first case, L << Lyz and L << Lp
Here neither dispersive nor nonlinear effects come into play during pulse propagation
and the waveguide acts merely as a transporter of the optical pulses.

(i1) In the second case, L << Ly;and L>Lp
In this case, pulse evolution is governed by GVD and nonlinear effects play a
relatively minor role.

(iii)) A third case is defined by L <<Lpand L > Ly
Here the pulse evolution is governed by SPM and leads to spectral broadening of the
pulse.

(iv) IfL>>Lpand L>> Ly,
Here GVD and nonlinearity act together during pulse propagation. Interplay between

GVD and SPM can lead to soliton generation in the anomalous dispersion regime

(B2<0).
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In reference [Monat et al. (2010)], Monat and co-workers describe how slow light
with a group velocity on the order of ¢/50 can be obtained in silicon based PhC
waveguides having an air-bridge, or membrane, structure. Such structures are
inherently mechanically vulnerable. It has been shown that dispersion engineered
slow light PhC waveguides provide a suitable platform for enhancing nonlinear
effects, making it possible to realize compact, low power, all-optical signal processing
devices.

For Gaussian pulses, an important criterion for comparing the relative magnitudes

of the effects FCA, FCD and TPA comes from the dimensionless parameter [Lin et al.

_SoF TNz , . .
(2007)]: r, —\/——. The free carrier density near the input end of the
2N2hv, A4,

waveguide is negligible when r,<<1 - i.e. the pulse peak power level is relatively low
(e.g. a value of 100 mW in the context of the present paper). In this situation, only
TPA comes into play to a significant extent - and the observed reduction in output
power is almost solely due to TPA.

In the present chapter, propagation of light is investigated in a nonlinear slow light
medium, formed by a channel waveguide, in a silicon-on-insulator (SOI) photonic
crystal structure having elliptical holes in a silicon core — and mechanically supported
by the silica cladding, which remains in place. Our SOI PhC structure also uses a
substantially thicker core layer that is compatible with the smaller index contrast
implied by retaining the silica lower cladding layer. The supported structure
configuration is inherently more robust and practically suitable. This choice of device

architecture is demonstrably an effective and flexible way of controlling the speed of
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light (down to the order of ¢/99) and its associated group velocity dispersion (GVD),
as described in reference [Rawal et al. (2009b)].

A detailed study of the effect of the input peak power level and the impact of
varying the slow-down factor on the nonlinear effects achievable in the proposed
configuration for a photonic crystal channel waveguide is further carried out - and
have also shown the effect of the slow-down factor on the induced phase-shift at the
optical frequency of the photonic bandgap. The transmitted spectrum becomes
broader with increasing P;, - and develops multiple peaks when P;, is further
increased - which is due to the magnitude of the induced nonlinear refractive index.
This leads to a marked evolution of the optical frequency spectrum as the peak power
level, P;,, is increased. The impact of the slow-down factor and the corresponding
increase in nonlinear effects also defines the amount of input power required to
achieve a particular level of spectral broadening in such waveguides. The present
paper provides a comprehensive study of the effect of the slow-down factor and peak
input power level on TPA, FCA and the SPM produced in PhC channel waveguides.
The large SPM response achieved in the structure is vital for applications such as
optical switching, as shown in the present paper. It has been reported that
femtosecond pulse propagation in SOI photonic wire waveguides can give rise to
solitonic behaviour [Ding et al. (2008)]. With appropriate re-scaling, it becomes clear
that the length of the PhC channel waveguide required to produce solitonic behaviour

will be greatly reduced.
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6.2 Slow Light Generation: Design Aspects

An SOI based photonic crystal having a hexagonal arrangement of elliptical air holes
in a silicon core layer is used for the design. The thickness of the underlying silica
layer was chosen to be 3 um, on top of which the silicon core layer was chosen to
have a thickness equal to 0.443 um. The refractive index of silicon and silica are
taken to be 3.49 and 1.45, respectively. A WO0.7 waveguide was then created
conceptually by omitting a row of air holes along the I'K direction - and shifting the
two photonic crystal regions closer to each other so that the channel waveguide width
becomes 0.7 times that of W1. The minimum values for the losses and defect mode
dispersion below the silica light-line are found for a W0.7 waveguide. For this reason,
one typical structure employed in experiments has been a W0.7 PhC waveguide
[Notomi et al. (2001)].

The two neighbouring rows of holes on either side of the waveguide are filled
with silica rods. The lattice constant a, semi-major radius »; and semi-minor radius r;
of the elliptical air holes were 0.42 um, 0.16 pm and 0.118 pm, respectively. These
parameters were obtained by properly optimizing the proposed structure to obtain a
flat section of dispersion curve below the silica light-line - because modes that lie
above the light line are lossy in the vertical direction - i.e. into the substrate. Figure
6.1(a) shows a schematic of the proposed structure and Figure 6.1(b) shows the
calculated dispersion curves for transverse electric polarization in the defect mode.
The flat section of the dispersion curve displays a slow group velocity over a

substantial bandwidth.
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Figure 6.1. (a) Schematic of the proposed structure with elliptical holes in a hexagonal
arrangement. The two neighbouring holes on either side of the waveguide are filled with silica
rods. (b) The calculated dispersion curve for transverse electric polarization in the defect mode.
The black solid line is the silica light line and the lower pointed red dispersion curve is used for

calculating the group velocity. (¢) Super-cell used in computation of the band structure.

The low velocity range is now defined to be those values that give a =10 %
variation in the group index n, [Hamachi et al. (2009)], therefore group index
obtained for our structure is ny,=99, over a frequency range of 344 GHz. Therefore
the normalized value of the Delay-Bandwidth Product (DBP), which is defined as
n*(Aw/w), is calculated to be 0.20. It is further investigated, the delay for pulses

propagating through the waveguide using FDTD simulations. Figure 6.2 shows the
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field amplitude of the Gaussian pulse recorded at the input end and output end of the

waveguide as a function of time, for Ap=1.55um. Length of the waveguide is 15a.
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Figure 6.2. Field amplitude of Gaussian pulse at the input and output end of the waveguide, at

2=1.55 pm.

The group velocity dispersion (GVD) parameter f3, is related to the second order

derivative of the dispersion curve by the following expression:

B, = d*k o d 1
2 2 dw
dw dw Ok
= = ——
pr v: o dk?

The group velocity n, and the GVD parameter in the flat regime below the silica light
line are shown, in Figure 6.3, as a function of frequency. The figure shows that the

GVD parameter is on the order of 10* ps*/m and that the average group index is 99.
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Figure 6.3. Variation of group index and group velocity dispersion with frequency.

We further define the slow-down factor (S) as the ratio of group index ng to the
refractive index, ng;, of bulk silicon. It is calculated to be 28.28 at 4, = 1.55 um for the

designed elliptical hole PhC waveguide.

6.3 Nonlinear Modeling of Pulse Propagation

Next we evaluate the nonlinearity of an SOI-based photonic crystal waveguide. The
propagation of the optical pulse having amplitude A(z?) is given, for sufficiently
strong confinement, by the following nonlinear Schrédinger Equation [Monat et al.
(2009), Rukhlenko et al. (2009), Yin and Agrawal (2007)] in one space dimension and
time:

A a [ ifdA BFA | . (a . )
_+_A+_2____: A-N | —+ik A 2
& 2 28 6é& 4 g (¢

where o accounts for the linear component of the propagation losses, f, is the

dispersion parameter at wavelength A,, 7, is the Kerr coefficient of silicon, x defines
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the nonlinearity in the waveguide and is given by «k = y+i % , where
27n, . . . :

y = 4 is the nonlinear parameter and { is related to the two photon absorption
o eff

(TPA) coefficient, frpy, defined asd = fﬂ. Aep 1s the cross-sectional area of the
eff

PhC channel waveguide mode. The second term on the right-hand side of equation
(6.2) gives the free carrier absorption (FCA) defined by the parameter ¢ and the free
carrier dispersion (FCD), accounted for by k. - and N, is the carrier density produced
by TPA. In silicon, the free carriers generated by TPA are governed by the following

rate equation:

aNc(t) — IBTPA |A’4 _& (63)
ot 2hv, T,

where 7, is the carrier lifetime in silicon and is taken to be approximately equal to 1 ns
[Yin and Agrawal (2007)]. At A, = 1.55 um, the parameters identified in equations
(6.2) and (6.3) have the following values [Monat et al. (2009), Yin and Agrawal
(2007)]:

= 6x10°" m* /W, B, = 5x10°% m/W .o = 145x107"' m’, k = 1.35x10""m’,
a =20 dB/cm =230.41 Neper /| m

For T~ 1 ps and 4, = 0.12 um?, the GVD and TOD are found to be -8291 ps*/m and
-78 ps*/m, respectively at A,= 1.55 um. As described in the introductory section, the
linear dispersion and nonlinearity in SOI-based PhC waveguides are characterized by
their characteristic lengths, given by dispersion lengths Lpand Lp" - and the nonlinear

length Ly, , where:
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T2 . T3
L,=-2=122x10"um, L,=—2=128x10"um andL,, =————~3um
A A "osye,

For a 30 um waveguide length, S = 28.28, y = 202 m™ W' and Py, = 2 W. Since
Ly; < L < Lp, the dispersion effects in the waveguide have been ignored and the pulse
evolution is thus dominated by self phase modulation and two-photon absorption,
which is accompanied by free-carrier effects [Agrawal (2001)]. Hence the GVD and

TOD parameters are now neglected from equation (6.2). It can be written as:

A «a 2 o

AL Y id f AN [ itk |4 6.4

& A 0(2 l“l(“j oy
5_A+ZA=,-y|A\2A_@\AFA—NC(E%J«OJA 65)
82 2 2A€ﬁ' 2

The reduction in the group velocity of the mode inside the waveguide causes optical
localization and field enhancement in the waveguide. The slow-down factor, S, may
therefore be introduced into equation (6.5) by replacing o, y and frps - by a X §, y X

S? and BrpaxS°, respectively. Equation (6.5) therefore becomes:

Z—j+S—20{A=iS27/|A\2 A—%W A-SN. (%chkojA (6.6)
When T << 7, - and the pulse repetition rate is very low - the second term on the
right-hand side of equation (6.3), corresponding to carrier recombination, can be
ignored - because the recombination time, 7., is much larger than the pulse duration.

Therefore the carrier density profile of N.(z) near the input end of the waveguide for a

Gaussian pulse, with the temporal power profile written as:
|4(0,1) = P(0,6)= P, exp (—1*/ T}

is found to be:
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ﬁTPA in @
N.(o="1 i \/g (He;f{ T D (6.7)

where P;, is the input peak power. For Gaussian pulses, the criterion for testing the

relative magnitudes of FCA, FCD and TPA is given by the dimensionless parameter

mO“

Lin et al. (2007)]
[ et al. ( )T, 2\/—}100 eﬁ

. For N, to be negligible, r,<<l - i.e. the peak

power should not be very high. If we consider P;,, = 0.2 W and 7 = 1 ps, we obtain r,
= (.329 <<I. For such low power levels, we can neglect the free-carrier density, N..

Equation (6.6) can now be written as:

2
4, a8, _ .o |A|2A——S Pres 4" 4 (6.8)
oz 2 24,

Setting 4= ,Ai exp (i¢p —aSz/2) and solving equation (6.8), we find the following
eff

relationship:
P00 _ sy g2 B €7 g (6.9)
P(L,t) as L
1_ —aSL
If L, = R is the effective length of waveguide, then equation (6.9) becomes:
% o

P(O,l‘) _eaSL 4+ 2 Prea S ﬂTPA eff

Pl Ty =4 P(0,1) (6.10)

Similarly the phase induced in the output waveform is given by:

#(L,1) TN {1+S2 Pres P(O,t)L‘ﬁ} (6.11)

TPA off

Since 24 = @, equation (6.10) and equation (6.11) can be re-written as:
eff
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P(O,t) _ _aSL ZL;’f/
Ly +(2§S e_mjp(o,t) (6.12)
and ¢(L,t):%ln [142¢8°P(0.0)L,, | (6.13)

Figure 6.4 gives the power-dependent transmission curves for Ay = 1.55 um - and
shows that the slow-down factor significantly affects the output power. The S’
dependence of frps and y enhances the nonlinear absorption in the PhC channel
waveguides. For nearly the same input peak (P;,) power level of 0.5 W (so that r, < 1),
the output power obtained from a slow light waveguide (S = 28.28) is around 7 times
less than that obtained from a fast light waveguide (S = 1). This result demonstrates
that the group velocity plays an important role in determining the magnitude of the

nonlinear interaction.

0.5
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0.3 1

Pout (\«V)

0.2}

0.1 $=28.28

0 0.1 02 0.3 0.4 0.5
Pa (W)

Figure 6.4. Power-dependent transmission curves for different slow down factors.

When TPA is negligible, i.e the TPA coefficient frpy — 0 or { — 0, the

maximum nonlinear phase shift ¢

max

occurs at the pulse centre and is given by:

¢max = SZ}/Le_fan (6 14)
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However, in the presence of TPA, the nonlinear phase shift at the pulse centre is:

In (1 + 2—§¢maxJ
4, =d(L.t) =+ (6.15)
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Figure 6.5 (a) Variation of SPM induced phase shift with 2{/y for different values of maximum

nonlinear phase shift ¢max . (b) Variation of ¢0 with input power P;, in the presence (dotted line)
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and in the absence (solid line) of TPA coefficient. These variations are shown for both slower

and faster waveguides.

Figure 6.5(a) shows the variation of the SPM-induced phase-shift (normalized with

respect to a phase-shift of 7) as a function of the dimensionless ratio 2 for different
/4

values of the maximum phase-shift, ¢  and for different slow down factors. The

max

2¢

ratio — is wavelength dependent and may be considered as a normalized TPA
/4

coefficient. It can be seen that in case of slow waveguides, (5=28.28), the SPM-
induced phase-shift decreases with increasing normalized TPA coefficient - and that
the reduction becomes more severe at higher input powers (but r, is still less than 1),

i.e. for higher values of¢_ . However in case of fast waveguides (S=2), the phase

max

angle remains nearly constant throughout the increase in TPA coefficient.

Figure 6.5(b) shows ¢, as a function of input power P, for£:0.205 and

/4

2¢

— =0 ,for different slow down factors, S=28.28 and S= 2. Comparison of the two
v

2¢

sketches in figure 6.5(b) shows that for == =0.205, i.e. in the presence of two-photon
/4

2¢

absorption coefficient, frp4 | @, increases logarithmically for S=28.28 and for = =0,
/4

i.e. in the absence of f7p4, an increase in P; produces a linear increase in ¢, . Thus

TPA is mainly responsible for this depletion of the incident power and, as P,
becomes larger, the influence of TPA becomes stronger - and the phase shift is no

longer proportional to the input power. However for fast waveguides, S=2, the
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influence of TPA vanishes and hence the increase in Pin produces linear increase in

¢, both in the presence as well as in the absence of frpy.

Figure 6.6 shows the calculated optical power distribution along the waveguide at
P,=0.6W, 04W and 0.2 W, respectively. The presence of TPA in slower
waveguides (S=28.28) causes the rapid attenuation of light near the input end of the
waveguide. This is due to the high dependence of nonlinear behaviour on the velocity
of light inside the waveguide. However in faster waveguides (S=2), the light is
attenuated very slowly throughout the 30 pm long PhC waveguide.

0.7

0.6

0.5

W)

0.4

out

P

03¢

0.2

0.1

Pin=0.2W

0 10 20 30
Length (nm)

Figure 6.6. Variation of the output power along the length of the PhC waveguide, for different

input power levels and for different slow down factors.

We now consider the effect of FCA and FCD, for the situation where the

_SoRTx

dimensionless parameter [Lin et al. (2007)], 7, = >>1, for higher input
P [ (2007)] 22h g p

eff
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power levels - and N, is not negligible. These types of effects are also observed by

Monat et al in 2010. Equations (6.6) and (6.7) given below:

2
o4, 5a iS?y|A] A—%\AF A-SN. (gﬂkckojA
oz 2 24, 2

N.() = Breibaly 42 [14_60{(%JJ

2hqujﬁ, 8 .

are then solved using the split-step Fourier method and available values for the
parameters of silicon.

Figure 6.7 shows the output spectra observed for an input spectrum centered at
1.55 pm, for different P;, values and values of the slow down factor S. It is observed
that self phase-modulation (SPM) induced spectral broadening and splitting of short
Gaussian pulses (with a characteristic pulse length of 7)) = 1 ps) occurs when they are
transmitted through a PhC waveguide of length L = 30 pm. However, the free carriers
produced by TPA cause a decrease in the refractive index, which further causes the
generation of increased frequency components in the pulse spectrum. Hence an
overall blue shift of the pulse is observed in figures 6.7(a) and at higher slow-down
factor values. The figure also displays the major role played by group velocity
reduction in the nonlinear interaction. It can be seen that the output pulse spectrum
broadens as the input power level increases. Figure 6.7(b) is the time domain variation
in the PhC waveguide. It shows that the input curve and the output curve for S=2
overlaps whereas the output curve for S=28.28 contracts w.r.t. input curve. This
indicates that the temporal curve obtained at the output end depends on the slowdown
factor of the waveguide. These results show that the output power and SPM are

affected by the slow-down factor S - and hence by the other nonlinear parameters,
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such as the TPA parameter,{ , and the Kerr nonlinear parameter, y - which scales
with the square of the slow-down factor - and the FCA parameter, o, and the FCD

parameter, k. - which scales directly with the slow-down factor, S.
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Figure 6.7 (a) SPM broadened pulse spectra at the output end of a 30pm long SOI PhC

waveguide at P;, =2 W for different slow-down factors S. (b) Temporal pulse shape for different

slowdown factors.
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The nonlinear phase shift, ¢,,, introduced into the incident wave due to these

factors is shown in Figures 6.8(a) and 6.8(b). It is observed that the phase profile is
symmetric for the case where only TPA is significant. However it becomes
asymmetric and attains negative values when both FCA and FCD are included. The
wavelength blue shift observed is due to the negative values observed in the nonlinear
phase-shift. Figures 6.8(a) and 6.8(b) show that the phase-shift due to these nonlinear
parameters is enhanced linearly for slower waveguides (5$=28.28) in comparison with

faster waveguides (S=2).
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Figure 6.8. Nonlinear phase shift showing the impact of TPA, FCA and FCD for (a) S=28.28 and

(b) S=2.
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6.4 The Spectral Broadening Factor

We now introduce the spectral broadening factor, £ The spectral broadening factor for

a Gaussian pulse is given by [Agrawal (2001), Lin et al. (2007)]:

4
f— 1+ﬁ¢NL

12

where ¢,, (L,0) is the nonlinear phase shift induced in the PhC waveguide due to the

effects of TPA, FCA and FCD.

4

[F5]
wn

Spectral Broadening Factor
[ %]
wn

(V5 )
T

S$=28.28

2_
1.5t
1 I 1 I I 1
0 0.5 1 1.5 2 2.5
P, W)
(@
4
535
(]
£ 3l §=2
[=11]
g
525
(=]
=
@ 2t
=
=
g 1.5
&
1
05 I I 1 1 I
0 50 100 150 200 250
P, W)
(b)

300

Figure 6.9. Variation of spectral broadening factor f with input power density for (a) S =28.28

and (b) S=2.
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The results in Figures 6.9(a) and 6.9(b) show the spectral broadening as a function
of the input power density level, at different slow down factor values, S=28.28 and
S =2, respectively. For a particular slow-down factor, at high input power levels,
TPA limits the maximum broadening and is responsible for the saturation behaviour.
It is also demonstrated that spectral broadening is greater in slow waveguides than in
fast waveguides. A much higher input power level is required to obtain the same level

of spectral broadening in fast waveguides as in slow waveguides.

6.5 The Photonic Crystal Waveguide as an All-Optical Switch
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Figure 6.10. Switching in the transmission spectrum of the SOI based PhC channel waveguide at

different input power levels.

The input wavelength is chosen as 1.55 um, which lies within the photonic
bandgap. Figure 6.10 shows the signal that is transmitted through the waveguide when
the peak incident power level is 1 W - which corresponds to the ON state at the
output. When the incident peak power level is increased to 2 W, the transmission

resonance at 1.55 pum is replaced by a transmission minimum. This low level of output
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signal can be considered as the OFF state. The reason for this dramatic variation in the
transmission spectrum is the changes in the refractive index induced by the nonlinear
optical effects that includes the Kerr effect and the free carrier dispersion (FCD)
effect produced by TPA.

The Kerr effect is mainly responsible for the symmetric spectral broadening of the
pulse. However FCD also contributes to the spectral broadening - and is also
responsible for an additional overall blue-shift of the pulse spectrum. This blue-shift
is due to the density of free carriers generated by the pulse as it propagates through
the medium, which results in a decrease in the refractive index of the silicon. This
decrease creates an asymmetric and positive frequency chirp across the pulse that
causes the generation of a blue-shifted spectrum. A phase change of 7 induced in the
proposed structure made from Si therefore switches the signal between its ON and
OFF states at the wavelength of 1.55 um - and hence the photonic crystal channel
waveguide acts as a form of all-optical switch.

These results are consistent with those obtained experimentally by A. Baron ef al.
in GaAs PhC channel waveguides [Baron et al. (2009)]. However, since it is primarily
the Kerr effect that is sought for the non-linear optical manipulation, TPA may be
regarded as a hindrance. With the values of Kerr coefficient being n; equal to 1.6 x
10" m*W in GaAs and 0.5 x 10”7 m*W in Si, but the much larger TPA coefficient
for GaAs, as compared with silicon - in the relevant wavelength range, larger values
for the Kerr phase-shift are obtainable in Si than GaAs. In contrast, the larger total
magnitude of the non-linearity in GaAs has been successfully exploited to modify the

resonant behaviour of high Q-factor PhC micro-cavities [Combrie et al. (2008)].
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6.6 The Photonic Crystal Waveguide as a Soliton Propagator

A soliton can be formed in a waveguide when the input pulse width is in the

femtosecond regime, i.e. short compared with the width of the resulting soliton - and
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Figure 6.11. Propagation of 111 fs pulse through a SOI PhC waveguide; (a) Spectrum and (b)

temporal pulse shape.
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According to standard soliton propagation theory [Agrawal (2001)], a
fundamental soliton can be excited if yPyLp=1. Also the time domain expansion is
simultaneously accompanied by spectral narrowing. This criterion acts as a test for
soliton formation in silicon photonic waveguides [Ding et al. (2008)]. We now
consider 7)=0.111ps, Lp=1.5pum and Ly, =1.5pum, with y=202 mW! and
Py, =4W at 29p=1.55 um.

Hence the condition for the propagation of a fundamental soliton is satisfied.
Figure 6.11(a) and Figure 6.11(b) show the input and output pulse profiles and
corresponding spectra. The presence of firps and o deforms the shape of the output
pulse and leads to spectral contraction and time-domain expansion of the output pulse

with respect to the spectrum and length of the input pulse.

6.7 Conclusions

In this chapter, the design of an SOI-based PhC channel waveguide with elliptical
holes is reported. Two neighbouring rows on either side of the channel waveguide are
filled with silica rods to obtain an average group index of 99 at a wavelength of
1550 nm. Further, nonlinear modeling of the wave propagation in such a waveguide is
carried out - and it is observed that, while beginning with almost the same spectral
width as that of an input pulse, the pulse spectrum broadens as the input power level
increases. The rate at which the spectrum broadens with power is larger for slower
waveguides. A detailed study of the effect of input peak power and different slow
down factors on the nonlinear effects achieved in proposed photonic crystal channel
waveguide is also presented. However, it is found that the SPM-induced phase-shift

decreases as the TPA coefficient increases, which in turn depends on the slow-down
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factor, S. The impact of FCA and index changes induced by FCD on the amplitude
and phase of optical pulses has also been studied in this chapter. The spectral
broadening factor calculated for the waveguide shows that a higher input power level,
on the order of 10> W, is required to obtain the same level of spectral broadening in
fast waveguides as compared to the power level on the order of 1 W required in the
case of slow waveguides. This type of slow light structure has considerable potential
for use in photonic device applications such as optical switches - as we have already
demonstrated in the present paper. If the input pulse width is in the femtosecond
regime, the waveguide can generate soliton-like propagation at moderate pulse

energies.
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Photonic Crystal Wavequides and Devices

Synopsis

Photonics involve the research and application of light to perform tasks that could
previously be carried out only by electronics. This includes transmission, manipulation
and storage of data using photons. Devices based on photonic crystals benefit from the
high speed of optical signals which provide larger bandwidth and reduced cross talks
between the channels and open the way to faster signal processing. These new types of
structures (photonic crystals) are able to control electromagnetic waves in three
dimensions since they can give rise to a photon bandgap analogous to forbidden electron
energy bandgap in semiconductors. The existence of unique and interesting properties
such as photonic bandgap (PBG) i.e. in the range of frequencies at which optical
propagation is completely prohibited in any direction, as well as the existence of defect
modes that may appear within the photonic bandgaps when a defect is introduced into an
otherwise perfect photonic crystal, has resulted in the fast growth of photonic technology.
It gives rise to realization of a new generation of photonic components with application in
optical communication, optical signal processing and optical sensing and has led to the
design and development of efficient optoelectronic devices and systems. The controlled
propagation of light in PhC waveguides has led to a variety of novel optical phenomenon
including slow light generation and enhancement of nonlinear effects because of this

slow light generation in photonic crystals.



Slow light refers to reduction of the group velocity of light - and is a promising
technology for future all-optical communication networks. It can be used for the
enhancement of light-matter interaction and for the miniaturization of optoelectronic
integrated circuits. Photonic crystal (PhC) line-defect waveguides that are created within
the photonic band gap (PBG) are extensively used for achieving slow light in the flat
band regions of guided modes supported by these waveguides. Therefore they have
strong application possibilities in optical buffers and other optical storage devices.

Recently, nonlinear effects such as the Raman Effect, soliton propagation, two photon
absorption (TPA), etc. have been observed by different authors. Self phase modulation
(SPM), which leads to chirping and spectral broadening of ultra short pulses, has also
been reported earlier. However TPA limits the extent of SPM through nonlinear
absorption. TPA typically involves transitions from the ground state of a system to a
higher state by absorption of two photons from an incident radiation field having
identical or, more generally, two different frequencies. TPA further creates free carriers
that lead to additional losses through free carrier absorption (FCA) and refractive index
changes through free carrier dispersion (FCD). Thus TPA, FCA, FCD and SPM are
important effects that influence the behavior of short laser pulses in silicon waveguides.
However soliton dynamics will dominate the propagation of femtosecond pulses in PhC
waveguides when group velocity dispersion (GVD) is strongly anomalous because of
large waveguide dispersion. The spatial compression experienced by light when it enters
from fast light to slow light waveguide and the more time it spends in the waveguide is

because of the slow group velocity, leads to the increase in light matter interaction and



enhancement of nonlinear effects. Slow light PhC waveguides may thus cause the
reduction in input power and physical length of the waveguide needed to see same linear
and nonlinear effects in fast light regime.

The main focus of this thesis is the design and characterization of devices based on
photonic crystal line defect waveguides. These devices include dual band wavelength de-
multiplexers, optical buffers and delay lines, soliton propagator, optical switches and
logic gates. The research work carried out in the thesis also demonstrates the generation
of slow light in elliptical and rectangular hole photonic crystal waveguides and the
extension of their tunability, by filling its segments with certain types of liquid crystal
(LC) materials. The impact of slow light on the third order nonlinearities have also been
investigated in such photonic crystal channel waveguides. This chapter, i.e. Chapter 1,
defines the introduction and outline of the proposed thesis.

In Chapter 2, photonic bandgap (PBG) induced wave guiding application of photonic
crystals is exploited to design 2D dual band wavelength demultiplexer (DBWD) for
separating two telecommunication wavelengths, 1.31 um and 1.55 pm. Two designs that
use silicon rods in air and embedded air holes in silicon material are realized for this
purpose. 2D plane wave expansion (PWE) method and 2D finite difference time domain
(FDTD) methods are used to design and analyze the DBWD in Y type photonic crystal
structures.

In Chapter 3, a highly efficient 3D photonic crystal DBWD using Silicon-on-Insulator
(SOI) substrates is proposed for de-multiplexing the two optical communication

wavelengths, 1.31 um and 1.55 pm. De-multiplexing of the two wavelength channels is



obtained by modifying the propagation properties of guided modes, in two arms of Y-
type photonic crystal structure. Propagation characteristics of proposed DBWD are
analyzed utilizing 3D FDTD method. Enhancement in spectral response is further
obtained by optimizing the Y junction of de-multiplexer giving rise to high transmission
and extinction ratio for the wavelengths, 1.31 um and 1.55 um. Hence it validates the
efficiency of proposed optimized DBWD design for separating two optical
communication wavelengths, 1.31 pum & 1.55 pum. Tolerance analyses was also
performed to check the effect of variation of air hole radius, etch depth and refractive
index on the transmission characteristics of the proposed design of SOI based photonic
crystal DBWD.

In Chapter 4, a silicon-on-insulator photonic crystal waveguide with hexagonal
arrangement of elliptical air holes is reported for slow light propagation with group
velocity in the range, 0.0028c to 0.044c and ultra-flattened group velocity dispersion
(GVD). The proposed structure is also investigated for its application as an optical buffer
with a large value of normalized delay bandwidth product (DBP), equal to 0.778.
Furthermore it has been shown that the proposed structure can also be used for time or
wavelength-division demultiplexing to separate the two telecom wavelengths, 1.31 um
and 1.55 um, on a useful time-scale and with minimal distortion.

In Chapter 5, an SOI-based liquid-crystal (LC)-infiltrated photonic-crystal channel
waveguide having rectangular air holes in a Silicon core is proposed - that has an average
group index of 43 over a bandwidth of 1.02 THz, with vanishing group velocity

dispersion, as well as reduced higher-order dispersion. The possible propagation losses



due to coupling inefficiency are also investigated for the proposed structure. It is found
that high transmission is obtained for a broad bandwidth from the output of the
heterogeneous waveguide finally designed, which consists of an LC-infiltrated PhC slow
waveguide surrounded by fast PhC regions on either side. The LC-infiltrated W0.7 PhC
waveguide that has been designed for slow light propagation should be highly tolerant to
fabrication errors - and has enhanced sensitivity in comparison with conventional PhC
waveguides.

In Chapter 6, the effect of slow light on two photon absorption (TPA), free carrier
absorption (FCA) and self phase-modulation (SPM) processes in silicon-on-insulator
(SOI) photonic crystal (PhC) channel waveguides has been reported. It is found that, in
the slow light regime, these nonlinear effects are enhanced, but that the enhancement
produced depends on the input peak power level. The increase in the induced phase shift
produced by lower group velocities can be used to decrease the size and power
requirements needed to operate devices such as optical switches, logic gates and
wavelength translators. Simulations also indicate the possibility of soliton-like
propagation of 111 fs pulses at 1.55 pm inside such a photonic crystal waveguide.

Finally, the conclusions from the proposed thesis are presented with discussion about
the avenues of further research. The future scope of the thesis include the design and
development of devices based on slow light in 3D photonic crystals as well as the impact
of the enhanced nonlinear effects on different processes such as soliton formation and

Raman effect.
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Abstract In this paper, photonic bandgap (PBG) induced wave guiding application of
photonic crystals is exploited to design Dual Band Wavelength Demultiplexer (DBWD) for
separating two telecommunication wavelengths, 1.31 and 1.55um. Two designs that use
silicon rods in air and embedded air holes in silicon are realized for this purpose. Plane
wave expansion (PWE) method and two dimension Finite Difference Time Domain (FDTD)
methods are used to design and analyze the DBWD in Y type photonic crystal structure.
Numerical analysis indicates that these designs enable the separation of two wavelengths
with very high optical power extinction ratios. Other filter parameters like transmittance and
quality factor are also calculated to confirm superior performance of the proposed design of
photonic crystal based DBWD.

Keywords Photonic crystal - Photonic bandgap materials - Linear defect waveguide -
Wavelength demultiplexer

1 Introduction

Photonic crystals (PhCs) introduced by Yablonovitch (1987) have emerged as one of the
most significant topics in the field of optical telecommunication. These are defined as mate-
rials which have refractive index periodically varying along one, two or three dimension.
If the refractive index contrast is sufficiently high, it gives rise to the formation of
photonic bandgap (PBG) materials which can realize the localization and trapping of light
over a band of frequencies (Joannopolous et al. 1995). By locally breaking the periodicity of
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photonic crystal, by creating vacancies or changing the radius of rods/holes, a region with
optical properties different from surrounding bulk photonic crystal can be created. This is
referred to as PBG optical waveguide (Sakoda 2001) or simply PhC waveguide (WG). Radi-
ation losses exhibited by the PhC sharp bend waveguides are far lesser than conventional
waveguides (Valsov and McNab 2004). Two dimension PBG waveguides can be used to
design a variety of structures as directional couplers (Nagpal and Sinha 2004), beam split-
ters (Chen et al. 2004), multiplexers and demultiplexers (Centeno et al. 1999; Tekeste and
Yarrison-Rice 2006; Haxha et al. 2005), resonators (Fan et al. 1999), polarizers (Sinha and
Kalra 2006a,b), polarization beam splitter (Zabelin et al. 2007) and so on.

In the recent past, interest has been grown in the design and development of DBWD
because of their wide applications in bidirectional communication networks (Chien et al.
2004, 2006; Chung and Lee 2007). For example, 1.31/1.55 um duplex devices are commonly
used in fiber-to-the-home (FTTH) transmission systems and are used in the Coarse Wave-
length Division Multiplexed (CWDM) systems as well (Fyberdyne Labs 2007). PhCs have
opened new possibilities for ultra compact wavelength selective optical devices owing to their
PBG induced wave guiding properties. Hence, in the proposed paper wave guiding phenome-
non due to PBG property of PhC is exploited for the formation of DBWD in Y type PhC struc-
ture, as shown in Figs.2 and 7. This design of DBWD separates the two telecommunication
wavelengths 1.31 and 1.55 um with a very high extinction ratio and superior quality factor and
transmission characteristics. Since the PBG structures strongly control the flow of light, there-
fore defect created in periodic lattice of PhC results in the confinement of light along specified
one arm of the two arms of Y type crystal. Here, we report the design of two structures, one is a
hexagonal lattice with silicon rods in air and other is the embedded hexagonal lattice arrange-
ment of air holes in silicon. Both Y type PhC hetrostructures are analyzed using PWE method
(Plihal and Maradudin 1991; Villeneuve and Piche 1992) and the performance characteristics
in terms of extinction ratio, quality factor and transmittance is obtained by applying 2D FDTD
method (Taflove 1998; Yee 1966).

2 Structure design

In the proposed paper we have designed PhC based DBWD having hexagonal lattice of sili-
con rods in air or embedded air holes in silicon material. The lattice constant and radius of
rods or holes were chosen to provide a wide wavelength span (1,250-1,600nm) at the band
edge of input waveguide of DBWD. Selection of lattice constant and radius of rods/holes
of the structure is based on the fact that the bandgap exist for both the wavelengths, 1.31
and 1.55um so that when line defects are created in photonic crystals, they produce guided
modes in photonic crystals corresponding to these wavelengths. Defect radius is chosen such
that band gap exist for 1.55 um in one arm of the Y type DBWD and not for 1.31 um and vice
versa for other arm. Structures having silicon rods in air provide large PBG at technologically
convenient geometric parameters with r/a < 0.5, as described in Sukanoivanov (2006). How-
ever, taking into view practical applications for fabrication, structure having embedded air
holes in silicon material is more promising candidate for large scale integration than that of
structure having silicon rods in air. Propagation of light is simulated by 2D FDTD method for
wavelengths 1.31 and 1.55 um and it indicates that 1.31/1.55 pm mixed light will be separated
into two lights and guided into two output ports of Y type PhC.
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2.1 2D PhC wavelength demultiplexer using silicon rods in air

In this section we have designed a 2D PhC slab with hexagonal lattice of Si (n = 3.42) rods
in air. We first study the photonic bandgap variation using PWE method for Transverse mag-
netic modes (TM polarization) where the electric field component of electromagnetic waves
is oriented perpendicular to the plane of propagation. To obtain PBG for the desired range of
wavelength covering both 1.31 and 1.55um, we have chosen lattice constant, a = 0.68 um
and rod radius r = 0.2 pm. With these parameters PhC provides a large bandgap in range of
normalized frequency 0.42318-0.54325 for TM polarization (Fig. 1).

Now, a linear defect waveguide is formed by removing few rods from the direction of
propagation. Since the designed structure possesses PBG for TM polarization in the wave-
length range 1.25um < A < 1.6 um, both wavelengths, 1.31 and 1.55 um, are guided through
the region of input waveguide (Input Wg) as shown in Fig. 3a. Further we design a DBWD
by changing the geometrical parameters of Si rods in two arms of Y type photonic band-
gap induced waveguides (Fig.2). Radii of Si rods in one arm of the structure, named Out-
put Wgl, is changed such that signal of 1.55um experiences bandgap and 1.31 pm passes
through while radii of Si rods in other arm of the structure, named Output WG2, is changed
such that signal of 1.31um experiences bandgap and 1.55um passes through. Figure 3b
and c shows that guided modes exist for 1.31 um in Output Wgl and 1.55pm in Output
Wg2.

Here we observe that a range of radii exists for which the desired range of bandgap
appears. Hence we investigated the defect radius by studying the variation of transmittance
in the output ports with defect radius rq (Fig.4). 2D FDTD method for TM polarization was
utilized to generate data for these plots and that radius is chosen for which transmitted power
is maximum.
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Fig. 1 TM band structure of photonic crystal Fig. 2 Schematic diagram of proposed DBWD
structure having silicon rods in air, for » =0.2 um having silicon rods in air with (i) input Wg, (ii)

output Wgl and (iii) output Wg2
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Fig. 3 Dispersion relation of the three involved PhC waveguides. The blue line corresponds to the respective
guided modes for TE polarization in a input Wg, b output Wg1l and ¢ output Wg2
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Fig. 4 Variation of transmittance with defect radius rq in two output waveguides, output Wgl and output
Wg2 for TM polarization of 1.31 and 1.55um
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Fig. 5 Field pattern for TM polarization ata A = 1.31 pm and b A = 1.55 um for the designed Y type DBWD
having silicon rods in air

Note that the maximum efficiency of the device is obtained when defect radius in output
Wgl is rg =0.2318 um for wavelength 1.31 pm to pass through and 1.55 um to suffer band-
gap. In similar line, the maximum transmission efficiency for wavelength 1.55um of the
device is obtained when defect radius in output Wg?2 is rg = 0.1768 um. The field pattern for
TM polarization for the two telecom wavelengths, 1.31 and 1.55umin Y type DBWD having
silicon rods in air is shown in Fig. 5. The type of launch field is Gaussian Continuous Wave
(CW). Beam width and step size is taken to be 0.1 and 0.005 um. Boundary conditions for
2D FDTD simulation of designed structure is taken as X (min) : X (max) = — 5.6525um :
5.6525um & Z(min) : Z(max) = — 2.9996 um : 2.9996 um. Output power is determined
by the time monitors at output end of two output waveguides. It is observed that 1.31 um is
obtained from Output Wgl having defect radius rq =0.2318 and 1.55um is obtained from
Output Wg2 having defect radius rg =0.1768 um (Fig.5).

2.2 2D PhC wavelength demultiplexer using air holes in silicon

The second type of DBWD is designed using silicon material (n =3.42) with embedded
hexagonal lattice arrangement of air holes. Lattice constant is chosen to be a =0.48 pm.
While studying the photonic bandgap variation using PWE we found that large photonic
bandgap in the range 1.25um < A < 1.60pm is obtained for the transverse electric modes
(TE polarization) in the hexagonal arrangement of embedded air holes in silicon material.
These air holes have radius » =0.1896 um (Fig. 6).

Now, we create a linear waveguide in the crystal by removing few holes from the periodic
structure so that TE polarization of wavelengths 1.25-1.60 um can be guided into the input
waveguide, shown as Input Wg in Fig. 7. The PBG based Y type DBWD is then created by
changing the geometrical parameters of the air holes in the two arms of Y type photonic
bandgap induced waveguides such that wavelength of 1.31 um is obtained at the output end
of one of the arms and wavelength of 1.55 um is obtained at the output end of the other arm.
Thus radius of the air holes in the two output waveguides are varied such that wavelength
1.55 um experiences bandgap in one arm (output Wgl) of Y type demultiplexer and 1.31 um
is guided through it while wavelength 1.31 um experiences bandgap in the other arm (output
Wg2) of Y type demultiplexer and 1.55pum passes through it. Figure8 shows the guided
modes for the three involved photonic crystal waveguides.
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Fig. 6 TE band structure of photonic crystal Fig. 7 Schematic diagram of proposed DBWD
structure having embedded air holes in silicon for having embedded air holes in silicon material with
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Fig. 8 Dispersion relation of the three involved PhC waveguides. The blue line corresponds to the respective
guided modes for TE polarization in a input Wg, b output Wg1l and ¢ output Wg2

Here we observe that while varying the radii to obtain the desired bandgap, a range
of radii exists for which the given bandgap appears. We have chosen that radii for which
transmitted power is maximum. Hence, we investigated the defect radius by studying its
variation with transmittance in the two output ports at 1.31 and 1.55 um for TE polarization
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Fig. 9 Variation of transmittance with defect radius rq in two output waveguides, output Wgl and output
Wg2 for TE polarization of 1.31 and 1.55 um

Fig. 10 Field pattern for TM polarization ata A = 1.31 um and b A = 1.55 pm for the designed Y type DBWD
having embedded air holes in silicon material

(Fig.9). It is noted that maximum efficiency for 1.31 guidance is obtained when defect
radius is rg =0.1646 um in output Wgl while maximum efficiency of 1.55 um is obtained
when defect radius is rqg =0.228 um in Output Wg2. The field pattern for TE polarization
for the two telecom wavelengths, 1.31 and 1.55pum in Y type DBWD having embedded air
holes in silicon material is shown in Fig. 10. The type of launch field is Gaussian Contin-
uous Wave (CW). Beam width and step size is taken to be 0.1 and 0.00025 um. Bound-
ary conditions for 2D FDTD simulation of embedded air hole type DBWD is taken as
X (min): X (max)=—2.6775um: 2.6775 um &Z (min): Z (max)=—2.9894 pym: 2.9894 um.
Output power is determined by the time monitors at output end of two output waveguides. It
is observed that 1.31 um is obtained from Output Wgl having defect radius rq = 0.1646 and
1.55 pm is obtained from Output Wg2 having defect radius rg = 0.228 um (Fig. 10).
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3 Numerical analysis

The proposed Y type DBWD is simulated using 2D FDTD method. Output Wg1 reflects the
radiation with wavelength 1.55um and Output Wg?2 reflects the radiation with wavelength
1.31 um. Efficiency of the device in both type of structure (i.e. for silicon rods in air and
embedded air holes in silicon) was investigated by calculating different filter parameters like
transmittance, extinction ratio and quality factor.

3.1 Transmittance

Transmittance of the designed DBWD is defined as the ratio of output intensity (Zoy) from
either of the two output waveguides to the incident intensity (/j,) at the entrance of the Y
type waveguide:

r_ o

Iin

Variation of transmittance from the two output waveguides of Y type PhC structure consist-
ing of silicon rods in air-based DBWD is shown in Fig. 11a and for air holes in silicon-based
DBWD is shown in Fig. 11b. It can be noted from the two graphs that maximum efficiency
in output Wgl is shown for wavelength 1.31 um and in output Wg2 is shown for 1.55um.
Hence the two telecommunication wavelengths 1.31 and 1.55 um can be separated out easily
using these two designs of DBWD.

3.2 Extinction ratio

Further we calculate extinction ratios ER1 and ER2 of the DBWD which explains that sepa-
ration of two wavelengths, 1.31 and 1.55 um is achieved. The extinction ratios ER1 and ER2
are defined as

fractional output power for 1.31 um wavelength in waveguidel

ER1=101lo
2 fractional output power for 1.31 um wavelength in waveguide2

and

ER? fractional output power of 1.55 um wavelength in waveguide2

=101o .
B10 fractional output power of 1.55 um wavelength in waveguidel

Simulation by 2D FDTD method indicates that in case of silicon rods in air-based DBWD
extinction ratios are ER1=36.30dB and ER2=30.40dB while in case of air holes in
silicon-based DBWD extinction ratios are 22.05 and 22.70dB for the two wavelengths, 1.31
and 1.55um.

The PBG induced DBWDs thus have high extinction ratio for filtering two telecom wave-
lengths, 1.31 and 1.55 um efficiently (Wang et al. 2005; Chung and Lee 2007).

3.3 Quality factor
Quality factor is defined as ratio of wavelength at peak transmission Ao to full width at half
maximum intensity (FWHM) or AXx

Q_AA'
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Fig. 11 Variation of transmittance with wavelength at the output end of each output waveguide for a the
silicon rods in air-based DBWD and b air holes in silicon-based DBWD

Quality factor for wavelength 1.31 and 1.55 um, in case of silicon rods in air-based DBWD
is 109.16 and 172.22 while in case of air holes in silicon-based DBWD it is given as 131.0 and
155.0, at the output end of two output waveguides. It is mentioned that these values of quality
factors are significantly high at two widely used telecommunication wavelength windows
and hence these designs of PhC based DBWD are having superior filter characteristics.

4 Conclusion

In the proposed paper, we have designed photonic crystal based Y type DBWD for two
telecommunication wavelengths, 1.31 and 1.55um, in PhC employing (i) silicon rods in
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air and (ii) embedded air holes in silicon material. Designs of appropriate structures were
obtained using PWE method while transmission and other filter characteristics were investi-
gated using 2D FDTD method. It has been demonstrated that the PhC consisting of silicon
rods in air -based DBWD reported in this paper exhibit high extinction ratio of 36.30dB for
wavelength 1.31 um and 30.40 dB for wavelength 1.55 um. Similarly the other PhC structure
i.e. embedded air holes in silicon based DBWD exhibits 22.05 and 22.70dB for wavelength
1.31 and 1.55 um respectively. The proposed design also exhibit superior transmittance and
high quality factor at these widely used telecommunication wavelengths. Thus the proposed
DBWD consisting PhC structure can be effectively used in bidirectional optical transmission
systems and networks covering broad spectrum of optical communication windows.
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A highly efficient photonic crystal dual band wavelength demultiplexer (DBWD) using silicon-on-insula-
tor (SOI) substrates is proposed for demultiplexing two optical communication wavelengths, 1.31 um
and 1.55 pm. Demultiplexing of two wavelength channels is obtained by modifying the propagation
properties of guided modes in two arms of Y type photonic crystal structure. Propagation characteristics
of proposed DBWD are analyzed utilizing 3D finite difference time domain (FDTD) method. Enhancement
in spectral response is further obtained by optimizing the Y junction of demultiplexer giving rise to high
transmission and extinction ratio for the wavelengths, 1.31 pum and 1.55 um. Hence it validates the
efficiency of proposed optimized DBWD design for separating two optical communication wavelengths,
1.31 um and 1.55 pm. Tolerance analysis was also performed to check the effect of variation of air hole
radius, etch depth and refractive index on the transmission characteristics of the proposed design of SOI
based photonic crystal DBWD.
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1. Introduction

Photonic crystals (PhC) are attracting attention because of the
existence of interesting properties such as photonic bandgap
(PBG), i.e. the range of frequencies at which optical propagation
is prohibited in any direction and defect mode, i.e. by introducing
some defects in PhC, allowed modes appear in photonic bandgaps
which are localized within the small volume around the defect
[1-3]. Various types of line defect waveguides can be formed in
the PhC's by changing the radius of rods/holes or by removing
them completely. These waveguides support true guided modes
in the frequency range lying in PBG of photonic crystal [4,5]. These
guided modes are horizontally confined by PBG of the photonic
crystal and vertically by total internal reflection because of high in-
dex contrast between the slab and the cladding. For symmetric
structures in vertical direction, like air-bridge structures, light
can be strictly classified into transverse electric (TE) and transverse
magnetic (TM) modes or even and odd modes. In such structures
PBG for TE mode or even mode can be used selectively. However
for asymmetrical structures, like SOI structures, the modes cannot
be classified selectively. Each mode has even as well as odd compo-
nent. Modes having predominant component as Hy, is referred to as
TE like mode and those having predominant component as Ey is re-

* Corresponding author. Tel.: +91 11 27871017; fax: +91 11 27871023.
E-mail addresses: swati.rawal@yahoo.com (S. Rawal), dr_rk_sinha@yahoo.com
(R.K. Sinha).
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ferred to as TM like mode. Thus in asymmetrical structures, TE like
modes have both TE as well as TM components. If the ratio of TM
element is negligible in TE like mode, there exist a quasi-PBG in
PhC where TE like mode hardly propagates. Thickness of PhC
should satisfy the single mode condition for using quasi-PBG [6].
Since from practical perspective, air-bridge type structures having
air cladding on both sides are mechanically unstable and cannot be
used as a platform for future integrated circuits [7,8]. Thus, a PhC
slab on oxide cladding is more of a promising candidate for large
scale integration than air-bridge structures. A frequently used
material for realizing such PhC slabs is silicon-on-insulator (SOI)
substrates having silicon layer between silicon-dioxide (SiO,) clad-
ding on one side and air cladding on other side. Various PhC com-
ponents like waveguides, directional couplers, polarizers and
polarization splitters have already been realized [9-14] using pho-
tonic crystal architecture on SOI substrates. DBWD’s are the key
components for transmitter receiver devices in bidirectional com-
munication in local area optical networks. 1.31/1.55 pm duplex
demultiplexers are also used in fiber-to-home (FTTH) transmission
systems and in coarse wavelength division multiplexing (CWDM)
systems [15-17]. In the recent past, various photonic crystal dual
band demultiplexers have been realized for demultiplexing signals
of wavelength 1.31 um and 1.55 pm which is important in the field
of optical communication [16-20]. However, these designs are
based on air-bridge structures with air cladding on both sides,
i.e. the PhC structures are freely suspended in air and hence are
mechanically unstable from practical perspective as well as not
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suitable for large scale integration. Structures with solid support
are more realistic. To overcome this instability, SOI based PhC
DBWD are required to be designed and developed. In these struc-
tures, mechanical robustness is improved by existence of support-
ing dielectric material under the slab [21-24]. Further such Y type
structures are also required to be optimized for high transmission
from both output waveguides [25].

In this paper, we report a design of DBWD based on SOI sub-
strates. The proposed device separates the TE like mode of two
popularly used optical communication wavelengths, 1.31 um and
1.55 pm. 3D plane wave expansion (PWE) method is used to calcu-
late PBG and demultiplexing function is demonstrated using 3D
finite difference time domain (FDTD) method. Numerical analysis
indicates that the proposed structure demultiplexes TE like polar-
ization of 1.31 pm and 1.55 pm effectively. Optimization of the
structure is also carried out for increasing transmittance from
two output waveguides with considerably high extinction ratio.
We further carry out the tolerance of the device to fabrication by
varying the radius of air holes, etch depth and refractive index of
Si core. It is expected that such design and development will help
in realizing devices and components for broad band optical com-
munication systems and networks.

2. Structure design

The Y type DBWD was designed consisting of hexagonal
arrangement of embedded air holes in Si (n = 3.42) PhC slab having
thickness 0.35 pm on silica (SiO;) cladding with thickness of 3 pum.
Selection of radius of the holes of the entire structure is based upon
the fact that bandgap exist for both the telecom wavelengths,
1.31 pm and 1.55 pm so that when line defect is created in the
structure, they produce guided modes corresponding to both these
wavelengths. Defect radius in the two arms of Y type structure is
chosen so that bandgap exist for 1.55 pm in one arm and not for
131 um in the same arm and vice versa for the other arm
(Fig. 1). To obtain PBG for desired range of wavelength covering
both 1.31 pm and 1.55 pm, we have chosen lattice constant, a to
be 0.42 um and hole radius, r=0.175 pum. 3D PWE method is
utilized for calculating guided modes below silica lightline. With
these parameters, the structure supports a large photonic band
gap for TE like modes in the range of normalized frequency
(wal2mc) varying from 0.2558 to 0.4367, i.e. wavelength 2 ranging
from 1.64 pm to 0.96 um (Fig. 2). The input waveguide (Input Wg)

Fig. 1. Schematic view of proposed non optimized DBWD having embedded air
holes in silicon material with (i) Input Wg. (ii) Output Wg1 with r; = 0.129 pm. (iii)
Output Wg2 with r; = 0.187 pm. (iv) Silicon material. (v) Silica radius of holes in the
bulk structure is chosen to be 0.175 pm.

Frequency (wa/2nc)

0.10 0.12 0.14 0.16 0.18 0.20
Radius (jm)

Fig. 2. Band structure for TE like modes for hexagonal lattice having hole radius,
r=0.175 pm, r; = 0.129 pm, r, = 0.187 pm and lattice constant a = 0.42 pum.

is formed by removing a few holes in a row from the direction of
propagation. Since the designed structure possess PBG for TE like
modes of telecom wavelengths, 1.31 um and 1.55 pm, the line
defect created supports the guided modes for these wavelengths
to exist within the Input Wg.

Fig. 3(a) shows the dispersion curve for Input Wg, which sup-
ports the light propagation for normalized frequency, 0.3206 and
0.2709, in the proposed design of PhC. The black solid line is the
SiO, light line. The waveguide modes which lie below the light line
are guided modes while those which lie above the light line be-
come resonant, i.e. they are still guided in the plane along the line
defect but they are lossy in the vertical direction. Thus wave-
lengths, 1.31 pm and 1.55 pm are guided in the input waveguide.
The PBG based DBWD is then created by changing the geometrical
parameters in two arms of Y type structure. The radii in the two
arms of the structure are chosen such that signal for wavelength
of 1.31 um is obtained from output end of one arm and signal for
wavelength of 1.55 um is obtained from output end of other arm.
For this we need to have bandgap for 1.55 pum in first arm and
for 1.31 um in second arm. Fig. 2 explains that for defect radius
r1=0.129 um, PBG exist for normalized frequency 0.2709
(42=1.55 pum) and not for 0.3206 (4 =1.31 um). While for defect ra-
dius r, =0.187 um, PBG exist for normalized frequency of 0.3206
and not for 0.2709. Thus we change the radii of holes in one arm
of the Y type structure to r; and named it as Output Wg1 and radii
of holes in other arm of the Y type structure to r, and named it as
Output Wg2. Thus Output Wg1 is a reduced index region because it
is obtained by increasing the radii of embedded air holes in silicon
slab while Output Wg2 is an increased index region because it is
obtained by increasing the radii of air holes.

Dispersion curve in Fig. 3(b) shows that the guided modes exist
for normalized frequency 0.3206 corresponding to optical wave-
length of 1.31 pum while normalized frequency of 0.2709, i.e. wave-
length of 1.55 pum is clearly not supported by Output Wg1. Hence if
incident light is 1.31 pm, it will be well confined within the wave-
guide having defect radius ry, i.e. Output Wg1. However if the inci-
dent light is 1.55 um, it will be completely radiated out from
Output Wgl. In the same way dispersion curve in Fig. 3(c) shows
that guided mode exist for normalized frequency of 0.2709 corre-
sponding to optical wavelength of 1.55 pum in Output Wg2 while
no guided mode exist for 1.31 um in the same waveguide having
defect radius r,. Thus the incident light of 1.55 pum is propagated
in Output Wg2 and 1.31 pm is radiated out. Hence in the proposed
design of DBWD, we obtain wavelength of 1.31 pm from Output
Wg1 and 1.55 pum from Output Wg2.
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Fig. 3. Dispersion relations of the three involved PhC waveguides. The black (solid) line corresponds to SiO, light line and the red lines corresponds to the respective single

guided modes in: (a) Input Wg. (b) Output Wg1. (c) Output Wg2.

3. FDTD simulation results and discussion

3D FDTD simulation was performed to determine the demulti-
plexing efficiency of the designed DBWD for separating two tele-
com wavelengths, 1.31 um and 1.55 um. 3D FDTD simulations
are carried out by PhotonD (crystal wave) package where mesh
size is taken to be Period/3 and device dimensions are taken to
be 3.31 um x 5.86 pum in XZ plane. Here transmittance (T) is de-
fined as the ratio of output power obtained from either of the out-
put waveguides to the input power, i.e. T = Py, /Pi,. Fig. 4 shows
the spectral response of proposed DBWD for TE like polarization
of incident light. From figure, it is clear that the proposed structure
successfully split the two telecom wavelengths but the maximum
peaks obtained from two output waveguides is 50% of input signal
for 1.55 pm and 58% of input signal for 1.31 pm. This weak trans-
mission is due to backward scattering in the input waveguide from
Y junction as well as excitation of higher order modes which can-
not correctly propagate in the output waveguides. In order to im-
prove transmission, junction region has to be modified by adding
a smaller hole near the junction in input waveguide. This reduces
multimode effect and backward scattering by varying the optical
width of the waveguide.

1 T T T T r T T T T

09+ — OQutput Wg1 for 1.31 pm
F*—®Dutput Wg2 for 1.55 pm

08r E

07r -

Transrnittance

1 1.1

12 13 14 15 16

Wavelength (pm)

17

Fig. 4. Variation of transmittance with wavelength from two output waveguides for
TE like polarization of incident light for non optimized SOI based DBWD.
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4. Optimized structure

In order to enter proper optimization for increasing the trans-
mission at two output ports, one has to define the position and ra-
dius of the hole which is inserted near the Y junction of proposed
SOI based DBWD. This caused gentle perturbation of the incoming
wave while changing its direction from input waveguide to either
of the output waveguides. By tailoring the radius of induced air
hole, transmittance peaks from two output waveguides can be in-
creased. Fig. 5 shows the variation of radius (R) of the additional air
hole placed at different positions (L as shown in Fig. 6) with trans-
mittance from two output waveguides corresponding to two tele-
com wavelengths, 1.31 um and 1.55 pm.

It is observed that for R=0.0245 um and L =0.625 pm, trans-
mittance from two output waveguides increases significantly
which corresponds to decrease in backward scattering from the
junction. The resulting optimized SOI based DBWD is shown in
Fig. 6. Placing the additional air hole near the junction clearly in-
creases the power transmission as observed in 3D FDTD simulation
of optimized structure (Fig. 6).

Spectral response of transmittance for proposed optimized SOI
based photonic crystal DBWD is shown in Fig. 7. It explains that
the two wavelengths 1.31 pm and 1.55 pm separate out efficiently
and are received from the two output waveguides. Power transmit-
tance efficiency for 1.31 pm obtained from Output Wgl is calcu-
lated to be 89% and transmission efficiency of 1.55 um obtained
from Output Wg2 is found to be 69%.

S. Rawal, R.K. Sinha/Optics Communications 282 (2009) 3889-3894

Efficiency of the device is further confirmed by calculating its
extinction ratio which is defined as:

ER1 = 10log,,

" Transmittance for 1.31 pm obtained from Output Waveguidel
Transmittance for 1.31 pm obtained from Output Waveguide2

and

ER2 = 10log;,

" Transmittance of 1.55 pm obtained from Output Waveguide2
Transmittance of 1.55 um obtained from Output Waveguidel

It is found to be ER1 =26.10 dB for 1.31 pm and ER2 = 27.50 dB
for 1.55 pm. It is mentioned here that these values of extinction ra-
tio are sufficiently high for SOI based PhCs.

5. Tolerance analysis

In this section we study the effect of change in air hole radius,
variation of angle from vertical of the optimizing air hole near Y
junction and variation of refractive index of silicon core by 0.01-
0.001 on the transmission characteristics of optimized SOI based
DBWD in PhC. First we will show how the transmission changes
for +3% variation in r; and r, because for these variations, r; and
r, lie well within the desired bandgap. Fig. 8 shows the variation
of transmittance plotted on both left and right hand y-axis of graph
with tolerance on x-axis. The solid curve corresponds to the toler-

1 : . 1 T .
a . For L=0. 205 um b For L=0 B25pm c For L=1.045um
0—0 Out Wal for ) 31w G— Output Wyl for 131 um &—= Output Wil for 131 um
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Fig. 6. (a) Optimized structure of SOI based DBWD with R = 0.0245 um and L = 0.625 pum. Field pattern for TE like polarization at (b) 4 =1.31 um and (c) 4 = 1.55 pm for the

proposed SOI based DBWD.
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Fig. 5. Variation of Transmittance with radius R of additional air hole added at different positions: (a) L = 0.205 pum, (b) L =0.625 pm and (c) L = 1.045 pm.
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Fig. 7. Variation of transmittance with wavelength from two output waveguides for
TE like polarization of incident light for optimized SOI based DBWD.
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dius 1. It can be seen from the tolerance analysis that although in-
crease or decrease in defect radii by +3% do not cause significant
change in photonic band gap, and hence the wavelength region
of the guided mode remains unaffected in the proposed DBWD.
Simulation result in Fig. 8 explains (i) the change in intensity of
the transmitted light of wavelength 1.55 pum falls to 52% from
69% with —3% change in defect radius r, in Output Wg2 while it
rises to 83% when r;, increases by 3% and (ii) the intensity of the
transmitted light of wavelength 1.31 pum with +3% change in defect
radius r; in Output Wg1 varies approximately from 89% to 72%.

We further carry out the tolerance analysis of the device for var-
iation in etch depth of optimizing air hole having radius
R=24.5 nm inserted near the Y junction of the structure. During
fabrication, air holes with small radius usually etch at a slower rate
and hence tend to be shallower. Also the shape of the hole would
be conic since the defect is quiet small with regard to lattice holes.
Therefore impact of conic angle from vertical, with a corresponding
change in etch depth, on transmittance is shown in Fig. 9. We also
study the variation in refractive index of silicon core and its impact
on transmission characteristics of proposed SOI based DBWD
(Fig. 9(b)). It is observed that transmittance changes by less than
+0.02% from either of the output waveguides.

Tolerance analysis of above factors leads us to conclude that the
proposed DBWD on SOI based photonic crystal has a reasonable
fabrication tolerance.

6. Conclusion

In the proposed paper, we have presented a design of SOI based
DBWD to split the TE like polarization of two telecommunication
wavelengths, 1.31 um and 1.55 pm. The principle of the design of
DBWD is based on the phenomenon of light wave guidance due
to Photonic Bandgap in horizontal direction and refractive index
contrast in vertical direction and thereby the existence of guided
modes in defect waveguides. The filtering characteristics were
computed using 3D FDTD method and it was found that the two
telecom wavelengths can be demultiplexed efficiently. Transmis-
sion characteristics are enhanced by optimizing the structure by
adding smaller air hole near the Y junction. Transmittance peaks
obtained from two output waveguides is 89% for 1.31 um and
69% for 1.55 um. Extinction ratio of the optimized structure is cal-
culated to be 26.10 dB for 1.31 um and 27.50 dB for 1.55 pm. Tol-
erance analysis of the device is also carried out for +3% change in

b 0.905 0.7
Output Wygl for 1.31 m
09F  —eeee Output Wg2 for 1.55 Lm 10.695
o 0895 063
2 2
& &
= -
T o0m {oss E
@ =
© ©
— 0885 063
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0.875 1 L L oe7
34 3.415 3.42 3.425 3.43

Refractive index of i

Fig. 9. Effect of tolerances in (a) angle from vertical of optimizing defect radius R having conic shape and (b) variation of refractive index of Si core on the transmission

characteristics of proposed optimized DBWD.
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defect radius in the two output waveguides. It is found that wave-
length region of the guided mode remains unaffected in the pro-
posed optimized SOI based DBWD with increase or decrease in
defect radii by 3%. Effect of variation in etch depth of the optimiz-
ing air hole and variation of refractive index of slab on transmit-
tance is also studied.
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Abstract: We propose a silicon-on-insulator (SOI) photonic crystal
waveguide within a hexagonal lattice of elliptical air holes for slow light
propagation with group velocity in the range 0.0028c to 0.044c and ultra-
flattened group velocity dispersion (GVD). The proposed structure is also
investigated for its application as an optical buffer with a large value of
normalized delay bandwidth product (DBP), equal to 0.778. Furthermore it
is shown that the proposed structure can also be used for time or
wavelength-division demultiplexing to separate two telecom wavelengths,
1.31pm and 1.55um, on a useful time-scale and with minimal distortion.
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1. Introduction

Slow light refers to reduction of the group velocity of light - and is a promising technology for
future all-optical communication networks. It can be used for the enhancement of light-matter
interaction and for the miniaturization of optoelectronic integrated circuits (OEICs) [1-5].
Photonic crystal (PhC) line-defect waveguides that are created within the photonic bandgap
(PBG) are extensively used for achieving slow light in the flat band regions of guided modes
supported by these waveguides [6-9]. Therefore they have strong application possibilities in
optical buffers and other optical storage devices [10]. The high refractive index contrast
achievable in SOI structures provides strong confinement of light in the vertical direction,
while the PBG of the PhC lattice provides confinement of light in the horizontal direction.
Slow light in PhCs has already been observed by several authors [11-13] near the edge of the
Brillouin zone. Recently Mori and Baba have experimentally demonstrated a slow light device
based on a chirped PhC coupled waveguide [14, 15] and have achieved the low group velocity
of 0.017c. However fabrication of such complex devices is challenging and may limit their
practical utilization in large scale integration.

In this paper, we report the design of SOI based PhC structures having elliptical air holes
within a silicon core. For symmetric structures in the vertical direction, like air-bridge
structures, light can be strictly classified into Transverse Electric (TE)-and Transverse
Magnetic (TM) modes — and as even and odd modes. In such structures the PBG for TE even
modes can be used selectively. However for asymmetrical structures, such as SOI structures,
the modes cannot be classified selectively- and each mode has even as well as odd
components. Modes with H, as the predominant component are referred to as TE-like modes -
and those with E, as the predominant component is referred to as TM-like modes. (See Fig.1)
Thus in asymmetrical structures, TE-like modes have both TE and TM components. If the
amount of the TM component is negligible for the TE-like mode, there is a quasi PBG in the
PhC properties, where propagation of the TE-like mode is almost completely stopped. The
thickness of the PhC waveguide core layer should then satisfy the single-mode condition, in
order to exploit the quasi PBG effectively [16]. The SOI waveguide structure is made up of a
silicon core layer sandwiched between a silica cladding layer below and an air cladding
above. The major and minor axes of the elliptical air holes are tuned to obtain a flat section of
dispersion curve below the silica lightline for slow light propagation.
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Fig. 1 (a) Schematic of the proposed design for the W1 line defect channel waveguide
configuration with super-cell dimensions — and with length equal to 15a. (b) Diagram defining
the coordinate system.

Figure 1 shows a schematic of the proposed design that has elliptical holes in a hexagonal
arrangement - with a W1 line-defect channel waveguide configuration. The inset in Fig. 1
shows the super-cell used in computational modelling of the designed structure. For the
device applications of such waveguides, the group velocity dispersion (GVD) and other
higher-order dispersion parameters should be very low [17-,18] thereby enabling the optical
signal to propagate with reduced distortion - as we have demonstrated using Finite-Difference
Time-Domain (FDTD) simulation. The band structure was obtained using a 3D Plane Wave
Expansion (PWE) method [19,20]. Using these simulation tools we have been able to design
an SOI based PhC channel waveguide with slow light behaviour - having a group velocity in
the range from 0.0028c to 0.044c — and with vanishing GVD, third order dispersion (TOD)
and fourth order dispersion (FOD) parameters. The structure designed has also been
investigated for its possible application in the design of (i) an optical buffer with a value of
normalized DBP that is equal to 0.778 - a value that is higher than previously reported values
[14, 21, 22] - and (ii) a time and wavelength division demultiplexing device. The proposed
device is designed to de-multiplex the two telecommunication wavelengths, 1.31 pm and
1.55 um as well as other wavelengths around 1.55 pm, using time discrimination and with
minimal distortion, while exhibiting an ultra-flattened dispersion curve for both wavelengths.

2. Design aspects and device description

For the design, we have firstly assumed a hexagonal arrangement of air holes in an SOI based
PhC structure. The refractive index of silicon has been taken to be 3.5 and its thickness has
been taken to be 450 nm. Computed results for the band-structure of a W1 channel guide
aligned along the I'-K direction. They indicate that only a single guided mode exists below the
silica light-line - and the calculated value of the effective index of the guided mode for the
fundamental TE-like guided mode is calculated to be 3.25. This core guiding layer of silicon
is typically bonded on to a silica (SiO,) lower cladding layer that may be as much as 3 um
thick, in practice. The lattice constant for the air holes has been chosen to be a =0.42 pm, with
a basic air hole radius of 0.33a.

As shown in Fig. 2(a), the bandgap of the designed structure lies in the frequency range
0.2130(2nc/a) to 0.3058(2xnc/a), for the TE like polarization. A W1 PhC channel waveguide
was then obtained by creating a single line defect in the photonic crystal. By examining the
dispersion diagram in Fig. 2(b), it is possible to identify a flat section for the even-symmetry
transverse mode of the W1 waveguide located at frequencies around 0.24(2nc/a). The inset in
the figure shows the super-cell used in the 3D PWE calculation. It is observed that the group
velocity becomes very low because of the flat (i.e. near horizontal) dispersion curve, but the
waveform of the optical signal is likely to be severely distorted by the large GVD parameter,
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on the order of 10® ps*/km for this situation, thus limiting the achievable bandwidth for slow
light transmission.
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Fig. 2. (a) TE Bandgap map and (b) dispersion diagram having flat section of guided modes in
the hexagonal lattice with lattice constant @ = 0.35 pm and basic air hole radius r=0.33a. The
inset in the figure shows the super-cell used in the 3D PWE method. The black solid line is the
silica lightline, while the red line is the dispersion curve.

Our main goal in this work is to obtain slow guided-light modes that feature the
combination of low group velocity and vanishing GVD parameter. The main requirements for
such modes to be achieved are: (a) operation below the silica light-line, because the modes
which lie above the light-line are intrinsically lossy (i.e. leaky) in the vertical direction - and
(b) a flat section of dispersion curve should be obtained i.e. the slope of the dispersion curve
should not only be small but it should also be close to constant for a given range. Otherwise
the higher order derivatives of the dispersion curve will lead to GVD, third-order dispersion
(TOD) and fourth-order dispersion (FOD).
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Fig. 3. Movement of the dispersion curves when (a) the semi-minor axis A and (b) the semi-
major axis B changes gradually.

To satisfy the above requirements we change the embedded circular air holes into an
array of identical elliptical air holes with semi minor axis (A) and semi major axis (B), while
retaining a hexagonal lattice arrangement. The dependence of the dispersion diagram on the
semi-minor axis (A) and semi-major axis (B) of the air holes is shown in Fig. 3(a) and 3(b).
As indicated earlier, these are the normalized dispersion curves for propagation for a W1
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channel guide oriented along the I'K axis of the PhC lattice, for different values of A and B.
Figure 3(a) shows that the dispersion curves move up in frequency in the slow light regime
when the magnitude of the semi-minor axis A of the elliptical air holes is varied progressively
from 0.20a to 0.32a -and the effective indices of the modes of the structure increase. In
obtaining these curves, the value of the semi-major axis B has been fixed at 0.45a. In the same
way, when the semi-major axis B is varied progressively from 0.39a to 0.48a, the dispersion
curve again moves up in frequency, as shown in Fig. 3(b) - where A is fixed at 0.28a. The
tuning of the two structural parameters, A and B has been performed in order to tailor the
dispersion properties of the waveguide in the slow light regime below the silica light line and
for the desired frequency range.

Finally we obtain an optimal waveguide with elliptical air holes that have a semi-minor
axis A = 0.286a and semi-major axis B = 0.457a. Fig. 4(a) shows the band structure for TE-
like modes of the designed structure with lattice constant a = 0.42 um, semi-minor axis
A =0.286a and semi-major axis B = 0.457a. For these parameter values, the bandgap ranges
from 0.2352(2nc/a) to 0.3277(2nc/a). The dispersion curve obtained for the fundamental
mode of the W1 waveguide is shown in Fig. 4(b), together with the super-cell used in the 3D
PWE method. The region 0.41< (2n/a) < 0.5 is chosen for slow light transmission - because
in this region the flattest section of the dispersion curve is obtained that lies below silica light-
line and is within the PBG region. i.e. the slow modes are confined vertically by total internal
reflection and horizontally by the photonic bandgap of the PhC regions.
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Fig. 4. (a) TE band diagram of finally designed structure. (b) Dispersion diagram for the
proposed SOI based single line defect photonic crystal having elliptical air holes with semi-
minor axis A=0.286s and semi-major axis B=0.457a.. Flat section of dispersion curve
corresponds to slow light region.

3. Numerical results and discussion
3.1. Group velocity and Group Velocity Dispersion (GVD):

In the previous section we have designed a W1 channel waveguide in an SOI based photonic
crystal structure with a hexagonal lattice of elliptical air holes in silicon. The structure shows
a flat dispersion curve below the silica light line. The key velocity of such modes is their
group velocity, defined as the velocity with which the envelope of a short pulse propagates
through space. The standard definition for group velocity is [23]:

do

vV, = 1K (1)
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where o is the angular frequency and k is the wave-vector along the waveguide.
3.2. Group Velocity Dispersion (GVD):

The GVD is defined as the derivative of the inverse group velocity w.r.t. angular frequency.

d’k
ﬁ_da)z
_d 1
= ——
do(do/,
_ 1 d’o
- d 3 de
(420)
po_Ldo (2)
v o dk*?

8
From Eq. (2), it can be observed that if the group velocity converges to zero, the GVD
parameter goes to infinity - which causes the spreading of an optical pulse in time and as a
result of different frequency components of the pulse travelling at different velocities may
merge together. Keeping the above fact in view, we have designed our structure to obtain a
flat-band situation that is characterized by small and nearly constant slope, with relatively low
group velocity and GVD parameter.
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Fig. 5. Variation of group velocity and Group Velocity Dispersion (GVD) parameter for flat
section of dispersion curve plotted in Fig. 4.

In Fig. 5 the frequency dependence of the group velocity - and the GVD parameter - on
normalized frequency are plotted for the slow wave region shown in Fig. 4(b). We have
considered the flat band of the dispersion curve lying below silica lightline i.e. the frequency
range between 0.2700(2nc/a) and 0.2733(2nc/a). It can be observed that, for this range of
frequencies, the group velocity remains in the range 0.0028c to 0.044c - and the GVD
parameter lies in the range of 10* ps’/km. The GVD has positive as well as negative values

and, for a particular spectral region, it becomes flat - i.., for a bandwidth
of AU=§—®:2.1 THz , the GVD parameter lies below 10 ps*/km.The low group velocity
b

obtained at the extreme points (~0.005¢) is at the cost of large GVD, on the order of
10% ps*/km - while near the mid point, around o = 0.2718 (2nc/a), vg~ 0.044c and the GVD
parameter vanishes. Hence a very low GVD value is obtained over the wide spectral
bandwidth of 2.1 THz.
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3.3 Third Order Dispersion (TOD) and Fourth Order Dispersion (FOD):

The TOD parameter was deduced by calculating:
1 a(GVD) (3)
v Ok

g

TOD =

i.e. the first derivative of the GVD.
and theFOD parameter was deduced by calculating:
1 o(TOD) (4)

FOD =—
Y ok

4

i.e. first derivative of the TOD.

Figure 6(a) shows that the upper limit of the TOD is on the order of 10* ps*/km for the
slow light regime below the silica light-line i.e. in the frequency range from 0.2700 (2nc/a) to
0.2733 (2nc/a) However we obtain a flat curve near the centre of frequency range, over a
bandwidth of 2.1 THz, where TOD varies from 10" to 10> ps’/km. Figure 6(b) shows that the
upper limit of the FOD is on the order of 10° ps*/km for the slow light regime, but again a flat
curve is obtained for a bandwidth of 2.1 THz near the centre. These values of TOD and FOD
are less than those reported in previous work [17, 24]. Thus both TOD and FOD vanish for a
particular frequency range in the proposed SOI based structure having elliptical air holes PhC.
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Fig. 6. Variation of higher order dispersion parameters (a) TOD and (b) FOD with frequency.

The results obtained for the TOD and FOD are important for evaluating the pulse
broadening that is due to higher order dispersion, as well as for evaluating nonlinear effects
that are dependent on high order dispersion in the slow light regime. Their low values, tending
to zero in a bandwidth of 2.1 THz, show that the proposed waveguide can be used for device
applications such as multiplexing and demultiplexing, as well as in realizing delay lines for
optical buffers.

4. Photonic crystal waveguide as an optical buffer

The optical Buffer is a device that temporarily stores and adjusts the timing of optical packets.
Application of PhC waveguides with slow light in optical buffers has recently been attracting
wide attention [10]. We shall now investigate the properties of the SOI-based elliptical air
hole W1 channel waveguide for use as an optical buffer - and determine the limitations of
slow light propagation in the proposed structure. The number of bits that can be stored in a
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slow light device is given by its Delay Bandwidth Product (DBP). The expression for the DBP
is:

DBP=T,.B 4)
where T, is the time of propagation of a pulse in the waveguide and B is the bandwidth. If L is
the length of the structure and the pulse is propagating with minimum distortion, the upper
limitation on the DBP is given by [25]

1

L 1 <l
DBP =T, B < —| ———
Ve 47rL|,6’|

= DBP

IA

)
4r Ve |ﬂ|% (6)

Thus the DBP depends upon the length of the structure, the average group velocity and
the GVD parameter. If the length of the structure is fixed, the DBP is inversely proportional

~ 1
tov, | ,B |A . 1.e., in order to increase the value of DBP, we need to decrease the value of

the average group velocity v ¢ and the GVD parameter, 3. We shall next calculate the upper
limit of the DBP in the proposed SOI-based PhC having a hexagonal arrangement of elliptical
air holes, in the slow light regime below the silica light-line. At frequencies o, = 0.2709
(2nc/a), i.e. for an incoming wave at Ay = 1.55 pm, the average group velocity is calculated to
be 0.035c - and the average GVD parameter is P =0.5ps’/km (from Fig.5).
Therefore,\;g lﬂl%z 0.0247C.pskm1/ *. This value is highly reduced as compared to the value

of 4.4c ps.km'” in reference [25]. Even for the slowest velocity achieved at a frequency of
0.27009(27c/a) i.e. Lo = 1.555 um, the average group velocity is 0.0028¢ and B = 376 ps*/km -

and therefore, v, |ﬂ|% = 0.0543c.pskm"?. Hence we observe that the upper limitation on the

delay bandwidth product is strongly enhanced in our structure.
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Fig. 7. Variation of group velocity and group index with frequency in the slow light region
below the silica light-line.
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The DBP, defined by T4.B, provides a measure of the buffering capacity that a slow light
device potentially provides. However its normalized form can become more useful if devices
that have different lengths and different frequencies are compared. We shall now calculate the
value of the normalized DBP for the proposed SOI based photonic-crystal channel-
waveguide. Figure 7 shows the variation of the group index and group velocity with
frequency. The average group index in the frequency range Am is calculated as:

~ oy +Aw/2 d w
e = f e (w)m

wy-Aw/2 (7)

From Fig. 7, the average value of group index is- 7, =60.60, in the normalized frequency

bandwidth ofA—a): 0.0117 . The normalized DBP is calculated to be- ;lg %: 0.778,
[ 9

which is substantially greater than that reported in references [14 and 22]. The normalized
DBP calculated in [21] is equal to 0.359, which is also less than the value of 0.778 that we
have calculated for the proposed structure. The proposed structure can therefore be used as an
optical buffer with a high DBP value.

5. FDTD simulation

In this section an investigation is described for the broadening of pulses propagating through
the waveguide of the proposed structure, using FDTD simulations. FDTD simulations are
carried out using the RSOFT FULLWAVE package with the mesh size taken to be Period/3
and device dimensions- taken to be 6.72um x 5.04um in XZ plane. If we set the central
frequency at oy = 0.2709(2nc/a) i.e. at Ap = 1.55 um, the group velocity and GVD parameter
at this wavelength are 0.035¢ and 0.5 ps’/km. As shown in Figure 8(a), for wavelength of 1.55
um, time delay between the input peak and output peak is nearly 0.57 ps for a waveguide
length of 15a. Hence the corresponding group velocity is 0.036¢ which is slightly larger than
that observed using PWE method (i.e. 0.035c). The slowdown factor, which is defined as the
ratio of the phase velocity to the group velocity (S=v,/v,) is calculated to be 17 at
Ao =1.55 pm. Thus the width of the Gaussian pulse at the output end is approximately equal
to that of the pulse at the input end, with very little pulse expansion, as shown in Fig. 8(a).
Here we have considered the length of waveguide to be 15a, as shown in Fig. 1. The incident
pulse with a full width at half-maximum (FWHM) of 0.07 ps expands to 0.11 ps at the output.
We observe the modal field distribution for an incident wave at a wavelength of 1.55 um in
Fig. 8(b) - which shows that the light spreads substantially into the first and second nearest
rows of elliptical air holes of the PhC, due to the slow light propagation in the waveguide.
Figure 8(c) shows the spreading of the wave for Ay = 1.555 pum - for which the slowest group
velocity value of 0.0028c is achieved in the proposed SOI based photonic crystal waveguide.
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Fig. 8. (a) Field amplitude of the Gaussian pulse recorded at the input end and output end of the
waveguide as a function of time for Ay=1.55um. Modal field distribution in the PhC waveguide
for (b) 1.550 um and (c) 1.555 um.

6. Time and Wavelength Division Demultiplexing (TDM and WDM)

The proposed SOI based PhC, with elliptical air holes, is next investigated for use in time and
wavelength division demultiplexing (TDM and WDM). It is found that the proposed structure
has a bandgap in the frequency range of 0.2352 (2nc/a) to 0.3277 (2nc/a) as shown in Figure
4(a). Hence the bandgap exist for both the wavelengths, 1.31 um, which corresponds to a
frequency of 0.3206 (2nc/a) and 1.55pum, which corresponds to a frequency of 0.2709 (2nc/a).

0.25 25 =

—20
0.2

+-10

: . i L . ! . _
0318 0.31% 032 0321 0.322 0.323 0.324 D‘.3éu
(Znc/a)

(a) (b)
Fig. 9. (a)Variation of group velocity and Group Velocity Dispersion (GVD) parameter for
region having central wavelength near 1.31um (b) Modal field distribution in PhC channel
waveguide for a wavelength of 1.31um.

Figure 9(a) shows the frequency dependence of the group velocity and GVD parameter
for a section of dispersion curve below the silica light-line. For an incoming pulse of light at a
wavelength of 1.31 pum, the group velocity is calculated to be 0.178c and the GVD parameter
is 0.0083 ps*/km, which implies low signal distortion for a wavelength of 1.31 pm. Thus a
signal at a wavelength of 1.31 um is more than five times faster than one at 1.55 um, where
the velocity is equal to 0.035c. Therefore the channel guides a signal at a wavelength of
1.31um at faster velocity -and hence it reaches the output end of the W1 waveguide earlier
than a signal at the wavelength of 1.55 um. The FDTD simulation for 1.31 um is shown in
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Fig. 9(b), indicating that the spread of light wave in theW1 waveguide at 1.31 um is less than
that for 1.55 pm, as observed in Fig. 8(b).
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Fig. 10. Schematic for separation of pulses of light at telecom wavelength 1.31 um, 1.5500 um,
1.5534 um and 1.5550 pm for time and wavelength division de-multiplexing.

If we now assume the device length to be 600 um, the delay time for a wavelength of
1.55 um is calculated to be 57 ps - and for a wavelength of 1.5534 um it is calculated to be
89 ps. For a wavelength of 1.5550 um, it is calculated to be 704 ps, while for a wavelength of
1.31 pm; it is calculated to be 11 ps (Fig. 10). Here we observe that even for the slowest
velocity achieved i.e. 0.0028c, the GVD parameter is relatively small (on the order of
10% ps*/km) and hence this waveguide PhC structure can be used in both time and wavelength
division de-multiplexing.

7. Conclusions

In this paper, we have reported on the design of an SOI based PhC channel waveguide with
elliptical air holes for use in slow light propagation with group velocities in the range from
0.0028c to 0.044c — and with extremely low GVD, TOD and FOD parameters. This
combination of small values for key parameters causes an input signal to pass through the PhC
waveguide with much less distortion. The proposed structure has considerable potential for
use in photonic device applications such as optical buffers, TDM and WDM processing -as we
have demonstrated.
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Low-Loss Slow Light Transmission in Photonic Crystal
Waveguides Comprising of Liquid Crystal Infiltration

Swati Rawal and R. K. Sinha

Abstract—A low loss photonic crystal (PhC)
waveguide having rectangular air holes in Si core is
proposed having an average group index of 55 in the
bandwidth of 1.2 THz. The possible propagation losses
due to inefficient coupling are also investigated for
proposed structure. It is found that high transmission is
obtained for a broad bandwidth from the output of the
finally designed heterogeneous waveguide consisting of a
slow liquid crystal infiltrated PhC waveguide
surrounded by fast PhC waveguides on both sides.

Index Terms—Liquid crystal, photonic crystal
waveguide, slow light.

doi: 10.3969/j.issn.1674-862X.2010.01.007

1. Introduction

Slow light which refers to reduction of group velocity,
leads to increased light matter interaction thereby enabling
time delay for optical signals which is a key component for
processing, storing and buffering desired in future all
optical communications and information processing
systems!™¢] However, tunability of photonic crystals
(PhCs) can further be extended and controlled by filling its
segments with certain liquid crystal material!™®. They
offer the possibility of shifting the frequency of the defect
modes and tuning the dispersion curves for obtaining flat
slow modes with low group velocity dispersiont.
Propagation losses and their dependence on group velocity
is another issue of concern which is tackled efficiently in
the proposed paper to obtain a highly efficient slow light
PhC waveguide with a simple design for easy fabrication.

2. Design Aspects

For the design, we consider the slow light system in
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silicon on Insulator (SOI) based rectangular air hole PhC
waveguide consisting of 335 nm thick silicon layer
followed by a 3000 nm thick silica layer.

Parameter scan was performed to achieve a flat section
of dispersion curve below silica light line and for desired
frequency range. The first neighboring row on either side of
the waveguide created is filled with liquid crystal having
ordinary refractive index as 1.6 and extra-ordinary
refractive index as 2.2. Fig. 1 (b) allows us to trace a flat
band slow light region for triangular lattice arrangement of
rectangular air holes with X;=223 nm and Y;=335nm and
lattice constant a=420 nm along 'K direction.

Silica

Silicon

Air holes
Liquid crystal
Infiltrated holes

LC W07 PhC
Waveguide
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X1
(@
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s
R 0275
)
3
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0.35 0.4 0.45 0.5
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Fig. 1. Proposed SOI based liquid infiltrated photonic crystal
waveguide: (a) schematic of the finally designed slow light PhC
waveguide with rectangular air holes. First row closest to the
waveguide on either side is infiltrated with liquid crystal, and (b)
single guided dispersion curve with a flat section of dispersion
curve for achieving slow light.
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3. Numerical Results

The structure designed in Section 2 shows a flat
dispersion curve below the silica light line. The group
velocity of such modes is defined as

=40
& dk
where @ is the angular frequency and k& is the wave vector
along the waveguide whereas ground velocity dispersion
(GVD) is defined as derivative of inverse group velocity
w.r.t. angular frequency and is given as
dk 1 do
T

Here it is observed that if the group velocity converges
to zero, the GVD parameter goes to infinity, which causes
the spreading of an optical pulse in time. Keeping the above
fact in view, we have designed our structure to obtain a
flat-band situation that is characterized by small and nearly
constant slope, with relatively low group index and GVD
parameter.

In Fig. 2 the frequency dependence of the group index-
and the GVD parameter on normalized frequency are
plotted for the slow wave region shown in Fig. 1. High
value of group index (~347) obtained at the extreme points
is at the cost of high GVD on the order of 10° ps®/km.
Hence a very low GVD is obtained for a wide spectral
width of 1.19 THz with an average group index of 54.7. We
will now estimate the quantitative performance of the
proposed SOI based LC W07 PhC waveguide. The upper
limitation of DBP can be evaluated by reducing the value of
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Fig. 2. Variation of group index and GVD parameter for flat
section of dispersion curve plotted in Fig. 1(b).
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Fig. 3. Field amplitude of the pulse recorded at input and output
ends of LC W07 PhC waveguide.

For the operating wavelength 4,=1.55 pum i.e. for
frequency of 0.2709 (2zcla), the average group velocity is
calculated to be 0.029c and GVD parameter £=0.0243

ps?/km. Thus \7|,8|]/2 =0.0007¢ ps-km*2. This value is highly

reduced as compared to 4.4¢ ps-km“? in [10].

We further calculated the slow down factor achieved in
LC W07 PhC waveguide. It is defined as the ratio of phase
velocity to group velocity (S=V,/V,) and is calculated to be
20.91 at A=1.55 um for designed rectangular hole infiltrated
PhC waveguide. For a Gaussian pulse at central frequency
=0.2709 (27ncla) ie. at A4=1.55 pm, v,=0.029¢ and
GVD=0.0243 ps*/km. Due to this vanishing dispersion, the
width of the pulse at input end is nearly equal to that at the
output end as shown in Fig. 3.

4. Pulse Transmittance Measurements

An immediate problem arising from the designed slow
light waveguide is its capability to couple slow mode
efficiently into the slow light regime. This is because of the
large impedance mismatch at the boundaries of PhC
waveguide arising from large difference in group index. To
solve this complex problem, we have added short
intermediate fast PhC waveguides which act as coupler
sections on both sides in addition to the slow light PhC
waveguide obtained through liquid crystal infiltration. The
calculated photonic band structures of the fast PhC
waveguide with a stretched period (a'=450 nm) obtained
using 3D PWE method is shown in Fig. 4. From the slope
of dispersion curve of fast waveguide, it is observed that
the velocity of a signal of 1.55 um is 0.169¢ which is higher
than that obtained in slow light LC W07 PhC waveguide
(~0.029¢) or homogeneous waveguide.
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Fig. 4. Dispersion diagram for the fast photonic crystal waveguide
having stretched period equal to a'=450 nm.
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Fig. 5 Proposed heterogeneous LC infiltrated photonic crystal
waveguide (WG): (a) schematic of the proposed heterogeneous
PhC waveguide and (b) variation in transmittance from
homogeneous and heterogeneous waveguide.

3D FDTD method is wused for -calculating the
transmittance through the proposed heterogeneous PhC
waveguide shown in Fig. 5 (a). Fig. 5 (b) summarizes the
transmittance of the propagating pulse through
heterogeneous PhC waveguide consisting of 16a long
infiltrated LC W07 slow light waveguide surrounded by

two coupler sections made up of high group velocity
regions. As it is seen from Fig. 5 (b), transmittance of
heterogeneous PhC waveguide for the described slow light
flat band window ranging from 1.545 pm to 1.555 pum is
higher than that obtained for homogeneous LC W07 PhC
waveguide. This is because of the poor coupling obtained
when light is directly inserted into the slow light infiltrated
homogeneous LC WO07 PhC waveguide due to larger
impedance mismatch at the boundaries due to large group
velocity difference. However, in case of heterogeneous
waveguide, transmittance recovery is achieved in the slow
light regime because of low impedance mismatch realized
at the interface of fast and low velocity waveguides. Hence,
the intensity reduction at this interface is not significant.
Coupler based approach described in [11] and [12] can be
used for efficient coupling into the slow light regimes.

5. Conclusions

We have proposed an SOI based liquid infiltrated
photonic  crystal WO07 channel waveguide having
rectangular air holes in Si core for achieving slow light
propagation with an average group index of 55 in the
bandwidth of 1.2 THz and vanishing group velocity
dispersion. It was found that due to large impedance
mismatch at the boundaries and large group velocity
difference, the transmittance is very low. However, in case
of heterogeneous waveguide, transmittance recovery is
achieved in the slow light regime consisting of a slow
liquid crystal infiltrated PhC waveguide surrounded by fast
PhC waveguide on both sides.
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Slow Light Propagation in Liquid-Crystal
Infiltrated Silicon-On-Insulator Photonic
Crystal Channel Waveguides

Swati Rawal, R. K. Sinha, and Richard M. De La Rue, Fellow, IEEE

Abstract—An SOIl-based liquid-crystal (LC)-infiltrated pho-
tonic-crystal channel waveguide having rectangular air holes
in a Silicon core is proposed—and has an average group index
of 43 over a bandwidth of 1.02 THz, with vanishing group ve-
locity dispersion, as well as reduced higher-order dispersion.
The possible propagation losses due to coupling inefficiency are
also investigated for the proposed structure. It is found that high
transmission is obtained for a broad bandwidth from the output
of the heterogeneous waveguide finally designed, which consists
of an LC-infiltrated PhC slow waveguide surrounded by fast PhC
regions on either side. The LC-infiltrated W0.7 PhC waveguide
that has been designed for slow light propagation should be highly
tolerant to fabrication errors—and has enhanced sensitivity in
comparison with conventional PhC waveguides.

Index Terms—Group velocity dispersion, liquid crystal infiltra-
tion, photonic crystal, slow wave structures.

1. INTRODUCTION

in 1987, photonic crystals (PhCs) with photonic bandgap
(PBG) properties have attracted much attention as a possible
platform for densely integrated photonic circuits and novel
photonic functionality. By carefully engineering the photonic
dispersion relationship, one may obtain unique opportunities
for realization of devices that exploit slow light effects [3]-[6].
PhC channel waveguides can be used as defect-mode slow light
structures. Slow light, which refers to reduction of the group
velocity, leads to increased light-matter interaction strength,
thereby enabling increased time-delay for optical signals,
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which is a key functionality for the processing, storing and
buffering desired in future all-optical communications and
information processing systems [7]-[12]. Slow light in PhC
waveguide structures has already been investigated by a number
of authors [13]-[16], near the edge of the Brillouin zone. It is
typically accompanied by large amounts of dispersion, which
can remove much of the advantage of operation in the slow
light regime—because it limits the bandwidth that can be
utilized [17]. This bandwidth-dispersion issue can be overcome
by tuning the structure towards dispersion-free behaviour
[18]. This approach has resulted in more complex devices,
fabrication of which is challenging and hence potentially limits
their practical utilization. Recently we have demonstrated the
feasibility and benefits of using an elliptical air-hole based
photonic crystal structure to obtain slow light behaviour [19].
However, it has been shown by a number of authors that square
hole photonic crystal structures present better performance
in comparison with circular hole PhC structures in terms of
transmittivity, loss characteristics and maximization of the
transmission bit rate of the signal in optical networks. Even the
group index obtained in the low GVD regime of PhC channel
waveguides is higher in square hole waveguides than in circular
hole waveguides [20]-[22]. The tunability of PhC lattices can
further be extended and controlled by filling their segments
with certain types of liquid crystal (LC) material [23], [24].
This combination offers the possibility of shifting the frequency
of the defect modes and tuning the dispersion curves, in order
to obtain flat slow modes with low group velocity dispersion
(GVD) [25]. Liquid Crystal (LC) material has been simulated
using an anisotropic form of the finite-difference time-do-
main (FDTD) method [26]. Since dynamically tuned devices
are essential components in optical systems, PhC waveguide
configurations with microfluidic infiltration of LC material
offer a strong potential for realizing integrated micro-photonic
devices. C.L.C. Smith and co-workers [27] have described
how the required LC infiltration in a PhC can be achieved by
using a tapered glass micro-tip. The droplets that are attached
to the length of capillary tube due to adhesive forces between
glass and liquid are deposited on a device chip besides the
PhC structure. A microscope objective is used—which re-
solves properly the air holes in the PhC and provides sufficient
working distance for the tapered microtip to draw the chosen
droplet along the airhole, perpendicular to the PhC waveguide,
during infiltration. Propagation losses and their dependence on
group velocity are another matter of concern. There is little
justification in exploring the slow light regime if any advantage

0733-8724/$26.00 © 2010 IEEE
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obtained is immediately counteracted by excessive losses.
These losses include losses due to backscattering (into the
guided Bloch modes), with propagation in the opposite direc-
tion—and losses due to inefficient coupling. Backscattering is
mainly disorder-induced and increases with the inverse group
velocity squared [28]-[30]. Hence, it is dominant in the case
of slow group velocities, while inefficient coupling occurs
due to the large mismatch at the interface between the slow
light PhC waveguide that results from large changes in group
index. This mismatch can be considered, in a general sense, as
a form of impedance mismatch that involves conservation of
power flow and the possibility of energy storage in evanescent
modes. One way of overcoming the problem of impedance
mismatch is the use of adiabatic tapers [31], but these tend to
be relatively long and the construction of systematic design
procedures is challenging. An alternative way is to introduce a
finite region that firstly couples the light from a ridge or stripe
waveguide into a fast mode PhC waveguide and then into the
slow mode PhC waveguide [32]-[35]. Such issues of concern
are tackled directly in the present paper—in order to obtain a
highly efficient slow light PhC waveguide with a simple design
that is suitable for fabrication.

In this paper we report the design of an SOI based PhC struc-
ture that has a silicon core sandwiched between a silica cladding
layer below the core and an air cladding region above. A hexag-
onal lattice arrangement of rectangular air holes is introduced
into the silicon waveguide core. Since it is an asymmetric struc-
ture vertically, the Bloch modes of the waveguide cannot be
strictly classified into purely transverse electric (TE) and trans-
verse magnetic (TM) modes, since each Bloch mode has an
even as well as an odd distribution component. For the even
modal components, the magnetic field should lie in the direc-
tion perpendicular to the plane of the structure, i.e., along the
y-direction—and, for odd components, the electric field should
lie along the y-direction. In general a mixture of all six field
components is obtained for the modal distributions when pe-
riodic structuring is added. This periodic structuring leads to
Bloch modes having only quasi-TE or quasi-TM characteristics.
Modes with H, as the predominant component are referred to
as TE-like modes and those with E,, as the predominant com-
ponent are referred to as TM-like modes [36]. The PhC struc-
ture is designed to exhibit a full PBG for TE-like modes. There-
fore, these modes are horizontally confined by PBG effects and
vertically by total internal reflection. The rectangular holes are
then filled with LC material, which provides an extra free param-
eter for achieving very small dispersion slow light waveguides.
The infilling LC material is assumed to occupy only the exact
depth of the holes in the silicon waveguide core—and only in
one row of holes on either side of the waveguide. Fig. 1 gives
a schematic of the proposed design, with the first neighbouring
holes on either side of the W0.7 waveguide having liquid crystal
infiltration. The minimum values for the losses and defect mode
dispersion below the silica light-line are found for the W0.7
waveguide. For this reason, a typical structure employed in the
experiments is a W0.7 PhC waveguide [29], [31], [37], [38].
For the device application of such waveguides, the group ve-
locity dispersion (GVD) and other higher order dispersion pa-
rameters should be very low, thereby enabling the optical signal

2561

(a)

H, Mode Profile (Quasi TE mode)
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Fig. 1. (a) Schematic of the proposed design with the first neighboring holes
on either sides of the W0.7 waveguide having Liquid Crystal infiltration. (b) XY
view of slow light photonic crystal channel waveguide with (c) field component
of the quasi-TE guided mode.

to propagate with least distortion, as we have demonstrated pre-
viously [19]—and will demonstrate again in the present paper.
We shall also describe the tolerance analysis of the proposed
structure with respect to variations in the waveguide geometry
and variations in the refractive index of the liquid crystal and
silicon core. The sensitivity of the proposed LC-infiltrated PhC
channel waveguide is also compared with that of conventional
waveguides. The structure designed has also been investigated
for possible propagation losses, which include losses due to
coupling inefficiency. It is found that high transmission is ob-
tained over a broad bandwidth for the hetero-waveguide finally
designed, which consists of a locally LC infiltrated slow PhC
channel waveguide terminated at either end by fast PhC wave-
guide sections.

II. SLOW LIGHT IN PHOTONIC CRYSTAL WAVEGUIDES

Line defect PhC waveguides can lead to guided mode bands
that can either be index-guided or bandgap guided—or a com-
bination of both. anticrossing between these two types of mode
can determine the local shape of dispersion curves, the slope of
which determines the group velocity of the mode [16], [37], [39]
and [40]. These guided mode bands can be made as flat as de-
sired by appropriate design for the achievement of slow group
velocity, together with low group velocity dispersion (GVD),
over a broad bandwidth. In order to obtain slow guided modes
with low group velocity and a vanishing GVD parameter, two
basic requirements have to be fulfilled. The first one is structure
oriented, i.e., the geometrical properties (waveguide width, hole
size or position) are modified to obtain a flat section of disper-
sion curve, with not only small but constant slope—over a given
range of frequencies—because, otherwise, higher order deriva-
tives of the dispersion curve will lead to GVD, third-order dis-
persion (TOD) and fourth-order dispersion (FOD). The second
requirement is loss oriented, i.e., the possibility of operation
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of the waveguide below the silica light-line is considered—be-
cause modes that lie above the light-line are intrinsically lossy
(i.e., leaky) out-of-plane. The Finite Difference Time Domain
(FDTD) method and the Plane Wave Expansion (PWE) method
[41] are two powerful numerical tools that can be used to sim-
ulate Maxwell’s Equations with minimal approximation. They
are known to be able to reproduce experimental results very
closely. RSOFT’s version 8.1 is used for carrying out PWE and
FDTD analysis. Some useful parameters for characterization of
PhC waveguides are:
1) Group Velocity: which is defined as the velocity at
which the envelope of a short pulse propagates through
space—and is expressed as [42]

dw

Ve = i (1)

Group index ng = £ 2)
Vg

The average values of group velocity and group index in
frequency range Aw are given as

_ wo+Aw/2 dw
e e ®
and
wo+Aw/2 dw
~ atadl 4
777‘!] LO—Aw/2 n!](w) Aw ( )

2) Group Velocity Dispersion (GVD): is defined as the deriva-
tive of the inverse group velocity i.e.

S E_d (1
o dw?  dw \dw/dk

B 1 d*w
T (dw/dk)? di?
1 d’w
b=—pae ©)
g

It is observed that to obtain a distortion-less slow light
pulse, i.e., low GVD parameter, the value of group velocity
should be small—and with nearly constant slope.

3) Third order Dispersion (TOD) and Fourth order Disper-
sion (FOD): TOD and FOD are expressed as

1 9(GVD)
TOD = ————~
O vy Ok ©
and FOD = L 9(TOD) 7
v ok

g

4) Delay-Bandwidth-Product (DBP): which defines the
number of bits stored in a slow light device—and is ex-
pressed as

DBP=T4-B (®)

where T is the delay time of the propagating pulse and B
is the bandwidth. For a given length L of the structure, the
upper limit on the DBP is given by [43]

L\Y/? 1
DBP< (=) — 9
- (47r> Vg B2 ©)
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Therefore, in order to increase the value of the DBP, one
has to decrease the value of the product v,|3|'/? for a
fixed length L of the device. For comparison of devices
having varying lengths, the normalized form of DBP can

be useful—and is defined as DBP = 71,22,

A. Design Aspects

For the design, we first consider the possibilities for slow
light propagation in an SOI based waveguide PhC structure re-
alized in a 335 nm thick silicon layer supported by a 3000 nm
thick silica (n = 1.45) layer, with air above the silicon wave-
guide core. The hexagonal periodic arrangement of square holes
having width = 300 nm and lattice constant ¢ = 420 nm is em-
bedded in silicon (n = 3.50).

Fig. 2(a) shows the plane view schematic of the square hole
SOI structure designed to obtain a flat dispersion curve. The
PhC structure that has been designed exhibits a bandgap for
TE-like modes between wyin = 0.2573(27¢/a) and wimax =
0.4311(27c¢/a), as shown in Fig. 2(b). In order to guide Bloch
modes in the structure, a line defect W0.7 PhC waveguide is
conceptually created by removing a row of square holes along
the I' K direction and shifting the two PhC regions closer to
one another—resulting in a PhC waveguide width 0.7 times that
of W1, i.e,, a W0.7 PhC waveguide. The dispersion diagram
shown in Fig. 2(c), which was obtained using the 3-D PWE
method, indicates the existence of only a single guided mode
below the silica light-line. By examining the dispersion diagram
in Fig. 2(c), we have found that only a modestly enhanced group
index (~ 15) with high GVD (~ 10° ps?/km) is achieved for
this situation, limiting its possible use in slow light based PhC
devices.

In order to satisfy the two requirements, (structure-oriented
and loss-oriented) for achieving slow light systems, we have
chosen to change the embedded square air holes into an array
of rectangular air holes by varying the width of the X axis (X1)
and Z axis (Z1) of each square, while retaining the hexagonal
lattice arrangement. A parameter scan was performed in order
to tailor the dispersion properties of the waveguide and is shown
in Figs. 3(a) and (b). As mentioned earlier, these are dispersion
curves for W0.7 PhC waveguides oriented along the I' K direc-
tion, with different values of X1 and Z1 for the square air holes.

In Fig. 3(a), the value of Z1 is fixed at 330 nm, while in
Fig. 3(b) the value of X1 is fixed at 220 nm. A parameter scan
was then performed to achieve a flat section of dispersion curve
below the silica light line and for the desired frequency range.
Fig. 3 makes it possible to trace a flat-band slow-light region
for X1 = 223 nm and Z1 = 335 nm. Hence, a slow light wave-
guide is achieved for triangular lattice rectangular air holes with
X1 =223nmand Y1 = 335 nm together with a lattice constant
of @ = 420 nm, along the I" K direction.

For these parameter values, the bandgap ranges from
Wmin = 0.2579(27¢/a) t0 wmax = 0.3217(27¢/a), as shown
in Fig. 4(a). The dispersion diagram for this W0.7 waveguide
design is shown in Fig. 4(b), together with the super-cell used
in the 3-D PWE method.

However, an even slower group velocity, together with less
GVD, can further be achieved by the use of liquid crystal (LC)
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Fig. 2. (a) Plane view schematic of square hole SOI structure showing the su-
percell used in the computation, (b) TE bandgap map and (c) dispersion dia-
gram having flat section AB of guided mode with lattice constant @ = 420 nm
and square hole width as 300 nm. The black solid line is the silica light-line,
while the red line is the dispersion curve. The inset in the figure (c) shows the
super-cell used in 3-D PWE calculation.

infiltration. The combination of the rectangular hole PhC struc-
ture with such micro-fluidic regions gives an extra free param-
eter in the waveguide design, which allows the fine tuning of its
group velocity and dispersion.

B. Vanishing Dispersion Slow Light in Photonic Crystal
Waveguides With Liquid Crystal Infiltration

Liquid crystals (LCs) offer a tuning mechanism for achieving
slow light waveguides with highly reduced GVD, as their refrac-
tive index can be varied with temperature change—or by ap-
plying a local electric field [44]. Selective liquid crystal infiltra-
tion in the some of the rectangular air holes of the PhC channel
waveguide offers the possibility of shifting the frequency of the
defect mode in the desired range—and obtaining a flat section
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Fig. 3. Movement of the dispersion curves when (a) X1 and (b) Z1 vary gradually. The black solid line is the silica light-line.

of dispersion curve with small but constant slope. In order to in-
vestigate the shape of the dispersion curve, calculations on the
LC infiltrated photonic crystal were carried out using the PWE
method. The refractive index of TE polarized light or TM po-
larized light depends upon the alignment of the optic axis of the
liquid crystal inside the rectangular holes. If we now assume that
the extraordinary axis lies along the y axis parallel to the main
axis of the holes, then the TM-like polarization, with the electric
field aligned along the y-axis, samples only the extraordinary
index of refraction, and TE-like polarization, with the electric
field lying in the x-z plane, samples only the ordinary index of
refraction. Hence, the calculation for TE polarized light was car-
ried out using the ordinary refractive index of liquid crystal [45].
The LC material that we have used to generate refractive index
values for our calculations is a phenyl acetylene derivative (ne-
matic LC), that has an ordinary refractive index n, equal to 1.6
and an extraordinary refractive index n, equal to 2.2. [23], [46].

The first row of rectangular air holes closest to the W0.7
waveguide on either side is infiltrated with the LC, in order to
obtain a flat dispersion curve with vanishing GVD, as displayed
in Fig. 5(b). The region chosen for slow light transmission varies
over the range 0.4 < k(27 /a) < 0.5 because, in this region, the
dispersion curve satisfies the single mode guidance condition
below the silica light-line and has a flat section with small but
constant slope. Fig. 5(a) shows a schematic of the SOI-based LC
WO0.7 PhC waveguide with liquid crystal infiltration.

We have then compared the group index n, and the GVD for
the flat band obtained from the W0.7 PhC waveguide shown in
Fig. 4(b) and the one obtained from the LC W0.7 PhC wave-
guide shown in Fig. 5(b). The results obtained are shown in
Fig. 6(a) and (b). As can be observed, the average group index
ng increases from 8 in the W0.7 PhC waveguide to 54.7 in the
partially LC-infilled W0.7 PhC waveguide, because of the in-
creased effective index of the waveguide produced by liquid
crystal infiltration. However, the variation in 3 is comparatively
small, since it reduces from 1 ps2/km in the W0.7 PhC wave-
guide to 0.2 ps?/km in the partially LC-infilled W0.7 PhC wave-
guide, for frequencies near the centre of the slow group velocity
band. The high value of the group index (~ 347) obtained at
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Fig. 4. (a) TE bandgap map for the PhC having rectangular air holes with parameters X1 = 223 nm and Z1 = 335 nm. (b) Dispersion curve with single mode
guidance for the designed structure. Inset shows the supercell used in 3-D PWE method.
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Fig. 5. (a) Schematic of the final design for the slow light PhC waveguide with
rectangular air holes. The first row closest to the waveguide on either side is
infiltrated with liquid crystal. (b) Single guided dispersion curve with a flat sec-

tion of dispersion curve for achieving slow light.

the extreme points is at the cost of high GVD, on the order of
103 ps?/km.

As aresult, it is possible to identify a region of very low GVD
over the wide spectral width of 1.02 THz, with an average group
index of 43.05. Since the value of the GVD parameter /3 is nearly
constant in a region near the centre of the range, the values of
the TOD and FOD are also low, as observed in Fig. 6(c). The
upper limit of the TOD is on the order of 10* ps3/km, for the
slow light regime, below the silica light-line. However near the
centre it varies from 10! to 102 ps®/km. Similarly the upper limit

of the FOD is on the order of 10° ps*/km, but near the centre
it varies from 102 to 10% ps*/km. These results indicate that the
higher order dispersion is strongly suppressed in the proposed
partially LC-in-filled W0.7 PhC waveguide for a bandwidth of
1.02 THz, with average group index of 43.05, which further
suppresses the pulse broadening and non-linear effects that are
dependent on the higher-order dispersion parameters. As a re-
sult, the proposed partially infiltrated PhC waveguide has con-
siderable potential for device applications such as multiplexers
and de-multiplexers, delay lines and optical buffers. We shall
now estimate the quantitative performance of the proposed SOI
based partially LC-infilled W0.7 PhC waveguide.

From (9), the high value for the upper limit of the delay-band-
width product (DBP) can be evaluated by reducing the value
of U,|03|'/2. At the operating wavelength, A = 1.55 um, i.e.,
for a frequency of 0.2709 (2 7 ¢/ a), the average group ve-
locity is calculated to be 0.029¢ and the GVD parameter is
B = 0.0243 ps%/km.

Therefore v,|3|*/? = 0.0007¢ ps.km'/2. This value is highly
reduced as compared to the value of 4.4c ps.km'/? in [38].
We therefore observe that, for a given length of waveguide, the
upper limitation on the DBP is greatly enhanced in our struc-
ture. The normalized DBP (= n,(Aw)/(w)) is calculated to be
0.226, which is sufficiently large for the possible use of tunable
slow light PhC waveguides in optical buffers.

We have further calculated the slow-down factor achieved
in the partially LC-infilled WO0.7 PhC channel waveguide. It is
defined as the ratio of phase-velocity to group-velocity (S =
V,/Vg)—and is calculated to be 20.91 at A = 1.55 pum, for the
designed rectangular-hole PhC-infiltrated channel waveguide.
Assuming that the optical axis of the LC in-fill is perpendic-
ular to the periodic plane, i.e., it lies parallel to the y-axis, then
we obtain the dielectric tensor e = diag(ng, ne, ne) [47]. Ap-
plying 2-D FDTD method, TE polarized analysis of PhC wave-
guide along I' K direction is obtained in Fig. 7. For a Gaussian
pulse at a centre frequency of wy = 0.2709(27 c/a), i.e., at
Ao = 1.55 um, v = 0.029¢ and the GVD = 0.0243 ps®/km.
Due to this vanishing dispersion, the width of the pulse at the
input end is nearly equal to that at the output end, as shown in
Fig. 7(a). The length of waveguide is nearly 16 a, where a is
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Fig. 6. Variation of group velocity and GVD parameter for the flat section of dispersion curve, for: (a) a W0.7 PhC waveguide and (b) the partially infilled LC
W07 PhC waveguide. (c) Variation of higher order dispersion parameters TOD and FOD for LC W0.7 PhC waveguide with frequency in slow light region.
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Fig. 7. (a) Field amplitude of the pulse recorded at the input and output ends of the partially LC-infiltrated W0.7 PhC waveguide. (b) Modal field distribution at

A = 1.55 ym.

the lattice constant. The modal field distribution for the input
wave is shown in Fig. 7(b). It can be seen that the incident
pulse spreads substantially into the neighbouring rows of par-
tially LC-infilled W0.7 PhC waveguide, due to the slow light
propagation.

III. TOLERANCE ANALYSIS

In this section we describe a study of the tolerances associated
with the infiltration based approach for variations in the parame-

ters of the rectangular air holes—and for variation in the refrac-
tive index of the Si core and infiltrated liquid crystal regions.

A. Parameter Tolerances for Rectangular Air Holes

Firstly we shall show how the group index of the designed,
SOI-based, partially LC-infiltrated W0.7 PhC waveguide varies
with a 4% variation in either X1 or Z1—and Fig. 8(a) and (b)
show this variation. Fig. 8(c) and (d) show the corresponding
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Fig. 8. (a) and (b) show the shift in the dispersion curve with +4% variation in X1 or Z1. (c) and (d) show the corresponding change in the group index of the

partially LC-infilled W07 PhC waveguide.

change in the group index of the partially LC-infiltrated W0.7
PhC waveguide.

It can be seen that changes in the parameters of the rectan-
gular air holes, by £4%, shift the dispersion curve up in fre-
quency—but that there is less than 2.5 dB change in the group
index for this particular frequency range, i.e., it still remains
constant near the centre—and hence much less variation can be
seen in the DBP (Delay Bandwidth Product).

B. Tolerance in Refractive Index

Tolerance analysis of the device will be carried out for
variations in the refractive index of the silicon core and of the
liquid crystal used. Fig. 9(a) shows the shift in the dispersion
curve when the refractive index of Si changes by +0.05. Corre-
sponding variations in the group index are shown in Fig. 9(b).
Similarly, Fig. 9(c) shows the shift in the dispersion curve for
An = =£0.05 variation in the ordinary refractive index of the
liquid crystal in-fill—and the corresponding variation in the
group index is shown in Fig. 9(d).

It can be seen that the small variations in refractive index (less
than 20 %) incurred during PhC fabrication or changes in tem-
perature still allow us to achieve the flat-band situation corre-
sponding to the slow light regime with nearly constant group ve-
locity—and near the centre. In the above, we have shown that the
proposed SOI based partially LC-infilled W0.7 PhC waveguide
is highly tolerant for small variations in refractive index—and
there is no significant change in the group index of the partially
LC-infilled WO0.7 waveguide produced by such fabrication er-
rors. The average group index in the respective ranges of fre-

quency remains approximately the same—with a variation of
less than 25 %.

C. Material Dispersion Considerations

Material dispersion, which corresponds to the dependence of
refractive index on the optical frequency, is now considered in
the PWE method. We first calculate the guided modes in LC-in-
filled PhC waveguides for different refractive indexes of Si, as
shown in Fig. 9(a). Reference data of refractive index for ma-
terial dispersion of Si is calculated by using the Sellmeier-type
formula [48], [49]

C1\2
(A = C3)

C3\2
(A2 = C3)

C5\2
(A2 = C3)

n?—1=

where

C1 = 10.6684293, C2 = 0.301516485, C3 = 0.003043475,
Cy4 = 1.13475115,C5 = 1.54133408, C¢ = 1104.0

The intersection between the material dispersion curve and
the line formed by different eigen frequencies taken at a specific
k point, for different refractive index values, gives the eigen fre-
quency of the structure with material dispersion taken into ac-
count, as shown in Fig. 10.

If we now consider all k-points of the guided mode, the in-
tersection with the material dispersion curve takes the form of
points that give rise to a new guided mode with material dis-
persion taken into account. We then calculated the variation in
group index for the new guided mode in a partially LC-infilled
PhC waveguide (Fig. 11). It shows that there is a slight decrease
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in average group index to ~41.00 but also that the bandwidth
increases, raising the normalized value of the DBP to 0.245.

IV. SENSITIVITY

Sensitivity can be evaluated by determining the magnitude of
the change in the cut-off frequency of the even guided mode
with variation in the refractive index of the medium. In this sec-
tion we have compared the sensitivity of the cut-off frequency
for a liquid-infiltrated photonic crystal waveguide (LC WO0.7
PhC waveguide) with conventional PhC waveguide (W0.7 PhC

waveguide), both composed of a hexagonal arrangement of rect-
angular air holes in an SOI-based PhC. Here we consider a situa-
tion where the volume above the conventional stripe waveguide,
the W0.7 PhC waveguide—and inside the holes is filled with air
of refractive index n,. Fig. 12(a) shows the cut-off wavelength
as a function of refractive index 1, (the ordinary refractive index
of the liquid crystal) for LC infiltrated W0.7 PhC waveguide and
n, (refractive index of gas in-filled holes) for the ‘conventional’
WO0.7 PhC waveguide. The change in wavelength is nearly linear
with variation in refractive index. If we now define sensitivity
as (AX)/(Ao) expressed as a percentage, then the sensitivity is
0.0012% for infiltrated LC W0.7 PhC waveguides and 0.0005%
for the conventional waveguide. Therefore, a PhC waveguide
infiltrated with LC that has its optical axis perpendicular to the
x-z plane is more than twice as sensitive as a conventional W0.7
PhC waveguide to variations in the refractive index of the holes.

If we now consider that the photonic crystal is locally filled
with a liquid crystal for which the optic axis orientation changes
randomly and becomes parallel to the periodic plane, i.e., the x-z
plane, then it acts as an isotropic material with refractive index
given by ni,c = (n.+ 2n,)/3 [46]. Here the liquid crystal used
has extra-ordinary and ordinary refractive index values of 2.20
and 1.60, respectively. Therefore, ny,c = 1.8. Fig. 12(b) shows
the variation of cut-off wavelength as a function of ny ¢, since
now the optic axis of the liquid crystal is parallel to the periodic
plane. The sensitivity is calculated to be 0.00147%, which is
nearly three times as sensitive as for conventional waveguides.
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These results show that the tunability of photonic crystal waveg-
uides can be significantly increased by field enhancement and
slow light effects.

V. PULSE TRANSMITTANCE MEASUREMENTS

An immediate problem arising from the design of the
slow-light waveguide is its capability for input and output cou-
pling of slow modes efficiently, in the slow light regime. This
problem arises from the large mismatch at the boundaries of the
PhC waveguide that arises from large differences in the group
index. To solve this complex problem, we have added short
intermediate sections of fast PhC channel waveguide that act as
coupler sections at both ends, in addition to the slow light PhC
waveguide obtained through partial liquid crystal infiltration.
The model of the proposed heterogeneous waveguide is shown
schematically in Fig. 13(a). The calculated photonic band
structure of the fast PhC waveguide with a stretched period
(a’ = 450 nm) obtained using the 3-D PWE method is shown
in Fig. 13(b). From the slope of the dispersion curve of the fast
waveguide, it is observed that the velocity of a signal at 1.55 pym
is 0.169c, which is much higher than that obtained in slow-light
partially LC-infilled W0.7 PhC waveguide (~ 0.029¢)—or
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homogeneous waveguide. The 3-D FDTD method was used for
calculating the transmittance through the proposed heteroge-
neous PhC waveguide.

As observed in [35], efficient coupling of light is obtained
between the fast and slow photonic crystal waveguides having
large group index mismatch, (of the order of 20) at the interface.
This optimization of injection efficiency is carried out by adding
a taper between the two waveguides in a region which forms a
transition zone. However in our case, the group index mismatch
between the fast and the slow waveguides is only (35/6) 5.83,
so we do not require such modification for efficient coupling.
Fig. 13(d) shows the modal field distribution with a continuous
wave at A\g = 1.55 pm going from a fast PhC waveguide into a
slow PhC waveguide. It shows the existence of a transition zone
at the interface where the field varies smoothly as it penetrates
the slow waveguide. Fig. 13(c) summarizes the transmittance
of the propagating pulse through a heterogeneous PhC wave-
guide consisting of a 16 a long partially LC-infiltrated W0.7
slow light waveguide surrounded by two sections of fast PhC
channel waveguide made up of high group velocity regions. The
coupler length is chosen so that maximum coupling efficiency
is obtained along the coupler and through the transition zone
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with a continuous wave at Ag = 1.55 pm.

i.e., evanescent modes excited at each end of the coupler do
not overlap and interfere destructively [50]. This results in max-
imum transmission. As shown in Fig. 13(c), the transmittance of
the heterogeneous PhC waveguide for the slow-light flat-band
window ranging from 1.545 pm to 1.555 pm is higher than 80%
while the transmittance obtained for a homogeneously LC-in-
filled W0.7 PhC waveguide alone is nearly 50%. This higher
(lower) transmittance in a heterogeneous (homogeneous) wave-
guide is due to better (poorer) coupling into the slow mode.

VI. CONCLUSION

We have proposed an SOIl-based partially liquid-infiltrated
photonic crystal WO0.7 channel waveguide having rectangular

air holes in a silicon core. It has been demonstrated that the pro-
posed structure has an average group index of 43 over a band-
width of 1.02 THz, with vanishing group velocity dispersion and
likewise small values of the other higher-order dispersion terms.
The designed partially LC-infiltrated W0.7 PhC waveguide for
slow light propagation is highly tolerant of fabrication errors
and has nearly twice higher sensitivity than conventional PhC
waveguides. The structure designed has also been investigated
for possible propagation losses, which include losses due to cou-
pling inefficiency. It is found that high transmission can be ob-
tained over a broad bandwidth in the heterogeneous waveguide
that was finally designed—and consists of a partially LC-infil-
trated PhC slow waveguide, surrounded by fast PhC waveguide
on either side.
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Conclusions and Future Scope

Summary & Future Scope

In this chapter, a recapitulation of the main results obtained has been presented,
conclusions have been drawn and a perspective of the open problem and the further
work has been selected. The research work in this thesis involves the design and
characterization of various photonic crystal line defect waveguides for the realization
of a new generation of photonic components with application in compact dual band
wavelength demultiplexers, optical buffers, time and wavelength demultiplexers,
optical switches, logic gates and as soliton propagator. The controlled propagation of
light in PhC waveguides has also led to a variety of novel optical phenomenon
including slow light generation and the enhancement of nonlinear effects because of
the light matter interaction in photonic crystals. The present thesis discusses about
various new interesting phenomenon and physical systems, achievable in photonic
crystals. However, it also opened up the possibilities of exciting new research for
future work.

As a first step towards the analysis of photonic crystals, design, modelling and
optimization of dual band wavelength demultiplexers based on both air bridge
photonic crystals as well as SOI photonic crystals were carried out in chapter 2 and 3.
It would be interesting to design triple band and quad band wavelength demultiplexers
based on the same phenomenon for separating different wavelengths in infra-red
regions, desired in dense wavelength demultiplexing communication systems.

Chapter 4 focuses on hexagonal arrangement of elliptical hole architecture of
photonic crystals for achieving slow light, which have strong application possibilities

in optical buffers and other optical storage devices. Such devices can also be used in
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time and wavelength demultiplexing. The tunability of PhC lattices can further be
extended and controlled by filling its segments with certain liquid crystals as shown in
Chapter 5. It would be interesting to utilize these tunable slow light photonic crystals
for the design and development of various other optical components with high value
of normalised delay bandwidth product. These tunable slow light structures can also
be designed using nonlinear photonic crystals for second and third order generation.
As the optical pulses propagate through photonic crystals, their evolution in both
time and frequency domain is further governed by the interplay of linear dispersion
and nonlinearity. It is reported in Chapter 6, that in slow light regime, these nonlinear
effects are enhanced and the resulting increase in the induced phase shift can be used
to decrease the size and power requirements needed to operate devices such as optical
switches, logic gates etc. Consequently, the study of these effects can also be carried
out in GaAs photonic crystal waveguides. The larger total magnitude of nonlinearity,
including two photon absorption and free carrier absorption, in GaAs can be used for
the design and development of tunable photonic crystal demultiplexers. The effect of
slow light on the propagation of dark and bright solitons can also be studied further.
Finally, the theory of designing various types of optical components in photonic
crystals can be extended from 2D PhC to 3D PhCs, having periodicity in three
dimensions. Since, these structures control light in all dimensions, the extra

dimensionality would also add more richness to the various opto-electronic systems.
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