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Abstract

The widespread adoption of photonic circuits requires the economics of volume
manufacturing offered by integration technology. Somplementary MetaDxide
Semiconductorcompatible silicon material platform is particularly attractive because it
leverages the huge investment that has been made in silicon electronics and its high index
contrast enables tight confinement of light which decreases component footprint and energy
consumption. Nevertheless, there remain challenges to the develomiestiotonic
integrated circuits Although the density of integration is advancing steady and the
integration of the principal components waveguides, optical sources and amplifiers,
modulators, and photodetectdrshave all been demonstrated, the integration density is low
and the device library far from complete. The integration density is low primarily because of
the difficulty of confining light in structures small compared to thevelength which
measured in micrometers. The device library is incomplete because of the immaturity of
hybridisation on silicon of other materials required by active devices such -& Il
semiconductor alloys and ferroelectric oxides and the difficultynfrolling the coupling of

light between disparate material platforms. Metamaterials are nanocomposite materials
which have optical properties not readily found in Nature that are defined as much by their
geometry as their constituent materials. This effdre prospect of the engineering of
materials to achieve integrated components with enhanced functionality. Metamaterials are a
class of photonic crystals includes subwavelength grating waveguides, which have already
provided breakthroughs in componentfpamance yet require a simpler fabrication process
compatible with current minimum feature size limitations.

The research reported in this PhD thesis advances our understanding of the girapentg
relations of key planar light circuit components d@dhd metamaterial engineering of these
properties. The analysis and simulation of components featuring structures that are only just
subwavelength is complicated and consumes large computer resources especially when a
three dimensionanalysis of componés structured over a scale larger than the wavelength

is desired. This obstructs the iterative dessgnulate cycle. An abstraction is required that
summarises the properties of the metamaterial pertinent to the larger scale while neglecting
the microscoje detail. That abstraction is known as homogenisation. It is possible to extend
homogenisation from the loagavelength limit up to the Bragg resonance (band edge). It is
found that a metamaterial waveguide is accurately modeled as a continuous medium
waveguide provided proper account is taken of the emergent properties of the homogenised
metamaterial. A homogenised subwavelength grating waveguide structure behaves as a
strongly anisotropic and spatially dispersive material withaais normal to the laye of a

one dimensionamulti-layer structure (KroniPenney) or along the axis of uniformity for a

two dimensionaphotonic crystal inhree dimensionatructure. Issues with boundary effects

in the near Bragg resonance subwavelength are avoided ejtlemisbring the averaging is

over an extensive path parallel to boundary or the sharp boundary is removed by graded
structures. A procedure is described that enables the local homogenised index of a graded
structure to be determined. These finding are ool by simulations and experiments on

test circuits composed of Ma&ehnder interferometers and individual components
composed of regular nanostructured waveguide segments with different lengths and widths;
and graded adiabatic waveguide tapers. Thechegtincluded Lineburg micrlenses, which

have application to Fourier optics on a chip. The measured loss of each lens is 0.72 dB.



Photonic integrated circuifeaturing a network of waveguides, modulators and couplers are
important to applications in R photonics, optical communications and quantum optics.
Modal phase error is one of the significant limitations to the scaling of multimode
interference coupler port dimensioklultimode interference couplerrely on the Talbot

effect and offer the best-tlass performance. Anisotropy helps reduce the Talbot length but
temporal and spatial dispersion is necessary to control the modal phase error and wavelength
dependence of the Talbot length. The Talbot effect in a KiBeigny metamaterial is
analysed. Itis shown that the metamaterial may be engineered to provide a close
approximation to the parabolic dispersion relation required by the Talbot effect for perfect
imaging. These findings are then applied to the multimode region and access waveguide
tapers 6 a multislotted waveguidenultimode interference couplevith slots either in the
transverse direction or longitudinal direction. A novel polarisation beam splitter exploiting
the anisotropy provided by a longitudinally slotted structure is demonshwtgchulation.

The thesis describes the design, verification by simulation and layoythatanic integrated

circuit containing metamaterial waveguide test structures. The test and measurement of the
fabricated chip and the analysis of the data is desdrin detail. The experimental results
show good agreement with the theory, with the expected errors due to fabrication process
limitations. From theéScanning Electron Microscop@ages and the measurements, it is clear
that at the boundary of the minimufeature size limit, the error increases but still the
devices can function.
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Chapter 1. Introduction

Optics and photonics, the science and technology of the control of light, have been developed
rapidly by advances in micir@and nanescale structures and devices during the last decade.
This development tludes applications to energy, communications;ddeences, displays,
imaging and advanced manufacturing. The optical communication sector have embraced
silicon as the material platform of choice to decrease component footprint, energy
consumption, andnost important, to reduce cost by leveraging the vast investment of the
electronics industry in silicon microfabrication and the consequent maturity of the fabrication
processes. The major challenge confronting a designer of a photonic integratedscthauit i

low density of integration currently possible and a device library that is far from complete.
Fundamentally, these challenges stem from the difficulty of confining light below the scale
of its wavelength, which is measured in micrometres. In congbettrons may be relatively
easily confined in devices measured in nanometers. Two recent developments in the field
offer hope that the precise control of light lies with our grasp: transformation optics, which
enables the material parameters neededipp@t a target desired optical field to be found,

and effective media theory (also known as homogenisation), which enables the constituent
elements of a composite material to be specified such that its continuous medium equivalent
possesses any desirediogl property.

This thesis presents the findings of research concerning the strpobpesty relations of

key planar light circuit(PLC) componentsand the metamaterial engineering of these
properties. This has important application to the next generation of coherent photonic
systems in which the control of the complex amplitude of the field rather than the intensity
(magnitude squared) is criticdutcomes include new design procedures of practical utility
founded on the fundamental physics of metamaterialswswelength grating waveguides

and the identification of opportunities for bretkough integrated photonic devices that
metamaterial engaering has to offer. This chapter provides the motivation and background

to set this research in context, outlines the challenges to be addressed and explains how the
thesis is structured to meet its objectives.

1.1 Background & Motivation

1.1.1. Silicon-based Integlated Photonics

The continuous demand for small form factor requires compact components and circuits
which has raised the importance of improved photonic integration. The dilassd
photonic integration platform has become prominent in the field bedaysevides the
benefits of highdensity photonic integration and complementary mexale-semiconductor
(CMOS) compatibility. Silicororrinsulator (SOI) has become the most popular silicon
photonic integration material platform by offering compact defaootprints due to the tight
confinement of light provided by high refractive index contrast waveguides. Enhancing the



performance of optical structures and, consequently, the optical devices and circuits that
make use of these structures, has been achetieer by improving the structure itself, or by
using more capable materials. Composite materials have shown great utility in the
improvement of photonics components and devices.

Large components may result in circuit footprints that exceed the dimsnsfoa chip
resulting in the reduced robustness and increased expense, loss, and power consumption, of
multi-chip solutions. For example, regardless of the implementation technology, switch
elements are limited to low port dimensions. To achieve largedpoénsion, it is necessary

to use an optical interconnection network to combine a large number of small switch
elements into a switefabric. The multiple stages and large number of waveguide crossovers

of the optical interconnection network complicatérfeation and contribute to excessive
insertion loss and crosstalk. A capability to pattern the silicon structures at a onio@ne

scale would offer the freedom to engineer the properties of integrated optical components to
avoid the aforementioned sises. Moreover, composite materials structured on a
subwavelength scale can create materials with effective continuous media properties that
cannot be readily found in nature. The nanocomposite material is then known as a
6subwavel ength watadrieng[6l ](.SWE) dmesttamat eri al 6
used to describe nanostructured composite materials that have effective-raksgtetic

material properties that arise as much from the geometry of the structure as the constituent
materials. This@ates an opportunity for new optical devices founded on these materials.

Fortunately, progress in nanofabrication has given more freedom to use the SWG structures
to engineer and tailor the refractive index and dispersion properties of integrated casmponen
[2]. For instance the interconnections in switch structures using planar Lineburg lenses
based on graded SWGs, which offer, in addition to insertion loss and cross talk reduction, the
simplicity of a binary etch process compared to the complex falmmcptocessing otherwise
required to create continuously profiled or graded index lenses that needs a complicated
multi-step etching process [3]. Also waveguide crossings based on SWG in silicon
waveguides offer insertion loss as low @023 dB/crossing4], while crossovers of
photonics wires on SOI showed an insertion loss of betwédrdB and0.1 dB per crossing

[5, 6]. The crosgalk in both cases was almost the samdQdB, but the SWG structure has

the advantage of a less complex fabrication @sed7].

SWG structures also can improve the performance of the key components and reduce their
footprints. For example, conventional multimode interference couplers (Mivdsjompact,
operate over a broad bandwidth of 200 nm and are robust to fabrieatows; hence they are
widely used in PICs. However, as the number of ports is increased the performance of a
MMI significantly reduces as the modal phase error scales with the number of ports. This can
be ameliorated by the use oflaw index contrast [atform [8] but this conflicts with the
requirement for high quality fractional s@fhaging that the modal expansion is close to a
Fourier series.



An alternative approach is to apply a perturbation to the lateral refractive index profile in the
multimodesection toreduce the modal phase error$ [Shallow etching of the multimode
region can also redudke effective index contrast [JLGout these solutions have the demerit

of requiring a multiple etch steps in the fabrication process. MMIs formed us8\Wy@
structure offer a solution requiring only a single etch step. In this way, the lateral refractive
index contrast may be reduced by using SWG in the lateral cladding regions of the
multimode section while the high index contrast on the access wavegardains to be able

to place them closely to reduce the size of MMIs whenrtumber of ports increases [11
Moreover, the modal birefringence of the waveguide can be controlled by depositing low and
high index layers with the subwavelength pitchthetop of the waveguide [12MMiIs that

make use of the anisotropy of SWG structure to achieveadirgpact footprints have been
reported recentl{13] and the SWG MMI reporteby Maese\ovo, Halir et al [14 operates

over an ultrébroad bandwidth of 450 nm with the insertion loss of 1 dB and with a port
phase deviation of less than 3 degrees and occupying a footprint half that of a conventional
MMI. In addition, using the SWG approach described, highly compact Mechder
interferometer (MZI) structures can be designed. MZIs are one of the most commonly used
components in PICs which regularly occupy a large area on the chip, especially when a large
optical pathlength (OPL) imbalance is needed. Applying the SWG stumoeton MZI may

offer freedom over a wide range in the choice of relative refractive index difference of the
imbalanced arms of the MZI. The functionality of SWG structures may create components
that manipulate the polarisation of light such as a polasizatitator or to compensate the
polarisation dependence of a component to provide aipatian insensitive function [15,

16].

The physics community is interested in the exotic properties offered by metamaterials and

most often experimental demonstratiang e r est r i ct e dthethnwded teent as ur f
for o6di ffr act iwhighaoempasierdoafdbricatd usimyenoderd nanotechnology

and can be probed optically using laboratory-Bpace optics. In contrast, the engineering
community is inteested in refractive index and dispersion engineered components for
photonic integration. The focus is on SWGs, which are avaukty of metamaterials that

have the attraction that the fabrication processes is amenable to the economics of mass
manufactue by patterning in a single etch step of a binary nanocomposite material with a
feature size that is not limited to expensive high resolution techniques such as ddeatron

' ithography. The Oo6gratingd is typicaddsly one
considerable technical difficulty in terms of accurate modelling.

Whereas a device designer has access to a variety of software simulation tools to verify
designs, these tools cannot substitute for the intuition of the designer informed by design

rules founded on the underlying physics. An abstraction is required that summarises the
properties of the material pertinent to good device design. The detail may then be accounted

for in a further optimization step that refines the design; starting from d gioaplified
design. This abstraction is known as o6éhomoge

3



and may simplify the analysis and designs of the periodic structures that will be discussed in
more details in this thesis.

1.1.2. First Homogenisation

One hardly ever questions the treatment of materials as continuous media because it is an

excellent approximation whenever a region small enough can be found that it can be
considered infinitesimal on the scale of the problem but nevertheless may berauggh
that it contains a huge number of particles. In the case of electromagnetic waves, the

requirement is that the wavelength is long compared to the average distance between atoms.

This requirement explains why materials may be treated as continudiss forevisible light
but the behaviour of hard-Kys and more so- rays is ballistic and can exhibit the atomistic
nature of the matter.

Macroscopic theories regularly apply an average over elements of volume and ignore the

microscopic fluctuations olite aver aged quantities. Ma x we |

electromagnetic fields in the vacuum interacting with matter described by the clanges
currentsEthat include all contributions of both bound and free charges. The macroscopic
equations otlectromagnetics describe the average interaction and properties of pedchar
particles and the fields [1L7Hence, through a proper averaging process, the macroscopic
field equations may be derived from the microscopic field equations. For example, a
microscopic electric fieldg and microscopic magnetic fieIcI, may be rapidly fluctuating
functions on the atomic scale bile macroscopic electric fieldr, and magnetic fieldy ,
defined as the average of the microscopic field:

r G (1.1)

7 oo
are smooth on the same scale, whBElenotes a volumetric average, often a unit cell of a
crystalline material, or an ensemble average in the case of a random material.

This method was developed by H. A. Lorentz in 1906 and has been ektesda
homogenisation method [17,]18 Aver aging the microscopic
introduces the fundamental equations of the eldgtramics of continuous media [[L% the
permittivity and permeability of the vacuum are defined-asand* respetvely, the
microscopic constitutive equations can be written as:

|
where ® s the microscopic electric inductiong is microscopic electric fieldf is
microscopic magnetic induction arljis the microscopic magnetic field. Wirespect to the
microscopic fields, the constitutive equations of electric and magnetic indygtiamd ||

defined by macroscopic fields can be written as:

f

0

o
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wheret andH are the permittivity and permeability tensors of the continuous medium. In
practice, this average can be considered when the wavelength of the electromagnetic field
is much larger than the dimensiaaf the unit cells of the atoms.

Hence, if the field over real space unit cell is described by the exponential envelope

A% that varies little over one unit cell and an amplitGeith the lattice periodicity:
- o AOHH (1.4)
The field averaging over the unit cglves the macroscopic field as:
o O A (1.5)

This means that the media looks a homogeneous medium for a wavelength large enough in
comparison with the unit cell. This method is called homogenisation which in this thesis is
named as first hongenisation. In the next chapter second homogenisation with averaging
over a larger scale of artificial materials in the long wavelength limit will be explained

1.2 Aim & Objectives

The aim of this work is to explore the potential of metamaterials to impheveerformance

of photonic integrated components such as: increased definition precision of the amplitude
and phase of light at the ports of a coupler, increased extinction ratio of interferometric
devices based on such couplers, and reduceepfoutof PIC switch fabrics. The focus of

this work is on the SOI platform as it offers the potential for extremely small device
footprints and, due to its compatibility with CMOS, low cost manufacture. Specific
objectives are:

1) To survey the theory of metamatesiaind their homogenisation methods and assess their
utility to address the challenges of the design and verification of 1D and 2D metamaterial
structures.

2) To verify the role and importance of MMI in PIC and the methods to improve its
functionality by makilg use the emergent anisotropic and spatially dispersive properties
of SWG metamaterials to engineer the dispersion relation of the structures such as MMI.

3) To establish an effective means of adiabatic interfacing of SWG components to the other
components whin the circuit.

4) To design metamaterial test structures to test the predictions of the theory.

5) To fabricaé and experimentally characterisl& containing test structures and circuits
in order to validate the theory and design methodology

The expectedutcomes include:

1 anew design methodology for 1D and 2D SWG structures based on homogenisation;



1 the establishment of effective strategies for the connection of metamaterial components
to other components within a circuit;
1 experimental design and implemation for test of the validity of the study.

1.3 Structure of the Thesis
To achieve these objectives the thesis has been structured into five chapters:

Chapter 1 describes the motivation and the background of the research. It addresses the
development of PICsn the enhancement of the photonic systems, the importance of
replacing bulky 3D optical components by components in planar format to be placed on the
chips, the difficulties encountered and introduces the most relevant solutions offered in the
literaturetoday.

In Chapter 2, nanostructuring of photonic integrated circuit components and metamaterials
are discussed to refine the optical properties of a device. Homogenisation concepts and
methods for 1D and 2D lattice metamaterial structures are discusdetheardispersion
confinement correction is introduced to account for the effect of the waveguide on the wave
vector which removes an artifact when the metamaterial exhibits a bandgap at the operating
wavelength for oraxis propagation.

In Chapter 3 the 1Dmetamaterial structures are discussed and their local anisotropic
behaviour described. The modification of the dispersion relation is addressed using
subwavelength engineering methods to reduce the modal phase error in structures such as
MMI for perfect imaging. A polarisation beam splitter based on the Talbot effect in
longitudinal metamaterial structure is proposed. The use of adiabatic structures to not only
adapt waveguide dimensions but also adapt the homogenised index to avoid abrupt junctions
is exphined.

In Chapter 4 the grading of 2D metamaterials to implement gradient index components such
as a Luneburg lens is discussed and MZI test structures based on a 2D metamaterial lattice
are proposed. The design of the adiabatic structures for SWG staidnterface to
conventional waveguides is explained. The MZI test structures on the base of 2D
metamaterial is introduced and simulations are performed. The mask layout procedure using
Pyxis Mentor Graphic tools is described.

In Chapter 5 the fabricatedtrgctures are verified using the SEM images and the
experimental set up are given. The analysis of the experimental results is discussed and
compared with the prediction of simulations.

Chapter 6 summarises the most important points arising in the tldraiss some
conclusions and makes recommendations for further work.

The Photon Design suite and Mentor Graphics provided the principal tools that were used,
including:



1. FimmWave & FimmProp(Eigenmode Expansion Method [20for the simulation of
planar waeguide elements;

2. OmniSim (Rnite Difference Time Domain [4)1for the simulation of the Lineburg lens;
and,

3. CrystalWave (Photonic Band Structure Solver extension of OmniSim) for the simulation
of the metamaterial structures.

4. Pyxis Mask layout tools.

These tools were supplemented by custom MatLab scripts and Ample. A Python script was
written to automate the quantisation of continuous refractive index profiles to metamaterial
atom size. An Ample script was written to fully automate the mask layoutrdyamPyxis.

1.4 Original Contributions and Achievements

The thesis contributes to the advancement of the field of photonic integrated circuits through
both original contributions and the critical analysis of current knowledge. The contributions
of the authoinclude:

1. A critical analysis of current knowledge of metamaterial and SWG structures.

2. The clarification of the homogenisation methods for metamaterial analysis and
component design.

3. Test structure designs and implementation.

Mask layout of the designedsttures.

5. Introducing a MMI polarisation splitter based on the Talbot effect in a SWG
structures.

6. Test, measurement and analysis of the fabricated devices.

»
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Chapt®ec Hodnogeni sati on

2.1 Introduction

In chapter 1 the development of PICs for the enhancement of photonic systems was
discussed and the importance of footprint size minimisation by the replacement of bulky 3D
optical components by planar components amenable to integration was stressed. First
homogenisation over the atomic scale was described as an established means of summarising
the electromagnetic properties of a crystalline material pertinent to a macroscopitsieale
eliminating microscopic detail by field averaging over the unit cell. First homogenisation
introduces a continuous medium that has equivalent electromagnetic properties as the
original discrete medium in respect of the averaged fields and an emelgeromagnetic
identity defined by the auxiliary polarisation and magnetisation vectors. First
homogenisation effects an enormous simplification of the description of the propagation of
electromagnetic waves in natural materials at frequencieg khaethe xray region of the
spectrum. This simplification is critical to a practical component design process.

A metamateri al consi sts of an arrangement
electromagnetic identity on a lattice with subwavelength lattiostants. The implication of
the word Ometamaterial 6 i s that its macrosc

second field averaging step to introduce a continuous medium with electromagnetic
properties not readily found in nature. The ability to eegr these properties offers an
opportunity for breakthroughs in photonic integrated components. Photonic components
often have dimensions | arge compared to the
lattice has dimensions small compared to the Vesnggh. These disparate scales ensure that
electromagnetic simulation tools are challenging in terms of the provision of necessary
computer resources. A systematic component design and optimisation process is rendered
intractable.

This chapter addressessiproblem by introducing second homogenisation in the close to
Bragg resonance long wavelength regime for metamaterials with 1D and 2D lattice structure.

2.2 Contribution

The results provided in the first part of this chapter are published in an IEEE coeferen
publication. In the paper the homogenisation of -salelength grating structures is
discussed and simple design rules are introduced to model their properties. In the second part
of the chapter adds new original results on the homogenisation of 1D ss\W®ures and

their anisotropic and spatially dispersive properties. | drafted the paper, performed the
simulations, observed the artefact of the effective mode index vs. fill factor that appears at
the short wavelength end of the operating wavelengtherdut is absent at the longer
wavelength end; performed the analysis and contributed the original idea for the polarisation



beam splitter. Dr. Hall contributed to the theory; provided advice, assisted with the
interpretation of the results, and helpethwhe Matlab codes and manuscript revision.

2.3 Article

The following sectionis areprodwction of an article published in tHEEE Roceeding of
the 9" International Congressn Advanced Electromagnetic Mat&s in Microwaves and
Optics (Metamaterial2019, Oxford, UK[21].

© 2015 IEEE Reprinted, with permission, from:

H. Ni kkhah, T. J. Hal | |, 6Subwavel ength Grat
Photoni csé, P r d"clrtesndtionalg Gongrest Advainoed Hectromagnetic

Materials in Microwaves and Optics (Metamaterials 2015), Oxford, United Kingddi, 7

September 2015 , pp. 48®2.
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Subwavelength Grating Waveguide Design Rules for Integrated Photonics
H. Nikkhah, T. J. Hall

Photonics Technology Laboratory, Centre for Research in Photonics, University of Ottawa, School of
Electronic Engineering & Computer Science, Advanced Reseantiplér, 25 Templeton Street, Ottawa, ON
K1N 6N5 CANADA

AbstiActecent hrbaoawgtk in the domain of phowawneélcengqntthegr a
waveguide grating structures to engineer the refracti
are an example of a casenwherea & hmardfwddaldevdicmuliat no

must be placed on a simple design procedure. -This pap
wavelength waveguide grating str wdtthuersees.walvte gius d®lso wma
acurately modelled using simple design rul es. A just.]
theory by a judicious choice of approxi mati ons. The |

subwavel ength grating waveguide are also evidenced.

[. INTRODUCTION

The designer of a photonic integrated circuit is fortunate to have access to a wide variety of software tools. It is
important to emphasise that the tools assist the design process by verifying through simulating the behaviour of
a preliminay design. Some tools support automatic refinement of a design using an optimisation algorithm.
However, the design problem is typically so complex that any automated optimisation can at best be
accomplished starting from a good preliminary design. Tleetieeirefore no substitution for the intuition of the
designer in an iterativedesignverification cycle and the application of design rules to the formulation of the
initial design. Simplifications of the theory backed up by experimental results acalddtithe acquisition of
intuition and the formulation of design rules.

Subwavelength waveguide grating structures (SWGs) have met with great success in reducing coupling
loss, insertion loss and crosstalk; and increasing the operational bandwidthcloippotomponents [1]. In
photonic crystals (PhC), a waveguide is typically created by introducing a line defect. SWGs are a different
subcategory of PhC, also known as metamaterials, which operate at frequencies below tgapband
require no surroundm lattice to guide. The fundamental principle is the propagation of the FBtpeH
modes of the SWG. Components exploiting SWGs have two disparate scales to their structure; one small
compared to the wavelength and one much larger than the wavelehgtiprdvides an additional challenge to
the designer because no single software tool spans the two scales. Current tools for simulation of wavelength
scale structure (e.g. PhC or metamaterials) requirewswielength computational meshes that can only be
applied to regions a few wavelengths in extent; whereas tools that can simulate devices many wavelengths in
extent cannot be applied to sulavelength structures. The simulation of sudvelength nanostructure over
scales of many wavelengths requires arirab8on of the properties of the nanostructure, which summarises its
properties pertinent to the larger scale and smooths over the detail at the smaller scale. This abstraction is
known as homogenisation.

There is a vast literature on homogenisationcltissic roots are the ClausikBssotti equation [3] that links
the electrodynamics of continuous media to thé&mic structure and the mixirigrmulae of MaxweHGarnet
[4] for the constitutive parameters of composite materials. Early studies appligivdvelength asymptotic
approximations because all but simple problems, such as the 1D lamellar structure analysed by Rytov [5], are
intractable theoretically. A resurgence of interest i
corpus ofwork on negative refractive index materials, first postulated by Veselago [6]; and to an influential
paper by Smith & Pendry [7] in which they pointed out that the electromagnetic fields in a unit cell of a
photonic crystal may be calculated advantageobglgommercial tools; albeit there remains additional coding
to complete the homogenisation. The method of Smith & Pendry has been shown to be flawed in certain
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circumstances [8]; but that of Pé+Hrerta et al. [9], which draws on early work by Mochan &rigra [10],
and Mochan et al. [11] is compelling.

This paper reports a study of the homogenisation ofwsaMelength waveguide grating structures. It is
shown how the properties of these waveguides may be accurately modelled using simple design rules. A
justification for the design rule is found from the exact theory by a judicious choice of approximations. The
temporal and spatial dispersive properties of the subwavelength grating waveguide are also evidenced. Care is
required in coherent applicationsich as microwave frequency multiplication, advanc& modulation, and
optical hybrids for coherent receivers, to control the phase of light propagation. This leads to a desire to
engineer the dispersion and anisotropy of an SWG MMI so that a practidaé geovides close to ideal
behaviour.

[I. PHENOMENOLOGICALMODELLING AND SIMULATION

A slab waveguide with a core patterned as a photonic crystal hiliovension (i.e. a 1D grating) is under

study. The effective index of a mode propagating in the platieecgrating in a direction substantially normal

to the grooves has been modell ed by t hiPeankiyfof)en ecaret 1tD
Kronig-Penney model is used to predict the homogenised index of a two dimensional photstat afry

infinite extent. This is compared with the predictions of the Photon Design CrystalWave 2Bdbeerd

applied to a 2D unit cell with an artificial periodicity in the direction parallel to the grooves. Good agreement

between the band structures dicted by both methods is obtained even for propagation at an angle to the

normal as found in a standard slab waveguide.

Homogenised Index vs. Wavelength and Fill Factor
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Figure 1. Homogenised index against wavelength and fill factor (FF) for thelD KRenigey photonic crystal structure.

The homoegnised index found thereby (see Figure 1) is then used as the core index in a standard asymmetric

slab waveguide model to predict a value of the effective index of the guided mode as a function of frequency
andwavev ect or . I n the seaacand ttehceheifdwre t(ifvleamenldlex of t he
2D band solver from a specially constructed 2D unit cell. This unit cell introduces an artificial periodicity in the

direction normal to the plane of the slab. Care is taken to ensure thatotha fields have decayed to
negligible proportions between repeats of the structu
similar but uses a 3D band solver and a 3D unit cell in which an artificial periodicity is introduced in the

direction parallel to the grating grooves. Figure 2 shows the comparison of the results of the three models at
wavel engt h% ode prepagatibno The 3D unit cell and Lamellar models are in good agreement
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however the KronigPenney model does not agrever the range of fill factor (fraction of period that is air)

from 0.4 to 0.8 where thwaveguide operates close to the band edge (near Bragg resonance). This is caused by

the neglect of the transverse component of the wave vector of the plane wave pair that forms a mode of a slab

waveguide. The region with fill factor less than 0.4 thenesgonds to operation within the bagap of the

Kronig-Penney model rendering the method invalid despite the appearance of good agreement in that region.
Effective Mode Index vs. Fill-Factor
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Figure 2. The effective mode index against fill factor (fraction of grating period occupied lgrahg three models at the

wavel engt h %like nbdefnormahindidence assumed in Kronig Penney model).

Figure 3 shows the same comparison as Figure 2 but
agreement between all three methadshis long wavelength region where the neglect of the transverse wave
vector of the plane waves within the waveguide is more justified. Figure 4 shows the same comparison as
Figure 2 but with a nozero selfconsistent component of the transverse wavéoversed in the KronigPenny

model. All three methods are then in close agreement over a wide range of frequency. The agreement is found
to be accurate even for vacuum wavel engtedge. approachi ng

"~y
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Figure 3. Theef f ecti ve mode index against fill f act Grlikefmode t he t hr ¢

(normal incidence assumed in Krostgnney model).
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A similar simulation study has been performed with a slab waveguide with a core patterned pbciozia

crystal with a hexagonal lattice. The hexagonal lattice is chosen as this offers circulie@agmcy contours

in the long wavelength limit. In this case, a 2D band solver is used to predict the homogenised index of a 2D
photonic crystal of infite extent. This homogenised index is then used as the core index of an asymmetric slab
waveguide to predict the effective index of the bound mode. This result is then compared to a direct calculation
by a 3D banesolver applied to a 3D unit cell (seegbie 5) defined by periodically replication in the out of
plane direction a single 2D unit cell in the plane of the waveguide structure. Fhépahe period is chosen

large enough that the waveguide fields are negligible at the boundaries of the cell.

Effective Mode Index vs. Fill-Factor
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Figure 4. The effective mode index against f%®lkemddgct or
(nonrnormal incidence in the KroniBenney model).

3D Band Diogram

lllllllllllllllilllllllllllllllilllllllll!lllll
M K r
Figure 5. The 3D unit cell contains of three layers of air, silicon and silica with the thicknes$ of® i andc sl
respectively and the 3D photonic crystal band diagram for TE (red), also highlighted by the bold dots) and TM (blue)
polarisationsdr silicon holes of diameter 180 nm on a regular hexagonal unit cell with a lattice constant of 250 nm.

0.0

Remarkably, the indirect and direct methods agree closely for both the 1D and 2D photonic crystal cores of the
slab waveguides. This indicates that #vanescent fields generated at the core boundaries do not significantly
tunnel across thickness of the core and that the field continuity conditions at the core boundaries differ little
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from continuous media. Whereas the indirect method must be correctegadtial dispersion by taking into
account the transverse wave vector of the guided mode, no correction for spatial dispersion appears to be
necessary for the 2D photonic crystal core. The advantage of the slab grating waveguide is that there is a well
developed rigorous coupled wave analysis that can be adapted to the grating waveguide case. In the regime of
interest it is found that only one Bloch mode has significant amplitude and the continuity conditions at the
interfaces simplify into essentiallydbe that describe a standard asymmetric waveguide thereby justifying the
indirect homogenisation approach in the case of the 1D photonics crystal core and providing credence in the
case of the 2D photonics crystal core.

To fully exploit the flexibility ofered by SWG they need to be formed into waveguides of finite width and
integrated and interconnected by conventional waveguides. Adiabatic structures must be provided that adapt
waveguide dimensions and the homogenised index. The latter can be achiepedséywing the local
periodicity of the photonic crystal structure while varying the geometrical parameters of the structure on a scale
large compared to the lattice constants [2]. Figure 6 shows an example of @ &taxter interferometer (MZI)

with SWGarms adapted to standard silicon waveguides by adiabatic tapers. The imbalance between the arms
allows the experimental measurement of the homogenised index. These structures are an example of a case
where a nanoscale simulation over the full device is mdiable and reliance must be placed on a
homogenisation procedure. The experimental confirmation of the validity or otherwise of the procedure awaits
the MZI structures to come out of fabrication.

Figure 6. MZ| structure with one arm patterrgtdicture and the other arm silicon. The pattern structure contains of holes
with the varying diameters from 10 nm to 180 nm in silicon layer.

I1l. CONCLUSION

In this paper a study of the homogenisation of-salelength waveguide grating structures déscti The
properties of waveguides may be modelled using simple design rules. The design rule is found to be justified as
an approximation to the precise theory. The temporal and spatial dispersive properties of the subwavelength
grating waveguide are alsvidenced. The continuing improvement in advanced lithography techniques (such
as immersion lithography, extrer®/ lithography, nanestepping lithography) will enable accurate, large
volume production of SWGs expanding their use in integrated photonatdirem new functionalities and
devices to be designed and fabricated.
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2.4 Field Averaging

Optical systems and components have been implemented traditionally using 3paicee
optics and discrete components; leading to bulky optical systems that are vulnerable to
environmental perturbations, possess stringent alignment tolerances, and uosuoladche
manufacture. These issues may be addressed by omitting one dimension and implementing
the structures on a planar slab waveguide of a silicon integration platform with the advantage
of a smaller footprint. For example, the classical 3D opticahebiirg lens may be
implemented in 2D as a slab waveguide gradient index lens to provide a Fourier transform on
a chip for a complexptical interconnection system [RFor a clearer illustration, consider a
planar slab waveguide with solid core, such iisos, with air as the upper cladding and
silica as substrate which together form an asymmetric 1D slab waveguide. The light is
confined in the direction normal to the plane but the waaator of the fundamental mode

can be pointed in any direction in2® freespace within the plan&]. The value of the
effective index the fundamental mode experiences is lower than the refractive index of the
core and higher than the substrate for the light to be confined in the core of the waveguide.
To vary the effetive index of the mode, a careful selection is needed of the core and
cladding materials, their thickness and the operating vacuum wavelength. Hence, to construct
a structure such as a lens, where the effective index varies radially from the centiers the

to its rim, the thickness of the slab waveguide must be varied to fulfill the specified graded
refractive index profile which requires multiple steps of etching that would add complexity
and high ost to the fabrication process.

However, recent advaaments in fabrication, such asbéam lithography, have enabled
subwavelength scale nanostructuring of a binary composite material that may decrease the
cost and complexity of the fabrication process by offering a single etch step. The binary
composite meerial consists of inclusions of one material within a different material as a host
and the composition is adjusted by varying the fill factor to define the effective index of the
composite somewhere between the refractive indices of the two materialeffétigve

index seen by the mode then may be defined by the local effective medium index of the
composite in the core layer of the slab waveguide and the upper and lower claddings. As the
patterning is on a subwavelength scale, the propagating wave heee®rhposite as a
homogeneous medium with an effective index predibted simple mixindormulae [23:

€ € (2.1)
where "Qs the fill-factor, and¢ ,&¢ are the refractive indices of the host and inclusion
respectively.

In contrast, the lattice constant in photonic crystal structures is close to half a wavelength and
hence operation is in the resonance regime. A locally perfect periodic distribution of
inclusions supports lossless Flog#dch modes which satisfy a dispersion relation that
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displays a photonic band gap in a range of frequencies about a Bragg resonance. To avoid the
bandgap, the period of the inclusions must be sufficiently-walielengthto avoid the
resonance phenomena caused by Bragg scattering which is responsible for the curvature of
the band diagram towards the band edge. The curvature of the band diagram complicates
design as there is no simple mixture formula for the effective indeber such conditions.

This is illustrated clearly inigure 2.1 p2].

Photonic
bandgap

sl

Subwavelength ”
regime > 4

S ||

Figure 2.1 Aband diagram showing the operating region of photonic crystal structures in the bandgap
region and metamaterial structures in the low frequency linear region. The pitch of the periodic
multilayer dielectric stacks about the half wavelength in photoniystals but is less than half the
wavelength in metamaterial structures.

In this work, the metamaterial structure is built usir§ material platform consisting of a

300 nm layer of silicon over & { buried oxide layer on a silicon wafer. The slab
waveguide formed by the silicon layer with air upper cladding and silica lower cladding is
patterned in a single step etch process to form air inclusions within the core material. The
inclusions may form all structure of consisting of a multilayer silicon stack separated by
air-slots or a 2D structure of cylindrical air holes in a silicon layer. The width of the stacks or
the diameter of the cylinders may vary over a regular lattice.

The challenge to desiga subwavelength nanostructure is the requirement of very fine
subwavelength computational grids in the simulation tools which becomes a big issue in
terms of the provision of the necessary computer resources for devices large compared to the
wavelength. Hece, simple design rules are essential to the formulation of a good starting
point. An abstraction procedure, which is known as homogenisation, is required to
summarise the properties of the nanostructure pertinent to a larger scale and eliminate the
unneessary details at the nanoscale. Conceptually, one is able to replace the metamaterial by
an effective continuous medium that enables a larger scale view of electromagnetic wave
propagation in the metamaterial through the bulk of the material and atrfésesuThe
classical roots of homogenisation are the Clauslassotti equation that connects the
electrodynamics of continuous media to its atomic structure and the M&@amet mixture
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A

formulae for the parameters of the composite materidds [RMaxwe |l | 6 s equati ons
continuous media with the standard boundary conditions at interfaces are defined locally by:

" cand HI (2.2)

where g and || are the microscopic electric and magnetic fields &nénd H are the
permittivity and permeability respectively, then for a homogenised medium the constitutive
equations relate the macroscopic fields defined by averaging of the microscopic fields:

F @ nN3a o
2.3
”*—WKﬂ (2:3)
t F HA

In the preceding, ctsical methods of homogenisation were reviewed from the perspective of
first solving the microscopic problem and then applying an averaging procedure to obtain the
solution to the macroscopic problem. Except in some limiting cases the classical methods
reach approximate solutions due to simplifications to:

1. the description of the microstructure;
2. the neglect of retardation;
3. the averaging procedure.

Formerly, these simplifications were necessary for reasons of tractability but, today, routine
access to powerfucomputers means that detailed calculations may be performed
numerically. Banektructure calculations are routine for photonic crystal structures. Band
structure data provides a complete description of the optical properties of a photonic crystal
and as aonsequence it appears in some guise within a modern homogenisation procedure
for periodic structures. Indeed homogenised parameters for the bulk may be extracted
directly from band structure data. In developing homogenisation procedures, it is tharefore
consideration that the computation involved is less than a full-Sandture calculation.
Homogenisation should also offer, more readily than ksngture calculations, the
constitutive relations needed to adequately describe transmission andoreti¢chterfaces.

It is also important to gain insight into surface boundary layer effects and residual scattering.

The focus of the sequel is on periodic composite structures where the constituent entities are
large enough on the atomic scale to posaediglectric identity but small enough compared

to the wavelength that a homogenised description is appropriate. A specification of the
optical properties on a unit cell provides a complete description of the microstructures as a
whole (thus addressing itel in the preceding). The equations subject to homogenisation are
Maxwel | 6s e ¢ (tlus addrassing item 2finuthel preceding) or their reduced
electrostatic form when retardation is not important or when other reduced forms are
conwenient for gdagogical reasons.

1That is Maxwell 6s equations homogenised over tF
second homogenisation procedure over avganelength scale.
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Attention now turns to the specification of the averaging procedurd. et an arbitrary
function of space. It may always be decomposed into a sum of a smooth pantd a
fluctuating part . Denote byy and X the operations of extracting the smooth and
fluctuating components:

vd T
To agree with intuition, these operators must be idempotent:
Y AV
NG (2.5)

That is the smooth part of the smooth part of some function isnitsoth part and the
fluctuating part of the fluctuating part of some function is its fluctuating part.

It is also desirabley andX are chosen to be linear to preserve the linear properties of the
governing equations and to ensure that no error is itextiby the decomposition:

Vi N[ T
N Oy (2.6)
VN NU T

In the classical theory, the methods of averaging include ensemble averaging for random
structures and volumetric averaging for regular structures. Volumetric averaging involves
integration over a volume centred on a particular point. As this point is moved, the result is a
convolution. A convolution in real space may be implemented as a multiplication by a
function in Fourier space (reciprocal space) that filters the spatial fregaemgponents of

the Fourier transform of the function being smoothed. To satisfy the idempotency
requirement, the filter function must either take the value unity or zero. To satisfy the notion
of smoothingv should correspond to an ideal lgpass spatidilter. The support of the filter
function determines those spatial frequencies that are passed by the convolution and those
that are rejected. In the case of a periodic structure it makes sense to choose the first
Brillouin zone as the suppoitthis coresponds to the least smoothing consistent with the
rejection of the microscopic detail. Of course smaller supports may be used if lower spatial
frequencies are of primary interest.

The compact support in Fourier space leads in real space to a smoatheritidble)
convolutional kernel of infinite exteritalbeit square integrateble and therefore fallingff
towards infinity. This has the added advantage that the projections commute with the spatial
derivatives thereby ensuring that the homogenisedtiegpsapreserve the same form as the
microscopic equations; an important requirement of a homogenisation procedure. Integration
over a finite volume is consequently not idempotent. Whereas little error may be introduced
when homogenising over atomic scalsg idempotency requirement is likely critical to the
success of sutvavelength scale homogenisation. However, the boundary layer either side of
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a photonic heterojunction in which the field evolves from the BBldyuetmode expansion

of the interior ofone medium to the BloeRloquetmode expansidrof the interior of the

other medium will extend over several unit cells and consequently be on the scale as the
wavelength in contrast to the atomic scale of a natural material. As a consequence, the
correct boundary conditions to apply to the averageeeveae not known and a continuous
media definition of the wavenpedance® ‘- required by the Fresnel reflection
formulae may give incorrect predictionsreflection and transmission efficients especially

when evaluated at reciprocal space pointghledfband structure manifold. These difficulties

are bypassed conceptually in this thesis by averaging only transversely to an interface or by
eliminating the interface by varying the parameters of the nanostructure adiabatically.

For a periodic metamaial the field3 consists of a superposition of Floqugibch modes
of the form:

o AD 1

2.7)

where { iis the Bloch waverector ¢ is a complex vector envelop that has the same
periodicity as the lattice and hence may be represented by a Fourier series:

e B FAoHh> (2.8)

and] is a reciprocal lattice vector.

P

Figure 2.2 A2D metamaterial structure with hexagonal lattice constant of 250 nm. The periodicity of
the complex envelop of the Bloch mode are seen in the black features and the field average is seen in
the redblue plane wave fronts described by the Bloch waaetor.

The exponential phase factor may range over the unit circle within a real space cell for a
wavelength_x ¢wwherewis the lattice constant. This means that field averaging over a real
space unit cell limits homogenisation to the deep long waveldingthFigure 2.2 illustrates

field averaging over a 2D hexagonal lattice of a metamaterial structure visually, whereas the
periodicity of the lattice imposed on the Bloch mode by the complex engeleplain by

2 In the case of the interior of a continuous matetial appropriate mode expansion is the Rayleigh
expansion.
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eye, the average over the structure dao he seen by eye to have the structure of a plane
wave.

Taking the smoothing operator to be a perfect low pass filter with the first Brillouin zone as
its passband, it is clear that its action on a Bloch mode is to extract the zeroth order term:

(2.9)

and the action its orthogonal complement is simply to set the zeroth order term to zero while
retaining all other orders.

Ue o 4 ([ ]

BIN + Ao (2.10)

Band structure calculations using the plane wave expansion method represent the Bloch
modes by their Fourier series which thereby trivialises the implementation of the projections
V andX. Proceeding formally, write:

Oe O (2.11)

wherebi s a |l inear operator repb éessadinmedr opemqtor Ma x we |
representing the constitutive equations of the detailed struéqgré2.11) may be separated
into two equations using the properties of the projectivasdX to yield:

. (2.12)
. (2.13)

Since0 and0 are complementary orthogonal projections) 0 and0 0 0 are zero as P
andQ commute withL and annihilate each other. Hence Eq. (2.13) may be formally inverted
to solve for the fluctuating field in terms of the smoothed field:
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The right hand side of Eq. (2.14) is to be understood as short hand forjdai@noonto the
fluctuating part of the output of an electromagnetic mode solver given the structure and
microscopic properties of the metamaterial with the smooth field (a plane wave) as its
source. Substitution of Eqg. (2.14) into Eq. (2.12) then givesquation in the smooth field
only:

000000000000 000 OO0 (2.15)
Comparison withEqg. (2.11) permitsEqg. (2.15) to be summarised by an equation of exactly
the same form as Maxwell 6s equations:
OO0 OO o (2.16)

but with the microscopic constitutive relations replaced byd the homogenised
constitutive equation:

0 000 OOOWOLOOO0 00O (2.17)
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It is important to note thal is not simply the average 0 0of 0 which appears as the first
term of Eq. (2.I). The second term fully accounts for the multiple scattering by the
nanostructure that converts the smooth incident field into the fluctuating field and then
converts some of the fluctuating field back into sh&ooth field.

2.5 Subwavelength Grating Slab Waveguides Homogenisation
Methodology (1D Lattice)

At the scale of photonic integrated devices and circuits, metamaterial structures are
fabricated in the form of slab waveguides which confine the field imlitleetion normal to

the wafer. The metamaterial slab waveguides may be based on either symmetric or
asymmetric continuous media slab waveguides. Figure 2.3 shows an example o
metamaterial slab waveguidéhere the core consists of 1D multilayer silicdack. In the

case of a symmetric structure, the upper and lower claddingbheargame material (here
silica); when the slab waveguide is asymmetric the upper cladding (here air) differs from the
lower cladding. The gaps may be filled with either air dicaior some other typically
polymeric material.

y

L.

Sio2

Asymmetric Symmetric

Figure 2.3 Metamaterial slab waveguide with a core consisting of multilayer siliconvgtacthe
gaps filled with air or silica; (left) asymmetric slab waveguide with the upper cladding of air, and
lower cladding of silica; (right) symmetric slab waveguide with the silica upper and lower cladding.

For structures such as these, it is diffi¢calapply a 3D simulation to the whole structure as a
fine computational grid with points spaced at a nhanometer scale yet spanning a device at a
micrometer scale is needed which would consume massive computational resources
(memory and time). Homogenisai would help to ease the design and analysis by
modelling the periodic metamaterial structure as a continuous medium. Three different
methods may be used to obtain the effective index of the metamaterial medium (3D unit cell,
1D to 2D waveguide confinemeand Lamellar structure) that were first explainedlétail

i n my Mast 4 Fd the strdctarssistown irkFgure 2.3, the KrdPémney model

may be used to obtain the band structure of a 1D multilayer dielectric stack of silicon with air
gapssemtanalytically R4]. Figure 2.4 shows the Kroni@enney model where the optical

axis is perpendicular to the stacks alahg the propagation direction.
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Optical-axis

Figure 2.4 KronigPenney model consists of a 1D multilayer dielectric stack of silicon withapis
which are extended to infinity along the X, y and z coordinates. The optical axis is perpendicular to
the stack and along the propagation direction.

After first confirming agreement with a Kronlenney model band solver implemented in
Matlab, the 2Dband solver of the CrystalWave tool of the Photon Design software
simulation suite is used to calculate the effective index of the fundamental Bloch mode in an
extended 1D photonic crystal unit cell for specific fill factors. Figure 2.5 shows the band
diagam of the KronigPenney multilayer stadior a grating period of 250 nm.

Kronig-Penney band structure Ex polarisation Kronig-Penney band structure Ey polarisation
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Figure 2.5 KronigPenney band diagram forettgrating period of 250 nm (a) ordinary mode, (b)
extra-ordinary mode

As the behaviour of the homogenised KreRignney structure is anisotropic, the terms
ordinary mode (circular eqdirequency contours) and extoadinary mode (elliptical equi
frequency contours) are used.

The effective index obtaindaly the 2D band solver is used as the refractive index of the core
of a symmetric or asymetric slab waveguide {§ure 2.6).
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Figure 2.6 A 2D band solver is used to calculate the effective index of the fundamental Bloch mode
in an extended 1D photonic ctgsunit cell for a specific fill factor and then is used as the refractive
index of the core of a continuous medium waveguide to obtain the effective index of the mode in the
waveguide.

Due to the confinement in the waveguide and the constraints of ledaoundary
condition, spatial dispersion correction is needed in a metamaterial waveguide to avoid the
artefact caused by the path in reciprocal space entering the bandgap that was discussed in the
paper in section 2.3. In a continuous medium slab gu@ide, considerin® 1, the modal

fields in the core consist of two plane wave components with wave vectors inclined at an
angle to the optical axis (shown inigure 2.7) with longitudinal componentE and
transverse component) . Since the homogenised metamaterial is anisotropic and spatially
dispersive the index used for the core of the continuous medium waveguide must take
account of the nomero value ofQ. The value ofQ is found selconsistently by finding the
intersection of the metamaterial band structure manifold and the slab waveguide dispersion
relation manifold found by imposing the standard boundary conditions at theladding
interfaces of continuity of the tangential component of the electric and mafieletsc This
approach to correcting the core index to account for spatial dispersion neglects the
complexity of the metamaterial structure at the slab-cta@ding interface, and any lateral
confinement which would introduce a naearo value ofQ.

The path in reciprocal space corrected for spatial dispersion for a metamaterial waveguide
with a 300 nm thick core consisting of 1D multilayer silicon staskmal to the optical axis

with air gaps and a pitch of 250 nm is illustrated by the blue and yebowours shown in
Figures 2.8 and 2.9 for Hike and Eylike modes respectively. In this analysis, the core
refractive index is homogenised using the KreRegnney model. An Ekke waveguide

mode propagation in the z direction and confined in y direct@nesponds to the ordinary
polarised case for the KronRenney model. Unlike a path along ffeaxis, which enters

the bandgap at the operating wavelength@®fy | , the trajectory illustratedybthe blue and
yellow lines in kgure 2.8 and 2.9 stayen the band structure manifold, consequently the
Bragg resonance artefact that was observed in section 2.3 is avoided.
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Air

Figure 2.7 Aside view of an asymmetric waveguide with three layers of air, silicon and silica top to

bottom respectively. A guided mode in a slab waveguide homogeneous medium has two plane wave
components in the core region with wave vectors that possess a lorgiatimponent o;
transverse component €

Kronig-Penney equi-frequency contours & waveguide dispersion (Ex)

Kronig-Fenney 1st band diagram(Ex)
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Figure 2.8 Waveguide dispersion relation solutions on the band structure manifoldlike Exode,

for an asymmetric waveguide with a core 300 nm thick consisting of a 1D multilayer sitexdn

with air gaps normal to theaxis and a pitch of 250 nm and a-féictor of 50% on an SOI platform
with upper cladding of air and lower cladding of silica. The solution is shown (left) by blue lines on
the equifrequency contour plot, and (righty yellow lines on band structure diagram.

The effective index of the Efke mode at lower frequencies is close to-afitand the solver
applies the correction to only the guided modes, hence the dispersion solution is not applied
to lower frequencies amay be noticed in igure 2.9. Figure 2.10 shows the confinement
correction dispersion relation using the Krofignney model for the core of the asymmetric
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slab waveguide explained in the preceding with a comparison with data from a numerical
experiment hat applied the CrystalWave 3D band solver to the asymmetric slab waveguide
with the multilayer silicon stackt the core. The plot for the Hke mode shows excellent
agreement between the corrected dispersion relation and the CrystatiMaveAs was
mentioned above, for Ey the numerical method used is not able to follow the solution to low
frequencies but the trend suggests that if the blue curve could be extended there would be
excellent agreement in the lomgavelength regime. The dikgence at the higher frequencies

is most likely due to the neglect of the effect of the anisotropy of the core on the core
cladding boundary conditions that determine the waveguide dispersion relation. Although the
breakage behaviour at thenrof the bandliagram shown inigure 2.11 at the right suggests

that the CrystalWave data may also be unreliable in this region.

Kronig-Penney equi-frequency contours & waveguide dispersion (Ey) Kronig-Penney 1st band diagram(Ey)
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Figure 2.9 Waveguide dispersion relation solutions on the band structure manifoldlike Expde,

for an asymmetric waveguide Wwita core 300 nm thick consisting of a 1D multilayer silicon stack
with air gaps normal to theaxis and a pitch of 250 nm and a-féictor of 50% on an SOI platform
with upper cladding of air and lower cladding of silica. The solution is shown (lefi)ugylines on
the equifrequency contour plot, and (right) by yellow lines on band structure diagram.

Figure 2.11 shows the complete band structure and-fespuiency contours of the
metamaterial waveguide for the #ike and Eylike polarisations found bgrystalWave.

The effective permittivity of the ordinary and extedinary mode in the Kroni@enney
model with silicon stacks and silica barriatghe wavelength of 1.55 um is shown ingere
2.12. In these plot¥) is the transverse component of waector which is perpendicular to
0.

Figure 2.13 shows the effective permittivity of the ordinary and etlaary mode in the
Kronig-Penney model with silicon stacks and air barrieth@twavelength of 1.55 pum. It is
seen that the permittivitig reduced in comparison withdare 2.12 with silica barrier while
the general behaviour is conserved.
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Figure 2.10 Confinement correction dispersion relation, using Ki#i®aigney model in the core of a
slab waveguide and CrystalWave 3D band solVeit) Ex mode, (right) Ey mode.
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Figure 2.11 Band structure and efrgiquency contours of the gisrsion corrected metawaveguide
(left) Ex-like polarisation (right) Eylike polarisation.

The homogenised dispersion relation of ordinary arttaordinary modes are shown

Figure 2.14 and 2.15 for silicon stacks and barriers of silica and air respectively for a shorter
wavelength of 1.5 um and longer wavelength of 1.55 um. The homogenised dispersion
relation shows the long wavelength anieptc behaviour, near circular ordinary mode
contours and neaglliptical extraordinary mode contours.

At longer wavelengththe contours open which illustrate the departure from local anisotropic
behaviour (kindependent permittivity tensor) to manifestlyatially dispersive behaviour-(k
dependent permittivity behaviour) and indicates the practical issue of achieving deep
subwavelength operation. The pitch is 250 nm and the fill factor 50% hence, pushing the
feature si ze t oiadis@rpaggationsofd 1550inm sacuuny veavelergth is
already hitting a Bragg resonance. It is only the waveguide confinement that rescues a
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metamaterial waveguide from Bragg resonance. It is also seen that when the barriers are air,
the anisotropic behaviour is striger and the extrardinary contour becomes more elliptical
than when the barriers have a refractive index closer the refractive index of the silicon layers.

Homogenised relative permitivity ordinary mode Homogenised relative permitivity extra-ordinary mode

11

10

0
g0 T Kk hm)

K, (14m)

Figure 2.12 The effective permittivity of the ordinary mode (left) and extlanar mode (right) in
Kronig-Penney structure contains silicon stacks and silica barriers-&dditr of 50% and pitch of
250 nm at the wavelengths of 1.55 pm.

Homogenised relative permitivity ordinary mode Homogenised relative permitivity extra-ordinary mode

10

10 7 g K, (1/m) 0 10 k, (1fum)

Figure 2.13 Theeffective permittivity of the ordinary mode (left) and extrainary mode (right) in
Kronig-Penney structure contains silicon stacks and air barriers-&ddttbr of 50% and pitch of 250
nm at the wavelengths of 1.55 um.

Using the method that leads Ex. 2.17 the homogenised permittivity tensor can be found.
Substitution of this tensor into Maxwell 0s
relation of the FloqueBloch modes. In the region where the effaquency contours are

well approximated bygn ellipse, the band structure manifold corresponds to a quadratic form
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Figure 2.14 The homogenised dispersion relation of ordinary andagireary modes for silicon
stacks and barriers of silica, (left) wavelength of 1.5 um, (right) longer wavbklehg.55 um.
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Figure 2.15 The homogenised dispersion relation of ordinary andagirary modes for multilayer
silicon stack and barriers of air, (left) wavelength of 1.5 um, (right) longer wavelength of 1.55 pum.

in the wave vector. The permitiiy tensor may depend upon the frequency (i.e. temporal
dispersion) but is independent of the wave vector and the response is local albeit anisotropic.
In the case of the metamaterials considered in this thesis the anisotropy is uniaxial with ¢
axis eithe normal to the silicon layers in the 1D case or directed along the axis of uniformity
in the 2D case. The permittivity tensor can then be defined by a diagonal matrix with
elements equal to the ordinary index squared and one component of equal to ahe extr
ordinary indexsquared
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Figure 2.16 The homogenis@armittivity tensor for the pitch of 250 nwf the multilayer silicon
stack and barriers of air at the wavelength of 1.55 um. Homogenised rqlativitivity (a) xx
component, (b) yyomponent, (c) zzomponent, (d) yzomponent, (exz-componety (f) xy-
component.

In the nonlocal regime the perittivity tensor depends upon the wave vegi.e. spatial
dispersion) and the response is +hacal. It is not then possible to diagonalise the tensor for

all £ despite the uniaxial symmetry of the structure. The symmetry operation that leaves the
structure and fields invariant must be applied to the argufijenthe tensor as well as to the
tensor itself. Formally, the wave vector breaks the symmetry of the tensor. Figure 2.16 shows
thevariation with, of thecomponents of the homogeeadsrelativepermittivity tensor
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2.6 Subwavelength Grating Slab Waveguids Homogenisation
Methodology (2D Lattice)

In some metamaterial structures such as the lenses a two dimensional lattice may be used. A
hexagonal lattice offers higher packing densities than gileere lattices. The 3D band
solver for a 2D periodic medium gives an accurate value of the effective index of the
structure but is computationally demanding. Hence, the calculation of the effective index of
the mode with respect to the atom diameters odlaw the method that was explained in
section 2.4. In this thesis, the inclusions formed by cylindrical holes filled by air in a silicon
layer is used. A 2D band solver on a 2D unit cell is used to calculate the homogeneous core
index in a ® waveguide sticture shown inigure 2.17.

Figure 2.17 Subwavelength grating slab waveguide with 2D hexagonal lattice homogenisation
methods; (a) top view of a 2D unit cell of air holes in a silicon layer and side view of an asymmetric
slab waveguide with upper atalver cladding of air and silica respectively, (b) 3D unit cell and the
corresponding band diagram.

For the structures for which a smooth change of effective index is needed, the hole diameters
may change across the device on a regular lattice (in th&ssth&he change in atom
diameter is smooth enough that in a unit cell the 4 atoms may be assumed to have the same
diameter. The hole diameters relative to the lattice constant determine the fillfaatach

for a hexagonal lattice is defined by:

Q —— (2.19)

whereQis the diameter of the atoms abBds the pitch (lattice constant). The validity of the
homogenisation procedure described above was evaluated by numerical experiments using
CrystalWave. Figure 2.18 shows a comparison between the effective indices obtained
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directly from 3D band solver on2D unit cell, and the 2D band solver confinement of the
2D unit cell in the core of an asymmetric slab waveguide of silicon with the thickness of 300
nm with upper and lower cladding of air and silica. The plots are close to straight lines and
consistentvith the KronigPenney structure. The confinement correctediliexmode fit to
CrystalWave data is good but in Ey case the fit to CrystalWave diverges sonie\tineat
middle region. This may be due to the neglect of anisotropy in the bounchalificrcs.

Homogenisation Ex {300 nm holes) Homogenisation Ey (300 nm holes)
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Figure 2.18 Effective refractive index of the mode vs:féiitor for a hexagonal lattice constant of
250 nm with air hole inclusions in a silicon layer of 300 nm thickness at the core with the upper and
lower claddings of air and silica respectivelyftjl&x modes, (right) Ey modes.

2.7 Summary

Nanostructuring of photonic integrated circuit components offers the designer the flexibility
to refine the optical properties of a device. Homogenisation summaries the pertinent
properties of the structure and ontite detail greatly reducing the computational demands

of design tools. The substitution of subwavelength grating layers by continuous media with a
refractive index given locally by the homogenised index of a perfectly periodic structure with
local valuesof the structural parameters has been found to be a good design rule, despite the
use of continuous media boundary conditions. Layer thickness and lattice period may be
comparable. Spatial dispersion is significant for operation close to band edge. Idpacea
averaging is local to a unit cell and the averaged field can be expected to adapt to an abrupt
change within a boundary layer a few unit cells thick. The local effective permittivity and
permeability parameters are estimated to be valid in a smeahbourhood of the origin
Fourier space. Applying a band limit to Fourier space, such as limiting the spatial frequency
by low pass filtering, is netocal in real space and the average field can be expected to adapt
to an abrupt change along the direntiof smoothing only within an extended boundary
layer. In this chapter 1D lattice and 2D lattice metamaterial homogenisation was discussed
and the dispersion confinement correction was introduced to avoid an artefact caused by the
operating wavelength fiahg into the band gap of the metamaterial foraxis propagation.

In the next chapter, it is explained how to avoid the abrupt junctions by providing adiabatic
structures that not only adapt waveguide dimensions but also adapt the homogenised index.
Thedesign and simulations of the test structures presented in the following chapters rests on
the findings presented in this chapter.
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Chaptkhb Met amatersaktrapg A

3.1 Introduction

In chapter 2, homogenisation methods wdiseussed to address the challenges of the design

of subwavelength planar light structures, which requires simulation with nanometer
resolution, over a device that has dimensions measured in several wavelength units. In this
chapter, 1D metamaterial struoés and their emergent local anisotropic, and nonlocal
temporal and spatial dispersive properties will be discussed. The engineering of the
dispersion relation satisfied by the optical modes of a structure is addressed by appropriate
design of subwaveletiy waveguides. This is applied to the reduction of the modal phase
error in MMI towards perfect imaging. A novel polarisation beam splitter based on the
Talbot effect in a longitudinal metamaterial structure and its connection to conventional
waveguides urg a matched adiabatic taper is proposed and demonstrated by simulation for
the first time.

3.2 Contribution

The results provided in the first part this chapter @uwblished inthe journal of Applied
Physics A. In this paper the emergent anisotropy and spatial dispersion properties of
metamaterials and their engineering in metamaterial is discussed. The Talbot effect in a
metamaterial is then analysed as a prelude to the redudtibe modal phase error towards
perfect imaging and consequently enhancing the performance of devices that make use of the
Talbot effect such as MMiIs in applications requiring high port counts such as coherent
optical processors and switches. The Tad#itgct in a binary multilayer dielectric material is
shown to act as a polarisation beam splitter. A novel polarisation beam splitter based on the
Talbot effect in a longitudinal metamaterial slab waveguide structure is proposed and
demonstrated by simudlan for the first time. In the second part of the chapter, the
connection of the longitudinal to a conventional access waveguide using a matched adiabatic
taper is proposed and demonstrated by simulation again for the first time. | drafted the paper,
performed the simulations and contributed the original idea for the polarisation beam splitter
and matched adiabatic tapekéehedi Hasan contributed to the specification of the ieset
requirementsDr. Hall contributed to the theory, provided advice onittterpretation of the

results and helped revise the manuscript.

3.3 Article

The following section is a reproduction of article publishedin the Journal of Applied
PhysicsA [39].

Reprinted by permission from Springer Natufpringer Berlin HeidelbergJournal of

Applied Physics A The Tal bot e f f e dNikkhah,nH., HlasameM.tHalmat er i al
T.J, https://doi.org/10.1007/s00338 7-1521-1, © SpringefVerlag GmbH Germany, part of
SpringerNature 2018.
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Abst+Teheet ef fect of anisotropy and spati al di spersio
may be engineered in principle. This has profound
Ef fect such as the design of a armudrt idreosdcer iibnetse rhfoew ea
met amateri al can suppress the modal phase error whi
di mensi on. A binary multilayer Pieenlneeg/t rmocd erha tiesr i al
shown to provide a cl| owier ealppdioxgemagiiom rteol atthenr e
simul ati omd oaft eal malvttigui de MMI engineered to provi

function are given as an example of the method.

Keywords- Talbot Effect, Metamaterial, Subwavelength Waveguide Grating (SWG)
Multimode Interference Coupler (MMI), Polarisation Beam Splitter (PBS), KrBagney
Model.

Photonic integrated circuit technology has advanced rapidly in recent years and is now seen as a critical enabler
of applications in optical communications awogiantum computing. These applications have raised the
importance of further enhancement of functionality and integration density that has led to the emergence of sub
micron devices implemented on CMOS compatible integration platforms. Developments gmnalithy have

eased the structuring of a material on a-walvelength scale and the application of metamaterials within
photonic integrated circuits is now feasible within the realm of practical application. A multimode interference
coupler (MMIs) is a key @mponent used in the construction of complex photonic integrated circuits that, for
example, involve meshes of Ma&lehnder interferometers [1, 2]. Nanostructuring of photonic integrated
circuit components brings an opportunity for novel device concemtsamenhance performance of existing
devices [3,4]. Major improvements in performance have been demonstrated by patterning MMI structures
using subwavelength waveguide gratings (SWG) [5]. The operating principal of MMIs relies on the famous
phenomenon knen as the (fractional) Talbot effect which describes the longitudinally spatially periodic
(multiple) selfimaging of a transversely spatially periodic field on propagation indpaee. The theory of the
Talbot effect assumes Fresnel diffraction; equndly, a spectrum of plane wave modes concentrateakisn

and the phase relation between the-seHges predicted evinces an intimate relationship with number theory
[6]. The freespace Talbot effect may be mapped to a description of thérsading poperties of a planar
multimode waveguide. The theory of the waveguide Talbot effect follows that of thepaee Talbot effect

once account is taken of the (near) zero of the field introduced by the waveguide sidewalls. This somewhat
complicates the phasrelations [7]. The frespace Talbot effect extends naturally to a homogenous medium
and, consequently, to metamaterials.

There have been significant improvements in MMI design to enhance the performance (uniformity, efficiency,
and bandwidth) and to rade footprint. However, the performance of a MMI on a highex contrast platform
decreases significantly as the number of ports is increased due to a departure of the phase accumulated on
propagation by the modes from the value predicted by the paeppabximation. This can be ameliorated by

the use of a low index contrast platform [8] but this expedient conflicts with the requirement for high quality
fractional selfimaging that the modal expansion is close to a Fourier series. It is modal pheseaused by

the failure of the paraxial approximation that impair performance, whether introduced by coupling of the
accessvaveguides or by failure of the paraxial approximation in a multimode section.

Additional degrees of freedom are needed to tunénttigidual phases of the intermediate modes, which might

be introduced by appropriate patterning of the geometrical or optical properties of the multimode section. The
perturbation of the lateral refractive index profile in the multimode section to rélsiceodal phase errors has

been considered theoretically [9]. Shallow etching of the multimode region can also reduce the effective index
contrast [10], but these solutions have the demerit of requiring multiple etch steps in the fabrication process.
MMiIs formed using a SWG structure offer a solution requiring only a single etch step. In this way, the lateral
refractive index contrast may be reduced by using SWG in the lateral cladding regions of the multimode section
while the high index contrast on thecass waveguides remains to be able to place them closely to reduce the
size of MMIs when the number of ports increases [11]. Moreover, the modal birefringence of the waveguide
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can be controlled by depositing low and high index layers with the subwavelpitgh on the top of the
waveguide [12]. MMIs that make use of the anisotropy of SWG structure to achieveauitpact footprints

have been reported recently [13] and an MMI with difiraad bandwidth of 450 nm and phase deviation below

3 degrees has be@chieved [5] by engineering the dispersion properties of the multimode region using SWG to
mitigate the wavelength dependence of the Talbot distance.

The paper reports findings on how a metamaterial can suppress the modal phase error which othiéswise lim
the scaling of MMI port dimension, and how a binary multilayer dielectric material described by the-Kronig
Penney model may provide a close approximation to the required dispersion relation. The findings may enable
the realisation of photonic integrdtecircuits components of unprecedented performance. For example, a
compact broadband MMI with large port counts would constitute a breakthrough in integrated passive coupler /
splitter components enablingyter alia, single component discrete space pas$NFT functions and large
crossovers with accurate port phase relations.

l. Spatial dispersion and anisotropy of dielectric metamaterials

Metamaterials made from isotropic component materials can show very strong anisotropy leading to new
opportunities forcompact integrated components for polarisation management and rdieledtric methods

of strong confinement [14] without metals which introduce loss. Metamaterials offer also a new degree of
freedom to manipulate the dispersion relation. For examplay rdavices depend upon the validity of the
paraxial approximation. It is conceivable that the spatial dispersion of a metamaterial can be engineered so that
the paraxial approximation is accurate throughout the metaxial regime [15] thereby allowinglitige aica
devices such as MMI to higher port counts.

The properties of metamaterial structures are analysed by a homogenisation procedure that extracts properties
from the microscopic detail pertinent to the macroscopic scale in a way analogous to thentredtatomic

matter as a continuous media [16]. The homogenised properties are emergent from the geometry as much as the
constituents of the microstructure and consequently may be engineered. The established procedure requires that
the detailed structuref the composite is small compared to the wavelength of the light. Theories of
homogenisation applicable to the larger scale subwavelength regime close to Bragg resonance are controversial
[17] particularly in respect of boundary conditions at the integabetween homogerid media. These
problems are avoided in this work by limiting the homogenisation process to a direction transverse to an
interface and, when that is not possible, through the use of adiabatic transition regions that effectivete elimina
the interface.

Homogenised bulk SWG behave as strongly anisotropic materials witixia aormal to the layers of a 1D
multi-layer (KronigPenney structure) or along the axis of uniformity for a 2D photonic crystal in 3D.
Anisotropy can help reduce thalbot length but temporal and spatial dispersion is necessary to control the
modal phase error and the wavelength dependence of the Talbot length. A metamaterial can result in a Talbot
length substantially independent of vacuum wavelendttereby perniting broadband operation [13].

(@) (b)

Fig. 1 (a) Transverse strcuture when the propagation of light is along z axis and the light propagates perpendicular to the
slots. (b) Longitudinal structure when the propagation of light is along aadishe light propagates parallel to the slots.

A MMI with a segmented structure shown iigufe 1(a), where the Hike polarized beam propagates in the
direction perpendicular to the slots has been reported that achieves an operating bandwidth of 500 nm [5].
Iwanow et al. [18] reported observing Talbot effect in a mu#liveguide array (equilently a slotted
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multimode waveguide) when the Ex polarized beam propagates parallel tolthevaweguide axes as shown

in Figure 1(b). They observed the phenomenon in a structure where the period of the structure was large enough
and the slots wide engh for the fields to be accurately described by a {imgintding neareateighbour

coupled waveguide mode model rather than by an effective field within a homogenised structure. Subsequent
work by Garanovich et al. [19] applied a similar theoretical dpson to diffraction management using an

array of curved waveguides. The segmented waveguide and parallewandijuide array structuseare

referred to in this paper as transverse and longitudinal structures with respect to the direction of propagation
alorg the z coordinate as shown ilgére 1.

Il. The Free Space Talbot effect and Anisotropy

An optical field that is periodic in the transverse plane revives cimsatfes periodically along the optical axis
[20]. This is the phenomenon that is known asTalot effect [21, 22]. The theory describes the evolution of
the near field (Fresnel) diffraction pattern from a periodic grating in the paraxial approximation that predicts
periodic selimages in planes beyond the grating provided the wavelength srigier than the transverse
period. The selfmages are found at rational fractional multiples of the fundamental Talbot distance [20]:

- )

Wherev is the period of the grating aAdis the vacuum wavelength of the coherent light source deketled
theory of the Talbot effect yields the relative phases of theraljes in terms of the Gauss sum of number
theory [6]. The theory of the waveguide Talbot effect follows that of thesjpeee Talbot effect once account

is taken of the (near) e of the field introduced by the waveguide sidewalls. This somewhat complicates the
form of the phase relations.

The theory of the Talbot effect may be straightforwardly generalised to a homogenised medium provided
adequate account is taken of anisotrayg dispersion. It follows that the Talbot effect occurs in the-long
wavelength operating regime of a metamaterial. The metamaterial is specialised here to an infinite regular
periodic multilayer twecomponent dielectric stack of alternating higher reivacindex material and lower

index materials, shown figure 2. This structure has the advantage of a theoretical description in terms of the
Kronig-Penney model [23] which may be analysed using a transfer matrix approach [24].

n, n
Ky . i4¥3

Fig. 2 KronigPenney modehetamaterial consisting of an.infinitely extended periodic binary dielectric multilayer stacks.
The Bloch modes of the Kronigenney structure have the form:

ad AgtmoA g®ao a )
WhergE , E are the longitudinal and transversemgmnents of the Bloch wavevect@is periodic with period
s A A ,andmis a parameter that depends upon the polarisation state:
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The parameters of the Bloch mode satisfy the dispersion relatimh describes the barsfructure.

AT Q AiQo Aiga - " OEQQ OENQ 4

Q £7Q1 jo | nNQ 1jo

Wherel andl are the refractive index and and; are the associated wavenumber of the well and barrier
materials respectivelys is the frequency andis the velocity of light. An expansion to second order of the
Kronig-Penney dispersion relation valid at operating effective wavelengths large contpatieel period
predicts circular equifrequency contours function for W& ( ) polarization:

— — O n:g @ p Q¢ 5)
andelliptical equifrequency catours for TM ( 1) polarisation:
— — 2 n—- o p 00— (6)

where:
Q — (7)

is the fill factor,

The homogenised KroniBenney structure thereby behaves as a nedativel uniaxial anisotropic medium
with optic axis normal to the plane of the layers within the stack and h&hTE and TM Bloch modes
(avergeraged over one period of the structure) acting as the ordinary andrdixteaty plane wave solutions.

J\kx
TE —
™M —
nokO
nekﬂ
nokﬂ \kZ
C axis
—
Fig. 3 The equifrequency contour near the o-axisgandhe of the | ow

ordinary effective index is higher than the extraordinary effective index.

Figure 3 shows the shape of the efjaguency contours near the origin of the lowest band of the-band
diagram. At highefrequencieghere is a deviation from a linear scaling with frequency of the-fegguency
contours; the principal values of the effective refractive indited depend on frequency and the
homogenised material is temporally dispersive. At frequencies approatigngdge of the first band, the
contours deviate in shape from an ellipse and ultimately become open; the contours deviate from a quadratic
dependence on the wavector and the homogenised material has a nonlocal spatially dispersive response

The deviatbn of the bandstructure from the spherical cone of figgace manifested by anisotropy, temporal
and spatial dispersion provides an opportunity for enhancement of the performance devices such as MMI
implemented using engineered metamaterials.

II. Phase Error Analysis

The perfect selfmaging relies on the accuracy of the paraxial approximation which is equivalent to
approximating the eqdfrequency contour locally by a parabola. Departures from the parabola are manifest as a
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deviation from the ideal of the Igitudinal component of the wawector of the mode. This deviation results in

the accumulation of a phase error on propagation. Since any device based on the Talbot effect will have a length
determined by the Talbot length, the modal phase error is esdlhare aftepropagationover oneTalbot

length. Two orientation®f the KronigPenney structure with respect to the device, referred to here as
6transversebo

and

6l ongitudinal 6,

ar e

cons il exse d .

The transverse structure has the normal to the dielectric layerd (theis of the uniaxial material) aligned
parallel to theU axis. The longitudinal structure has the normal to the dielectric layeredljggrallel to the

%

@ axis. For plane wave ppagation nominally along thé axis in the U@ plane E

E NE man

like polarised mode in a transverse structure anéoan like polarised mode in a longitudinal structure

then correspond to the extoadinary polarisation mode (i.e. TM) of tK@gonig-Penney structure.
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1.55um over one Talbot distance, (left) longitudinal structure,(eght) transverse structure.
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Fig. 5 Madal phase error of metamaterial structure with respect to the pitch change withailiaathe wavelength of
1.55um over one Talbot distance, (left) longitudinal structure,(eght) transverse structure.

In the first case considered, the structureut of silicon dielectric stacks immersed in air. Figure 4 shows the

modal phase error for the transverse and longitudinal structures over one Talbot distance for different mode

indexmwhere& | ¢’js hand different pitches of the structure. The best pitch for small phase error of the

lowest order modes at an operating vacuum waveléngtip® i is found to bet® @ i andr® i for
transverse and longitudinal structures respectively.

The plots indiate an extreme sensitivity of the transverse structure to small deviations (~1 nm) in pitch around
the best value. The longitudinal structure shows greater stability and provides an improved phase error over a
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wide range of pitch. The larger feature sized arobustness to dimensional esothereby favours the
longitudinal structure over the transverse structure as a practical route to modal phase error reduction.
Interestingly forthe second case where the barrierssdiea rather than air, the transverstructure shows less
modal phase error at the operating wavelength but still the longitudinal structure shows greater stability with

respect to perturlti@ans in dimensions (Figure 5).

Wodal phase error over one Talbot length

Longitudinal structure with Air gap/0.28um pitch

Modal phase error over ane Talbot length

Transverse structure with Air gap f 0.167pm pitch
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Fig. 6 Modal phase error of metamaterial structure with respe@\elength change with agap at a constant pitch over

one Talbot distance, (left) longitudinal structure with the pitch of pr@8and (right) transverse structure with the pitch of
0.167pm.

Figure 6 illustrates the dependence on operating vacuumemnatie of the modal phase error for antzérrier
for a pitch selected for best behavioup@t WO . The modal phase error is smaller and much more stable and
for the longitudinal structure over a wider range of operating waveletigthshe transverssructure.

Figure 7 shows the plots of modal phase error for the pitch offr2&nd 0.172um selected for the best modal
phase error performance at the operating wavelength for the longitudinal and transverse structures with silica
barriers respectivelyThe transverse structure shows an enhancement of the modal phase error performance
over a 12 nm range of wavelength variation. Although the modal phase error at the operating wavelength
offered by the longitudinal structure is inferior to the transvetsectsire, nevertheless, it offers improved

modal phase error with much greater stability to dimensional errors over a much wider 600 nm range of
wavelength variation.
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Fig. 7 Modal phase error of metamaterial structure with respect to wavelength elidgngjica-gap at a constant pitch

over one Talbot distance, (left) longitudinal structure with the pitch of26and (right) transverse sttuce with the
pitch of 0.172um.
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Kronig-Penney (Longitudinal structure with Air gap)

Kronig-Penney (Transverse structure with Air gap)
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Fig. 8 Equifrequency contours and target parabolic corfitowan airbarrier transverse structure for a pitch of 0. Y
(left) and longitudinal structure for a pitch of 0.28 (right)

Figure 8 shows a comparison of the efjaguency contours and target parabolic contour of transverse and
longitudinal structues with an abarrier for a pitch 0.167um and 0.28um respectively selected for best
behaviour ap® W . The Fgures show the good fit of a parabola with the dopguency contour at 1.58m.

Figure 9 shows a comparison of the efjaguency contourand target parabolic contour of transverse and
longitudinal structures with a silidaarrier for a pitch of 0.172m and 0.26um respectively selected for best
behaviour ap® W .

Kronig-Penney (Transverse structure with Silica gap) Kronig-Penney (Longitudinal structure with Silica gap)
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Fig. 9 Equifrequency contours and target parabolic coritowa silicabarrier transverse structure for a pitch of O.[u#2
(left) and longitudinal structure for a pitch selected of M&6(right)

V. Simulations and Verifications

The high birefringence of metamaterials suggests their application as wave plates for the manipulation of the
stateof-polarisation. A planavave propagating along theazis of the longitudinal KronigPenney structure
experiences giant birefringence. lontrast, the ordinary and extoadinary polarised modes are degenerate for
propagation along the-axis in the transverse Kronrlgenney structure. In waveguide formats the details of the
dispersion relation satisfied by a mode depends on both the doardad detail of the microstructure of the
metamaterial and the waveguide confinement provided by the overall device. Any curvature in the equi
frequency contours will however result in a Talbot length that depends on theofgpalarisation. An
integrded polarisation beatsplitter is proposed here, for the first time as far as the authors are aware, that uses

this polarisation dependence of the Talbot length.
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Fig. 10 The Talbot effect in a waveguide and the reproduction of thledise and opposifghase selfmages.

The selfimage in a waveguide structure is defined by a beat length which is obtained from the propagation
constants of the first two lowest order modes:

b —k-a ®

The Talbot effect in a waveguide and the reproductibthe primary (inphase) and secondary (aptiase)
selfimages is illustrated in Figure 100 achieve a polarisation splitter based on the Talbot effect the ratio of
beat lengths of th® and’O modes is ideally two so that the device length maylosen to form a primary

image at twice the Talbot distance of one polarsation and a secondary image for the orthogonal polarisation. For
a longitudinal structure consisting of an array of 18 parallel waveguide, this ratio can be obtained at a pitch of
0.455um for 0.355um wide and 0.3%um thick silicon waveguides seperated by argajp of 0.1um with air
overcladding, which meets the minimum feature size of the fabrication prdeigsse 11 shows the schematic

of the slotted multimode waveguide regibrihe polarisation beam splitter that illustrates the two input ports

and the two output ports by the yellow triangles.
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Fig. 11 The FimmProp schematic of the slotted multimode waveguide region of the polarisaton beam splitter that illustrates
the two irput ports and the two output ports by the yellow triangles. The left panel shows the cross section ofthe multi
slotted waveguide.

Figures 12 and B showvisualisations ofvave propagation along the longitudinal structuretfi@Ex and Ey
polarization respectivelypver the optimised device lengtfexcluding access tapersf 964.844um. The
simulation was done using the FimmProp tool ofRhetonDesign software suitéigure 12 shows the imaging

of an Ex mode launched by the @ppnput port onto the lower output port. Conversely, figure 13 shows the
imaging of an Ey mode launched by the upper input port onto the upper output prarisiission of 98.43%
and 99.76%and an extinction ratio 0f40.71 dB and-45.49 dBwere achieve for the Ex and Ey modes
respectively at the optimum length of 964.§44.
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Fig. 12The simulation of propagation (right panel) of Ex mode over the device length of 9¢n8d4e left panel shows
the cross section of mode at the output port.
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Fig. 13The simulation of propagation (right panel) of the Ey mode over the device length of 9gm3%He left panel
shows the cross section of mode at the output port.

V. Conclusions

The Talbot effect in longitudinal and transverse rdalfier metamateriadtructures has been discussed in this
paper. In the deep subwavelength regime, the metamaterial can be described by its local anisotropic response
but at optical frequencies this requires feature sizes that are beyond current volume fabrication processes.
Structures meeting current fabrication constraints require account of spatial and temporal dispersion. Modifying
the dispersion relation by subwavelength engineering can improve the accuracy of the paraxial approximation
and consequently reduce the errdrmodal phase from perfect imaging in MMIs. A silicon integrated
polarisation beam splitter based on the Talbot effect in a longitudinal metamaterial structure has been proposed
in this paper with promising results of simulation. The results obtaine@sttgt a combination of transverse

and longitudinal subwavelength patterning may offer a route to a compact, broadband, low modal phase error
MMI.
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3.4 A Longitudinally Slotted Taper for Smooth Transition

For a smooth transition from a standard access waveguide tmaltimode region of a
longitudinally slotted polarisation splitter MMI, an adiabatic taper is suggested at the ports of
MMI which matches both the effective index and geometry of the ports and the slotted
multimode region. The taper consists of a nundiestages. The first stage contains a single
access waveguide. At each subsequent stage a pair of waveguides is placed symmetrically
about the continuation of the waveguides of the previous stage. An exponential function of
weight -4 is used to curve thealls of the waveguides to introduce coupling adiabatically
between the existing and additional waveguides to ensure an effective index match at the
interface between sections and to assist mode expansion. Special care was taken over the
positioning of theadded waveguides to avoid a sudden change in effective index and hence
refledion at the section interfaces.

o 10 20 30 40 S0 &0 7o a0 90 100 110 120 130 140 150 180 170 180 190  zfum I

R =

(@)

'nn 020 040 0B0 080 100 120
020 040 050 00 1.00 1.20

(b) (c)

Figure 3.1 Thdongitudinal taper, (a) top view of the 5 sections (b) cross section of the left end, (c)
cross section of the right end.

The 0.5 um width of the access waveguide in the first section is reduced to a 0.355 pum width
waveguide in the second section using an exponential taper of the central waveguide. In the
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following sections all waveguides with the exception of the additiontdr pair are straight

and parallel with a gap of 0.1 um between adjacent side walls. The length of each section is
50 pum. Figure 3.1 shows a top view and side views at the both ends of the taper, which
consists of 5 sections including the access waveguid

Figure 3.2 shows the Ex and Ey mode profiles at the left end of the taper with the effective
index of 2.72 and 2.51 respectively, on an accesegade with a width of 0.5 pum.
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Figure 3.2 (a) Ex mode profile at the left endetatb) Ey mode profile at the left end taper; on an
access waveguide with the width of 0.5 pum.

Figure 3.3 shows the Ex and Ey mode profiles at the right end of the vdueee the
effectivemode indices ar@.39 and 2.8 respectively, on slotted wayeide composed of a
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multi-waveguide array with individual waveguide width of 0.355 um amndgap of 0.1 pm
edge to edge.
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Figure 3.3 (a) Ex mode profile at the right end taper (b) Ey mode profile at the right end taper; on
slotted waeguides with the width of 0.355 um and the air gap of 0.1 um edge to edge
A 3D simulation on the longitudinal taper shows a transmission of 92% for Ex rthdé (

dB loss) and a transmission of 99% for EBpde ¢0.043 dB loss). Figure 3.4 shows a top
view of the wave propagation in the longitudinal taper and a cross section of the mode at the

right end.
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Figure 3.4 A 3D propagation simulation of the longitudinal taper, left: a cross section of thendight e
mode. The side panel illustrates the fightensity profile at the righhand end of the taper. The
purity of the transition of the fundamental mode of the access guide to the fundamental mode of the
slotted waveguide mode can be observed. The inéexder seen on the visualisation of the total
intensity of the light propagating along the tape is misleading for reasons explained in the main text.

The misleading nature of the visualisation despite the high transmission is due to the strong
side lobes othe higher order modes in locations where the-gilles of the fundamental

mode are weak. Even if very weakly excited, the side lobes of the higher order modes can be
comparable to the fundamental mode amplitude towards the edge of the stMotexver

the magnitude of the fluctuation due to interference of a strong wave and a weak wave is
disproportionate to their respective intensities. ieand 0 denote the local intensity (or
equivalently the local power in a specified area), then the fluctuaf the ntensity of the

total field is:

0 0 0O 0 ¢o00 (3.1)
where the positive sign corresponds to constructive interference and the negative sign
corresponds to destructive interference. Hence:

17 0j0 ¢ 00 0 0 c p T (3.2)
For example:
0jo pmb ¢ 00 0 0 wuxhb
0j0 ob 00 0 O oob

That is, if the weak mode has an intensity at some location that is only 10% of the intensity
of the main mode at the same location a fluctuation in intensity as ageaf% may be
expected, moreover, if the weak mode has an intensity at some location that is as little as 3%
of the intensity of the main mode at the same location a fluctuation in intensity as great as
33% may be still expected. So the interference betvilee fundamental and another mode
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with a fraction of the energy of the fundamental can be quite visibly observed in the total
intensity.

The side lobes are shown in figure 3.5 for the fundamental and 1st order modes of Ex and Ey
intensity profile at the |l ength of 78 em on
starts to misbehave. The higher order modes are asymmetric modes and can be seen to have
sidelobes that are greater in magnitude relative to the main lobes ipatision tothe
fundamental mode.
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Figure 3.5 (a) Intensity profile of the fundanenEy mode; (b) Intensity profile of thet brder Ey

mode; (c) Intensity profile of the fundamental Ex mode; (d) Intensity profile ofstbedér Ex mode;

at 7 @ntapemon slotted waveguides with the width of 0.355 pm and the air gap of 0.1 um edge
to edge

The separate simulations of the individual tapers and the multimode section of the
longitudinal MMI provide complete confidence that the longitudinal MMIhwiils tapers
connected will function correctly. Whereas a simulation of the complete device could dispel
any remaining doubt, it was not possible to perform such a large scale simulatior. A full
scale 3D simulation in FimmProp of a longitudinal MMI comelstith tapers demands
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excessive computer resources as the structure contains multiple parallel tapered waveguides
which requires a progressive refinement of a partition of each section of the tapers in the
computation and placing two slotted taperpanallel for a 2x2vIMI only compounds the
problem.

3.5 Summary

In this chapter, by applying homogeai®n methods to more sophisticated structures, the
Talbot effect in longitudinal and transverse midijer metamaterial structures has been
considered usinga KronigPenney model. In the deep subwavelength regime, the
metamaterial can be described by its local anisotropic response but at optical frequencies this
requires feature sizes that are beyond current volume fabrication processes. Spatial and
temporal dspersion must be accounted for in structures meeting current fabrication
constraints and subwavelength engineering can help by modifying the dispersion relation to
improve the accuracy of the paraxial approximation. This may reduce the error of modal
pha® towards perfect imaging in MMIs which is one of the key components in PICs. On the
basis of the simulations and the findings on modal phase error correction, a novel silicon
integrated polarisation beam splitter based on the Talbot effect in a longitoditamaterial
structure has been proposed for the first time in the manuscript reproduced within this
chapter of the thesis with promising results of simulation. An adiabatic longitudinal taper
with Ex transmission of 92% and Ey transmission of 99% lsasbeen proposed for the first

time in this chapter of the thesis to match the effective index and geometry of the access
waveguides to the ports of the multimode region of the rsldtted MMI. The results
obtained suggest that a combination of trarev@nd longitudinal subwavelength patterning

(i.e. a 2D metamaterial MMI) may offer a route to a compact, broadband, low modal phase
error MMI. In the next chapter, 2D metamaterials are considered and devices based on them,
such as Luneburg lenses and M&st structures are proposed and verified by simulation.
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CHAPTERD4eM amat er i al

4.1 Introduction

In Chapter 3, the one dimensional metamaterial was considered and its emergent properties
of anisotropy and spatial dispersion explained. The ramifications of these properties on the
Talbot effect led to the exploration of how the metamaterial might beesrgd to suppress

the modal phase error which limits the scaling of MMI port dimension. In this chapter, with
the objective of supporting Chapter 5, which describes experiments on fabricated devices, the
two dimensional metamaterial is considered anceffext of smoothly varying its structural
parameters is illustrated by the design and simulation of a Lineburg lens and adiabatic
structures to interface SWG structures to conventional waveguides. The use of a MZI as a
test harness for the 2D metamaterglintroduced and verified by simulation. All these
structures were laid out and subsequently fabricated. The mask layout procedure using the
Mentor Graphics Pyxis tool is consequently also explained in this chapter.

4.2 Contribution

The results provided irhé first part of this chapter were published in the journal of Applied
Physics A. In this paper the implementation of a metamaterial Lineburg lens to provide
Fourier optics on a chip and the design of adiabatic structures to provide a smooth interface
between SWG structures and conventional waveguides are considbeeBZT structures to
characteris the metamaterial structures and adiabatic transitions are introduced. In the
second part of the chapter supplementary information is provided on the desification

by simulation, and layout of the various test structures. | designed, verified by simulation,
laid out all the structures and their variations; and drafted the manuscript. It was my
suggestion to use confocal telescopes to test the Lunebseslddr. Hall contributed to my
understanding of the theory, suggested gisiMI couplers to form MZI tesstructures,
provided advice on the selection of the variations necessary to limit the footprint to the
allocated chip area, and assisted with therpretation of the results and the revision of the
manuscript.

4.3 Article

The following section is a reproduction of an article publishetheJournal of Applied
PhysicsA in 2016[25].

Reprinted bypermissionfrom Springer: SpringefVerlag Berlin Heidelberg, Journal of
Applied Physics A i Subwavel ength grating wavegui des
Nikkhah, H., Hall, T, © SpringerVerlag Berlin Heidelberg 2016.
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Abstract
Subwavelength waveguide gratings (SWG) are locally periodic structures with parameters that may vary slowly
on the scale of a wavelength. Here the implementation of a Liineburg lens as a SWG to provide Fourier optics
on a chip and the design of the adiabatiructures that must be provided to interface SWG structures to
conventional waveguides are considered. Preliminary findings are reported on the dispersion engineering of
multimode interference coupketowards the ideal port phase relations neededhiereat applications.

Introduction
There is considerable interest in the field of Optical Communications in the integration of devices using a
silicon-based materials platform to decrease component footprint and cost. Immense advances have been made;
all the basic functions needed having been demonstrated. Nevertheless there remain technical and economic
roadblocks to widespread adoption of the technology. A fundamental difficulty is that silicon is not suitable for
light emission or, to a lesser extent, mtadion. Si photonics has therefore been primarily restricted to the
integration of passive functions. Active functions are provided by discrete devices sucklap tfters based
on InP and separately packaged Lihb@dulator circuits. Even then theremains a formidable challenge to
the efficient transfer of light energy between the different waveguide technologies that must be interfaced.

Rapid and continuous progress in nanofabrication means that electromagnetic materials can now be
engineered at aubwavelength scale. A recent breébhkough is to use suwavelength structures to tailor the
refractive index and dispersion properties of integrated components. This has been applied with great success in
a wide variety of applications of silicon photcs to radically reduce coupling loss, excess insertion loss and
crosstalk; and to dramatically increase the operational bandwidth of components [1].

Fortunately, it is now practical to engineer the optical properties of structures on a chip by subwaveleng
patterning in a single etch step of binary nanocomposite material with a feature size that is not limited to
expensive high resolution techniques such as elebgam lithography. This offers fabrication processes
amenable to the economics of mass nfacture.

Our work focuses on suavelength waveguide gratings (SWG): that are periodic on the scale of a sub
wavelength lattice with parameters that vary on a scale larger than a wavelength. In section 2 the SWG
structure, the design & verification chaiges and the principles of homogenisation are discussed. In section 3
results of simulations of graded SWG structures are presented and &dtauaker interferometer structure for
the measurement of the effective refractive index of SWG is introducetiorsécprovides a brief discussion
on the use of SWG to control spatial dispersion in the context of approaching an ideal multimode interference
couplers; and section 5 draws some conclusions.

Homogenisation
In photonic crystal structures a waveguide igid¢glly created by introducing a line defect. At an operating
frequency within the bandap, guiding may occur due to the mirfie effect of the lattice surrounding the
defect. At an operating frequency outside the bgaya, guiding may occur when thfeetive index of the
lattice is lowered from that of the line defect (e.g. by hole inclusionsywawkelength waveguide gratings are a
subcategory of photonic crystal structure that operate at frequencies below thedpamehd require no
surrounding l&tice to guide. The fundamental wageaiding principle is the propagation of the FlogBébch
modes of the SWG. Silicon SWG crossings and photonic wires have been demonstrated that have
experimentally measured losses-@f07 dB per crossing and 3.1 dB-¢mespectively [2], which is astonishing
given that the light passes through 60,000 interfaces every centimeter.

The combination of sulvavelength scale nanostructures with overall component dimensions measured in
hundreds of wavelengths creates computational problems of massive scale as the current tools require
computational meshes that are sufficiently fine toqad¢ely sample the nanostructure. Available tools rapidly
run out of resources, or produce results that cannot be trusted. The absence of a reliable means to model and
simulate large scale nanostructures is a major roadblock to advances in nanophotanés. tGols for
component simulation require siavelength computational meshes that can only be applied to nanostructured
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regions a few wavelengths in extent. Modelling at larger scales requires an abstraction of the properties of the
nanostructure, whh summarises its properties pertinent to the larger scale and smooths over the detail at the
smaller scale. This abstraction is known as homogenisation. Investigation of the behaviour of the mode and
effective mode index with respect to fill factor of tphatterned structure outside parameter regions where
simple effective material theory applies is the motivation for the study reported in this paper.

There is a vast literature on homogenisation. Its classic roots are the CGMosamti equation [3] tha
links the electrodynamics of continuous media to their atomic structure and the mixture formulae of Maxwell
Garnet [4] for the constitutive parameters of composite materials. Early studies appliedalaigngth
asymptotic approximations because all bimple problems, such as the 1D lamellar structure analysed by
Rytov [5], are intractable theoretically. A resurgence of interest in homogenisation can be traced to Prof. Sir

John Pendryds corpus of wor k on rtaedby Veselago [6;andtoarct i v e

influential paper by Smith & Pendry [7] in which they pointed out that the electromagnetic fields in a unit cell
of a photonic crystal may be calculated advantageously by commercial tools; albeit there remains additional
coding to complete the homogenisation. The method of Smith & Pendry has been shown to be flawed in certain
circumstances [8]; but that of Pé+ererta et al. [9], which draws on early work by Mochan & Barrera [10],

and Mochan et al. [11] is compelling.

In the case of periodic dielectric structures, one may use a (commercially available) band solver to find the
homogenised parameters for internal Bloch modes that describe light well away from the surface of a finite
sized photonic crystal where the translatigmmetry is broken. The Bloch mode expansion must be completed
by evanescent Bloch modes, i.e. modes with a complex Bloch-vexter, which represent waves bound to the
surface [12]. Commercial band solvers assume a material of infinite extent; coriseqasart must be made
to general purpose Finite Element Method (FEM) or Finite Difference Time Domain (FDTD) solvers with
additional programming effort. For a slab, one must match a Rayleigh plane wave expansion in the exterior
domain to a Bloch planeave expansion in the interior domain. The transverse component of the exterior plane
wave and internal Bloch waweector must match by field continuity considerations. This justifies the use of the
effective index of the Bloch mode as the homogenised indealso suggests that the correct method of
smoothing the field is to set the amplitude of spatial frequencies outside the first Brillouin zone to zero. A plane
wave expansion approach similar to that used in band solvers can then be used to savavimated fields
to find material constitutive parameters. The result is essentially exact: the full band structure accessible by an
exterior wave may also be reconstructed from the homogenised parameters.

Graded structures may be described by introdutingo s pat i al s c-spdce smrdinate 6s| owod
pertinent to the variation of the nanostructure param

space coordinate pertinent to a periodic extension of the local nanostructure. @he thapthe structure in the
neighbourhood of the baspace position is well approximated by the periodic extension of the nanostructure at
that position. This is an asymptotic approximation that we have applied with success in numerical experiments
onthe metamaterial Lineburg lens [13]. A similar approach to grading but relying on the less precise-Maxwell
Garnett effective index formulae is described in [14].

Simulation Results
An interest in Fourier optics on a chip [13] provided our starting point: the implementation a planar Lineburg
lensasaslowhy ar yi ng photonic crystal sl ab waveguide (or
this offered a band structure Wwitircular equifrequency contours in the long wavelength operational limit,
shown in Figure 1.

‘17

Figure 1. The eqtfrequency contours of the band surface displayed on the wave vector plane.
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The local index was found by two methods. In the first methobard solver was used to predict the
homogenised index of a Bloch mode in a two dimensional photonic crystal of infinite extent. This homogenised
index was then used as the core index in an orthodox model of an asymmetric slab waveguide to predict the
effective index of the mode bound to the slab.

In the second approach, a 3D band unit cell is defined by periodically replicating, in the direction normal to
the plane, the waveguide structure containing a single 2D unit cell in the plane. Tdieptaute peiod is
chosen large enough that the waveguide fields are negligible at the upper and lower end faces of the unit cell. A
3D band solver is then used to directly determine the effective index of the fundamental mode of the patterned
slab waveguide structuré representative 3D unit cell is shown in Figure 2, consisting of three layers of air,
metamaterial and silica.

The assumption of an infinite number of replications of the 3D unit cell normal to the plan of the slab is an
approximation given that the $las only one unit cell thick, which causes a small error in the field due to the
periodicity assumption. Hence, the 3D band structure solver for a 2D periodic medium can give an accurate
value of the effective index of the metamaterial but is computdijomare demanding.

Band Diagrom

= 5 //*'»H“’A
- SR AN

v"‘vvvr

SRR A

N
5
s AR
i .
- \
B /A ;

* \
. 4

7 \
B A S 0 S S S O O A
0 v

b
Figure 2. The 3D unit cell analysis and the band diagram of 3D FDTD simulation.

Remarkably, the two methods agree very closely [13]. This indicates first that the evanescent fields generated at
the upper and lower boundaries of twge do not significantly tunnel across the core despite its small thickness

of the of 300 nm and second that the field continuity conditions at the core boundaries differ little from that for
continuous media despite the patterning of the core.

3
- -
P

Figure 3. A FDTD simulation of an incident plane wav Figure 4. A metamaterial Linebulens with a diameter
focused by a planar graded metamaterial lens. The Ic of 15 pm; with the rod diameters varying from 151 nr
structure of the Bloch wave as a product of a periodi on the rim to 202 nm in the centre placed on a hexagt
function with the same period as the lattice and a Blo lattice with lattice constant of 250 nm. The effective
phase factor describing the phaskvance across unit refractive index on the rim was set to 1.4, which leads
cells is clearly visible. an effectve index at the centre of the lens of 1.98. Th

calibration used was appropriate to 2D FDTD simulati

To fully exploit the flexibility offered by subwavelength grating structures they need to be integrated and
interconnected by conventional waveguides. In the case of the Liineburg lens, it is fortunate that the structure
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naturally features an adiabatic tsition from the exterior domain at the rim to the interior structure of the lens
[13]. The lens can be made in two ways; either using air holes in siéigen or silicon rods in aifFigure 3

shows an example of subwavelength structure implementati@nptdnar Liineburg lens, using air holes in
silicon layer. Figure 4, shows the metamaterial lens structure using silicon rods in air. The structure of air holes
in silicon layer is preferred in this study because it offers a wider range of homogenisedangmced to

silicon rods in air.

Figure 5. MZI structure with one arm patterned structure and the other arm.silicon

In general, however, it is necessary to provide adiabatic structures that not only adapt waveguide dimensions
but also adapt the homogdsed index. Figure 5 shows an example of a Maehnder interferometer with a

length of subwavelength grating waveguides within their arms adapted to standard silicon waveguides by
adiabatic tapers. The SWG is interfaced to standard silicon waveguiddy/fas adiabatic taper with varying

width and constant refractive index and then by an adiabatic taper of constant width but varying homogenised
index. The lower arm contains standard silicon waveguide and identical in the length with the upper aam but th
length is deducted only the length of centre section of the upper arm that contains the SWG section with the
holes in constant diameter. The imbalance between the arms will allow the experimental measurement of the
homogenisé index. Figure 6 shows arenlargement of the arm showing the detail of the homogenised
refractive index taper, while the diameter of the air holes is increasing from left to right. Figure 7 shows the first
SEM released of the two arms of MZI at the central section where the diashételes are constanthese
structures are an example of a case where a nanoscale simulation over the full device, say using FDTD, is not
reliable. Rather, we have relied on simulation of the homogenised s#siaiging FimmProp as shown in
Figure 8, bgether with the calibration procedure described for the Lineburg lens.

il W -wi- W-2-O-m-F-4-5@GT30 M (
ED S5 | 20 A5

Figure 6. An enlargement of the upper arm of the MZI show Figure 7. The SEM of two arms of Mt the centra
detail of the homogenised refractive index taper. section holeswith constant diameters.
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Figure 8. FimmProp simulation of a MZI structure with upper Figure 9. MZI output intensity against wavelength
containing homogenised SWG waveguide and the lower a a SWG test structure
containing standard silicon waveguides. illustrating the spectral fringes due to the optical f
imbalance introduced by the SWG section. Alst
shown is the output intensity of an empty MZI (ba
to-back MMIs) (blue) which follows the envelope
the spectral fringes.
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The experimental confirmation of the validity or otherwise of the calibration approach awaits the Lineburg lens
and MZI structures to come out of fabrication.
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Figure 10 Backto-back MMls to obtain the envelope of the spectral fringes

Figure 9 showsthe nt ensi ty at the output port of the MZI wi t h
for a SWG test structure (shown ilgire § o f | e nrgd) Whicl2ilQustrates the spectral fringes due to

the optical path length imbalance introduced by the test section. These fringes provide a measurement of the
homogenised refractive index. Also shown is the output intensity of an empty MZH@shakkMMIs, shown

in Figure 1Q (blue) which follows the envelope of the spectral fringes.

Discussion
Now that coherent transmission is so well entrenched, extra care is required to control the phase in addition to
the amplitude of light propagating in photomitegrated circuits. The phase relationship between the ports of
splitters and couplers is particularly important in applications to microwave frequency multiplication, advanced
I-Q modulation, optical hybrids for coherent receivers and mor(]5In particular, this leads to the search
for a perfect Multimode Interference coupler (MMI) in which subwavelength waveguide gratings are used to
engineer the dispersion and anisotropy of the MMI so that a practical device provides close to the ideal (but
normdly approximate) sefmaging behaviour. To this end, a slab waveguide patterned as a photonic crystal in
onedimension is being investigated. Very good agreement between the bandsolver and the?&mnaeig
model has been obtained for Bloch vectors inplame of the slab and not just normal to the grating structure.
There is however a substantial difference between the mapping of the homogenised index to the mode effective
index via the asymmetric slab waveguide model and the predictions of thesddsmdfor a 3D unit cell.
Whether this is because of the difficulties in ensuring that a commercial band solver finds the correct band
structure for this geometry or the assumptions inherent the indirect approach remain valid is the subject of
further investjation.

Conclusions
The continuing improvement in advanced lithography techniques (such as immersion lithography -€xtreme
lithography, nanostepping lithography) will enable accurate, laojeme production of subwavelength
structures and devices. Thee of SWG structures in integrated photonics devices is thus likely to continue to
expand, enabling new functionalities and devices to be designed and fabricated, and these SWG structures will
become an essential tool set in advanced photonic designdgbra
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4.4 Metamaterial Lineburg Lens Implementation

A LUneburg lens may be implemented in planar form and provide a Fourier transform
function on a chip by stigmatic imaging of an object anibyf in its rear focal plane [226,

27). The graded refractive index of a Lunebuegs, which was first introduced by Rudolf
Karl Lunéburg in 1944, is described by [28

el € ¢ ljo 1 o (4.1)

wherei is the distance from the centre of the lgss the outer radis of the lens, ané is

the ambient refractive index. The metamaterial Lineburg lens design procedure was
described in detail i n Ch al22].elhe ingplenzentation 4 o f
considered envisaged a SOI wafer with asili layer thickngs of 350 nm [2R The process

used in this thesis uses an SOI wafer with a 300 nm silicon core thickness layer and
consequently all design and verification by simulation were redone in this work. The
effective refractive index of the Lineburg lens is eegred by nanstructuring an SOI slab
waveguide core layer. This offers the simplicity of single etch step in the fabrication process.
The cylindrical inclusion is either solid (silicon) or voids (air); in a host that is either void
(air) or solid (silicm) respectively. The inclusions may be placed on a regular sub
wavelength lattice and the diameter of cylinders vaaigzbrding to the local effective index
required. In the thesis work, the host is a silicon slab waveguide with cylindrical inclusion of
ar as it offers higher effective index with larger minimum feature size which would be
otherwise limited by the fabrication proce2g]|

To assess the insertion loss that may arise from the approximation of a continuous graded
index material by a gradedetamaterial, the most useful test structure is a confocal telescope
lens system in which two LUneburg lenses are placedbsidgde with theirrims touching

on axis shown inigure 4.1. In this way, the input to the lens through a single mode access
waveguide may be considered as a point source at the rim of the lens. The first lens
transforms the point source at its input rim to a plane wave at its output rim and the second
lens then transforms the plane wave at its input rim to a point sourceoatgtg rim. The

input access waveguide is thereby imaged onto the output access waveguide and any
imperfection of the lenses will be registered as an excess loss.

In this design, each lens diameter is 15 um with the effective index varying from 1.925 at t
rim to 2.722 in the centre with the hole diameter of 0.182 ym and 0.093 um respectively. A
single mode ridge waveguide is used to launch the light in and out the telescope system
(figure 4.2). The width of the access waveguide is 0.45 pum constraingeke dgbrication
process development kit (PDK), which gives a mode effective index of 2.527.
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Figure 4.3 illustrates the fundamental -kEke and Eylike modes, in the single mode
waveguide with a width of 0.45 um, and silicon thickness of 0.3 pum.

) R
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Figure 41 Confocal telescope Liineburg lens system with each lens having a diameter of 15 um; the
two lenses are placed sidg-side with their rims touching on axis. (a) top view, (b) side view.
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Figure 4.2 Waveguide with the width of 0.45rand height of 0.3 n&i in the core.
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Figure 4.3 Mode profiles in the ridge waveguide of width 0.45 um, with a silicon thickness of 0.3
um. Left, fundamental Elike mode. Right, fundamental Hike mode.
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A 3D finite difference time domainFDTD) simulation was performed of the confocal
telescope metamaterial Luneburg lens system by defining the three layers of air, silicon and
silica with the thickness of 0.5 um, 0.3 um and 0.5 pm respectively. The thickness of
claddings may appear small butgtgufficient for the fields at the window boundary to have
decayed to negligible proportions. Increasing the thickness demands more computational
resources for a fine computational grid. There is therefore a-tfadeetween the
computational window sizand the resolution of the computational grid, which was set to
0.015 pm.

Figure 4.4 A sequence of frames of a 3D FDTD simulation of a confocal metamaterial Lineburg lens
telescope between two optical waveguides. A computational grid spacing of Hnchra mode
excitor source with a sinusoidal pulse of 50 fs duration, for hole diameter changing from 0.182 um on
the rim to 0.093 um in the centre.

A sinusoidal pulse field TE mode excitor with a duration of 50 fs was used to provide the
relative flux measurements. The mismatch between the effective index of the access

60



waveguide causes a reflection at the rim. This can be resolved if there is more freedom in
fabrication process, such as higher thickness of the core or tapering down the waveguide in
case he width of waveguide is larger for a different process. Figure 4.4 shows a sequence of
frames of a 3D FDTD simulation of a confocal Lineburg lens telescope.

Sensar 2 intensity at wovelenath 155um frorm FOTD Sensor 1 intensity ot wavelength 155um from FOTD

nsity /J/m?/THz

Intes

10e—05 k=

Sengor 2 intensity ot wovelength 1.55um from FOTD Senser 1 intensity ot wavelength 1.55um from FOTD

Intensity /J/m%/THz

Figure 4.5 The intensity profile at the output waveg\ld#), and at the input waveguide (right) for
the two metamatial lens system predicted BYp FDTD simulation, a) the crosection of the field
in the x direction, b) the cros®ction of the field in the y diction, ¢) a perspective plot.

Figure 4.5 bBows the intensity profile on coordinate x and y (shown in figure 4.1) and on
sensor 2 at the output waveguide and sensor 1 at the input waveguide. The predicted total
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system insertion loss i4.035 dB which is0.517 dB per lens with the assumption ttiest
waveguie-lens insertion loss is small.

4.5 Test Structure Implementation

It was decided to use MZI test structures to better investigate the dependence on structural
parameters of the effective index of a mode guided within a metamaterial waveguide; the
transition between metamaterial structures and conventional waveguiddS€snaRd to
compare the results of simulations with the results of experimental measurements of
fabricated structures. A pair af ¢ MMIs, designed in accordance with the methodology
given i n my Maveeteeasedts constuet the MZI. AtZ2godrt, an adiabatic

taper is used to make a smooth transition from the access single mode waveguide to the
multimode region of the MMI. Table 4.1 provides the dimensions of the MMI.

Table 4.1 pecification of MMI and taper at its ports

Dimensions Dimensions jim)
(Hm)

Width 1 Width Narrow 0.45

Length 60.7344 Width wide 1.5

Core Height 0.3 Length 20

Core material Silicon

Undercladding material Silica

Overcladding material Air

Figure 4.6 shows a simulation of the taper in FimmProp. The simulator partitions the
adiabatic structure into segments at different esessions and calculates the field at each
crosssection, refining the partition tachieve a specified accuracy. It must be taken into
account that the resolution of the computation should be sufficient that each segment can be
treated accurately as a straight waveguide in addition to the structure as a whole possessing
the desired adiatic behaviour. A transmission of 99.77% was predicted in a 3D simulation.
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Figure 4.6 The computational cressctions in the Fimmpragimulator of a taper with a length of 20
pm and with a width of 0.45 um at the narrow end and the width of 1.5 um at the wide end.

The fundamental Ekke mode profiles are shown in Figure 4.7.
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Figure 4.7 The absolute Hike profile of the tapewith a length of 20 um (left), at the narrow end of
the taper with a width of 0.45 um (left) and at the wide end of the taper with width 1.5 pum.

Figure 4.8 A2x2 MMI splitter with the width of 4um and the length of 60.73 pum.
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Figure 4.9 Théundamental mode profiles on the output ports of2zk2MMI.

MMIs can be designed for different purposes such as splitter (Ssymmetric -symomnetric)

or crossovers, only by adjusting the length of the multimode region which is related to the
corresponohg Talbot effect length. The MMIs that are used in a MZI function as splitters
and the length of the multimode region is chosen so that light emanating from an excited
input port is split equally between the two output ports. The simulation of a complete
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individual MMI with the specifications given in Table 4.1 predicts a transmission of more
than 48% on each output port. Figures 4.8 to 4.10 show simulation of the MMI and the
output field profile for an Estike mode.

12

Figure 4.10 The Ekke field profile on the two output ports of 2x2 MMI used as alx2 power
splitter.

Two MMIs back to back form a simple MZI that functions as a coves if the two arms are
identical and consequently provides a sensitive test of the imbalance caused by fabrication
errois. To investigate the sensitivity to errors, the width of the arms was changed
differentially and it was found that for every 0.31 nm change in the differential width of arms
1100 um long, a Zphase change would occur. So in the case where an exact phase shift is
important, a slight fabrication error causes a large impairment of the device function. This
can be mitigated by keeping the arms short, using an over cladding, and by better process
control to ensure both waveguides have only common width variations and minimal
differential variations, or by using phase corgd [29. In contrast the tolerance of the
MMI's to the width and | ength changeengtm t he
change and 0.3 em for the width change for

4.6 MZI Designs and Simulation

The chip that was fabricated for the experimental component (see Chapter 5) of this research,
featured three different sets of MZI test structures. Each set was distiaduly a common

width of 1.732 um, 0.866 um and 0.433 um of the metamaterial section of the MZI arms.
These widths were obtained on the basis of an integer number of one, three and seven rows
of complete holes. A half row at the two sidewalls was retaioexoid an asymmetric cut

of the hexagonal lattice and to maintain the periodicity of the lattice under the assumption
that the sidewalls act as mirrors given the high index contrast. Each set is divided into three
subsets with respect to the length qfrd, 50 pm, 200 um and 1000 pum of the central region
where the holes stay constant in diameter. This subset is again divided into another four
subsets with respect to the diameter of 80 nm, 100 nm, 120 nm and 180 nm of the holes in
the central region. Toltain the characteristics of these waveguides, the effective index of a
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unit cell with the desired hole diameters is calculated using a 2D band solver in CrystalWave.
The effective index then obtained is placed in the core of a continuous medium waveguide
structure with the desired widths mentioned above with upper and lower claddings of air and
silica. The mode solver in FimmWave is then used to calculate the effective index and group
index of the mode in the waveguide. Figure 4.11 gives the plot of igéaadex profile
versus hole diameters for different widths of the rved@eguide of 1.732 um, 0.866 um and
0.433um.

Effective index dependence on hole size fora Effective index dependence on hole size fora
waveguide width of 1.732 um waveguide width of 0.866 um
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Figure 4.11 The mode effective index dependence on hole diameters for different widths-of meta
waveguide;(a) waveguide width of 1.732 un{p) waveguide width of 0.866 pun{c) waveguide
width of 0.433um.

The central constant hole diameter region is connected to the MMI access waveguides by an
adiabatic taper consisting of the concatenation of a constdtit metamaterial linear atom
diameter taper (approximately a quadratic effective index taper), irhwiechole diameters

are smoothly reduced to zero, and a conventional geometrical taper, in which the width of a
solid silicon waveguide is smoothly reduced to the access waveguide width of 0.45 um.
Figure 4.12 shows the sections more clearly on the upparwhere the metamaterial
structure is placed. The lower arm is uniform silicon with the same width and geometrical
taper of the upper arm, followed by the uniform silicon with a length equal to the two linear
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effective index tapers of the upper arm. Otilg central constant hole diameter region is
omitted.

Geometrical Taper
Linear Effective Index Taper

Central Constant
Holes Region
>€ S

Figure 4.12 MZI test structure with metamaterial structure used on the upper arm, containing three
main elements: a central constant hilameter region, which is sandwiched between two linear atom
diameter tapers, which are in turn sandwiched between two geometrical tapers. The tapers act to
adiabatically adapt the mode of the metamaterial section to the mode of the conventional waveguide

As was explained in the previous sections, FDTD simulation on a large scale graded periodic
structures demands high computational resources and time which were outside the scope of
the facilities available. To simplify the simulations of the completecgire, a continuous
medium with the homogenised index of the periodically patterned structures may be
substituted as an approximation. The homogenised index is found using the CrystalWave
band solver. In sections with constant diameter holes, the homedemdex found by
CrystalWave of the 2D unit cell is used globally as the core index of a continuous medium
waveguide. In the taper regions where the hole diameters smoothly vary along the structure,
the homogenised index of the 2D unit adlthe two ads were obtained.

Table 4.2 Specifications of the MZI structures, with different width, length and hole
diameters in the central region of upper arm.

Device specifications
0 R (o) Hole diameter Length of 90nstant
(nm) central region 1m)
180
1.732 120 0
100
180 50
0.866 120
100 200
120
0.433 100 1000
80

A script written in Python provided in Appendix Il automated the creation of the device. As
the position of the holes along the taper determine the desired refractive indices, a raster scan
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across the lattice using the Bravais vectors over an area ttainsothe device is performed.

The script checks whether or not the lattice site visited falls within the device or not. If it
falls within the device, the default atom is updated with an atom from an indexed palette. The
local effective index correspomtj to a unit cell composed of the indexed atom may found
by the calibration process described in the preceding. The desired local effective index at the
atom ceordinate normally determines the hole diameter and hence the index by a look up
process. In thease of the test structure tapers, it was found simpler and more direct to vary
the hole diameters linearly between the two ends of the taper. This results in an effective
index that varies approximately linearly with {fiictor and hence quadraticallytiwvrespect

to diameter which is close to the optimum profile of a taper and was found to work well.
Figure 4.13 shows the simulations on the full MZI structures for three different arm widths in
Fimmprop.
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Figure 4.13 Simulations ofhe full MZI structureswith homogenied metamaterial regions
FimmProp for a central constant 120 nm diameter hole region of length 50 um and three different
arm widths;(a) arm width of 0.433 pm(b) arm width of 0.866 pm, (@rm width of 1.732 pm.

67



In the structure with the arm width of 0.433 um, the whole access waveguide was set to the
same width, which yields an effective index of 2.47 for the fundamentéik&xnode and

2.162 for fundamental Efke mode, which are far from the substrate refvacindex. Table

4.2 gives the specifications of the MZI structures; in total 36 different devices. To avoid
repetition, the results of simulations are given and discussed wititriggntal results in
Chapter 5.

4.7 Mask Layout Using Pyxis

The mask layout wadone using the Mentor Graphics Pyxis design tool. Pyxis has two
functions; a froniend design tool which contains schematic tools to design and simulate
structures, and a ba@nd design tool that enables the designer to implement the layout,
modify it andperform physical verification such as design rule checks (DRC). The schematic
and simulations in this work were all performed using the Photon Design suite, which has the
facility to convert the schematic to GDSII. Consequently only the-badkdesign tol of

Pyxis was used. The schematics used by the Photon Design suite can be converted to layout,
stored as layout cells and be called by Pyxis. The Pyxis layout was fully automated using its
scripting interface language, Ample, either by calling the lagells and placing them at the
targeted location or plotting the required or complementary geometries.

The mask layout was done on @m & p ™ & design area which was cleaved
perpendicular to the horizontal axisca & & in from the edges with a +15um error. Figure

4.14 shows the layout design area with the four triangular cleaving marks. The access
waveguides were extended to the sides of the chip with a taper from a width of 0.45 pum to
0.3 pum (with an effective index df.89 for the fundamental Ex like mode) and of length 5

pum to the edge of the chip. The reason for using the inverse taper at the edge is to expand the
mode to be a closer match to the mode of the lensed fibres used to couple light into and out
of the chip

Figure 4.14 The design layout areal®fmm x 10 mnwith four triangular cleaving marks at5 mm
from the edges.
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As the whole structure required one 300 nm stefp only, the structures are drawn or
placed on one unique layer. A 4 pmde trench lagr was drawn to isolate the structures.

Figure 4.15 shows the layout of three different arms with the width of 0.433 um, 0.866 pm
and 1.732 pm, and MMI with the trench layer in green.

A

Figure 4.15 Layout of three different arms with the width(aj:0.433 um,(b) 0.866 pum,(c) 1.732
pm, and(d) layout of MMI (red) and the trench (green).
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The layout of the metamaterial Lunebuems was also drawn, by importing a GDSII file
created from a schematic in Crystalwave and converted to cell layout in Pyxis. Figure 4.16
shows the central part of the lens illustrating that the diameter of the holes is ircfeasin
centre toward theides.

o _askfinal () Bea

e
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Figure 4.16 Layout of central region of the metamaterial Lineburg lens.

4.8 Summary

In this chapter the design, verification by simulation and the layout of 2D metamaterial
structures including planar metamaterial Lineburg lenses have been disclikeed.
simulations of the confocal telescope lens combination with the diameter of each lens of 15
pm on a slab waveguide based on silicon with the thickness of 0.3 um on a silica substrate
showed a0.517 dB loss on each lens. The MZI structures with metamahstructures on

one arm were introduced and the two different types of tapers needed to adapt the
metamaterial section to the conventional access waveguides adiabatically, which is important
to avoid the sudden change in effective index and the coasergflection, were discussed
Three different arm widths, lengths in central region and hole diameters in the central
constant region were implemented. Here the homogenisation methods explained in Chapter
2, section 2.5 were used to simplify the caldalatof 3D mode effective index, which
otherwise demands large computational resources, by obtaining the effective index of the
FloquetBloch mode using the 2D band solver in CrystalWave and placing the predicted
(homogenised) index in the core of a contmsl medium waveguide structure used by the
FimmWave mode solver to predict the waveguide mode effective index. It is clear that the
use of SWG can provide more freedom to enhance the performance of the devices with
improved functionalities such as reducitige footprint of MZI by using metamaterial to
apply the optical path differenq®©PD) rather than by using a physical length difference
which may increase the dimension of the device. The mask design procedure using the
Mentor Graphics Pyxis tool and theeans to simplify the layout procedure using cell layouts
and fully automation of drawing have been described.
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The findings of this chapter are of direct relevance to Chapter 5, which follows and describes
the test and measurement methodology, reportexperimental measurements of a photonic
integrated circuit fabricated according to the design that has been described herein, and
compares the experimental measurements with the results of simulations performed
according the methodology described in thiapter.
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Chaptkabni cated Devices and

Resul t s

5.1 Introduction

In this chapter, the modelling and simulation studies that were explained in the previous
chapter are augmented by the experimettiatacterisation of relevant components on a test

chip specifically designed to support this research and to provide insight into improvements
that might be needed in the design methodology, the theoretical modelling, simulation, and
fabrication processesThe measuremeéntechniques used to characterithe optical
components and the principal tools used such as optomechanical stages; a tuneable laser and
polarimeter are described. The analysis of the recorded experimental data is performed using
Matlab andhe results are compared with the predictions of simulations.

5.2 Contribution

The complete chapter is original work. The SEM images were provided I§RReO core
facility.

5.3 NanoSOlI Lithography Process, Fabricated Devices and SEM Images

The test chip was fabricated using the NanoSOI process through CMC Microsystems.
NanoSOl is a nanomachining process for silibased nanostructures development @0a
substrate 30]. The SOI wafer consists of a buried oxide thickness of 1 um overcarsili
substrate that supports a 300 nm thick silicon layer which is patterned ubiegme
lithography. Ebeam lithography is able to achieve a minimum feature size in the scale down
to 80 nm, but as was mentioned in the NanoSOI design manual, a low thubisgbgpected

due to the serial procedure of direct writing on the resist.

To target the adiabatic transition between the conventional waveguide and the SWG
structure, the holes on the mask layout started at a diameter of 7 nm at the beginning of the
paterned adiabatic waveguide taper with an initial width of 0.433 um. In the case of SWG
structure with the width of 0.866 um, the hole diameter starts at 8.43 nm at the beginning of
patterned taper, and, in the device with width of 1.732 um, the hole @iastatts at 12.65

nm at the beginning of the taper. From the SEM images, it is clearly seen that the holes in a
range of small diameters are missing on the chip as expected from the minimum feature size
fabrication limit and the smallest hole that emergas a diameter of 27 nm. Figure 5.1
shows an example of the measurement of the hole diameter using SEM micrographs of two
different structures with a width of 1.732 um and a length of the constant central region of
1000 nm with 100 nm diameter holes (lpé&nel ) and 180 nm holes (right panel). It can be
observed that the perimeter of the holes are far from circular. Moreover, the diameter of the
best circular fit to the perimeter differ from the target values defined on the layout.
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o~ Sample ID = Dev37 Detector = InLens 20 nm WD =10.1 mm =
]  Operator = Olvieri Gun Vacuum = 1.37¢-000 mbar |— EHT=2000kV &
uOnawa  Date 14 Sep 2017 System Vacuum = 8.142-007 mbar Mag= 20000KX CRPUO

—  Sample|D=Dev35 Detector = InLens 20 nm wo=101mm
G Operaor=Olvieri  GunVacuum= 137000 mbar |——{  EHT=2000kv A0
uOttawa  Date 114 Sep 2017 System Vacuum = 8.71e-007 mbar Mag = 400.00KX CRPUO

Figure 5.1 (left) lhe hole diameter on device with the width of 1.732 um, central region length of
1000 pum and hole diameter of 100 nm which was measured as 103.8 um on SEM, (right) device with
the width of 1.732 um, central region length of 1000 um and hole diameter aird80hich was
measured on SEM as 183.1 pum.

Table 5.1. The original diameter of holes on the mask and a comparison with the diameters on the
chip and error calculations.

Diameter on Diam(_eter on the Error (%)
the mask (nm) chip (nm)
80 78.23 2.21
100 102.7103.8 2.7-3.8
120 120.8126.3 0.665.25
180 182.11831 1.161.72

Table 5.1 shows the percentage error between the highest and lowest diameters measured and
the target diameters on the layodsigure 5.2 the left panel shows that the holes are missing

on the SWG taper section where the target hole diameters are in the range of 37.5 nm and
lower while the right panel shows that the holes with diameter of 100 nm in centre region are
well defined with diameter error of 2.7%.

e 00 0 00 00

Sample ID = Devs Detector = InLens 100 nm WD =10.2mm =  SampleiD = Devs Detector = InLens 200 nm WD =10.2mm

ﬁ Operator = Olivieri Gun Vacuum = 1.41e-009 mbar || EHT = 10.00 kV %‘ @]  Operator = Olivieri Gun Vacuum = 1.40e-009 mbar |——| EHT =10.00 kV/ ﬁf
UOHaWR Dite44Sep201T  Sysam Vacwm = 3006006 mbir Mig= B71KX crpue | UOWwa Date:14Sep2017  System Vacuum = 2 386006 mbar Mag= 3487KX CRPuO

Figure 5.2 Device with the width of 0.43 um and length of 50 um centre region with constant hole
size of 100 nm diameter (device 6), Left gmallerholes with the diameter of lower than 37 nm
missing, right the constant centre region of arm with the hole diameter of 100 nm).

73



Figure 5.3 shows the arms of the MZI structures with the widths of 0.866 um (left panel) and
1.732 pym (right panel)Figure 5.4shows the arms of the MZI structures with the width of
1.732 pm in the constant centre region with a hole diameter of 120 nm. The width of the
patterned waveguide measured is 1.717 pum and the width of the conventional waveguide on
the arm measured is 159m. This difference in width creates an additional imbalance of

| Sample ID = Dev] Detector = InLens 200 nm D =102mm ) Sam)
@ EHT = 1000kV B operorOiien  Gunvacum= 10eatsmbar 14 r=anw A
Mag= 2500KX CRPUO

Detector = InLens

Operator = Olivieri Gun Vacuum = 1.39¢-009 mbar |—|
uOttawa  Date 114 Sep 2017 System Vacuum = 1.08e-006 mbar

Mag= 30.00KX CRPuO

System Vacuum = 1.72e-006 mbar

| uOttawa Date 14 Sep 2017

Figure 5.3 (Left) MZI device arms with 0.433 um width and 50 um length at the centre region with a
constant holeliameter of 120 nm. (Right) MZI device arms with the width of 0.866 um and length of
200 pm with a hole diameter of 120 nm in the camistele diameter centre region.

/ % [ \
Sample ID = Dev36 Detector = InLens 200 nm
Gun Vacuum = 1.37e-008 mbar |——

=~
System Vacuum = §.48¢-007 mbar Mag= 0.0KX CRPuO

(L} Operator = Olivieri
uOttawa  Date :14 Sep 2017

o~ Sample ID = Dev3s Detector = InLens 200 nm WD =10.1mm
G Operator = Olvier Gun Vacuum = 1.37e-008 moar |—] enr=monky A
uOnawa Date :14 Sep 2017 System Vacuum = 8.63e-007 mbar Mag= 2000KX CRPuQ

Figure 5.4 Arms of a MZI device with width of 1.732 um and a length of 100 um with a hole
diameter of 120 nm in the constant centre region.
Table 5.2 The MMI dimensions on the mask and on the fabricated chip and fabrication errors.

MMI On the mask (m) | Onthe chip (im) | Error (%)

Length 60.734 60.4 0.54

Width 4 4.01 0.25
Taper wide width 1.5 1.494 0.4
Waveguide width 0.45 0.446 0.88
Waveguide height 0.3 - -
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I Sample ID = Dev38 Detector = SE2 10 um WD = 10.1 mm
| W opersor=oien GunVacuum = 1.366-009 mbar |———|  EHT =2000kV
. uOttawa Date :14 Sep 2017 System Vacuum = 6.87e-007 mbar Mag= 980X CRPuO

Figure 5.5 SEM of MMI structure on the chip, (left) top view MMI, (right) angled viewheftaper
section on MMI&6s ports.

(a) (b)

(©) (d)

Figure 5.6SEM of inversed taper waveguide at tlige of the chip. (a) wide viewf the waveguide

and the trench of 4 e&m width on each si de;

observed roughness on the wall of the waveguide; (c) the measurentieatwadth and height dhe
taper waveguide at thelge; (d) the parallel waveguide connecting the back to back MMls.
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