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Plasmonic waveguidesin the optical and terahertz regimes

Francisco J. Garcia-Vidal
! Departamento de Fisica Teorica de la Materia Condensada, Universidad Autonoma de Madrid,
Madrid 28049 (Spain)
fi.garcia@uam.es

In the first part of the talk, we will review recent developments in the search for building-up a kind
of nanophotonic circuitry in the optical regime based on the capabilities of surface plasmon
polaritons. We will put more emphasis on two routes that ook very promising. 1) The so-called
channel plasmons (CPs) that run in V-grooves perforated on metalic films.. We will describe in
detail the propagation characteristics of these surface waves and how these properties can be
tailored by just tuning the geometry of the groove [1]. 2) An alternative way for light routing uses
the surface plasmons that propagate along metallic wedges, termed as wedge plasmons (WPs). We
will show how these WPs present similar propagation lengths to those of CPs but they present a
more pronounced subwavel ength confinement [2].

In the second part of the presentation we will show how all the capabilities of surface plasmons
found in the optical range of the electromagnetic spectrum can be safely transferred to lower
frequencies (for example, terahertz frequencies) by taking advantage of the concept of spoof surface
plasmon, i.e., surface electromagnetic modes in a nearly perfect electric conductor can be built up
by periodically structuring its surface in alength scale much smaller than the operating wavelength.
In particular, we will present three different strategies that take advantage of that concept to
construct plasmonic waveguides in the terahertz regime: i) what we call spoof channel plasmons[3],
ii) the so-called wedge plasmon polaritons[4] and iii) the domino plasmons[5], in which a periodic
chain of metallic box-shaped elements protruding out of a metallic surface is able to support the
propagation of very deep subwavelength confined electromagnetic modes. We will show how the
concept of spoof surface plasmons can be also used to devise chiral surface plasmons that carry
fractional angular momentum[6]: a helically-grooved metal wire can sustain spoof surface plasmon
modes that have a chiral character.
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Thewiregrid as a plasmonic r eflective polarizer

Hristo S. Tonchev! and Olivier Parriaux?
! Faculty of Physics, University of Sofia, Bulgaria
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parriaux@univ-st-etienne.fr

A subwavelength metallic grating can be a high extinction reflective polarizer if set at the condition of
Fabry-Perot resonance for the plasmon mode propagating up and down the metal dlits. Its features will be
described and pending issues raised.

I ntroduction

Most applications of a subwavelength wire grid as a polarizer use it as a transmission polarizer.
Some applications could draw configurational advantages from a reflective polarizer provided the
reflection of the transmitted polarization can be damped to zero. A Fabry-Perot analogy for the TMg
plasmon mode is constructed to establish this condition.

Results

The wire grid is composed of rectangular metallic lines on a substrate of index ns with air in the dlits
as reproducibly fabricable by galvanic growth [1]. The period (A) to wavelength (1) ratio fulfils the
subcutoff condition of the +- 1% orders A < A/ns that also makes the TE, evanescent in the grooves,
Minimum TM reflection is obtained when the TM Fabry-Perot resonance condition is satisfied:

2Bh +arg(rs) + arg(rc) = 2mn ey

B = 2md 2 (neisthe TM effective index and r; areits reflection coefficients at the slit openings).
We look for an analytical expression for all quantitiesinvolved in (1) to understand what it depends
on. ne can be easily found, but r; can not despite the availability of an approximate expression by
Lalanne et al. [2]. We thus opted for a breakdown of the problem already permitting to anticipate
some interesting characteristics of such polarizer: Lyndin’s true-mode method [3] delivers ne and r;
of the TMy mode. The outcome of this analysis reveals the following interesting characteristics
which will be developed and illustrated (Ref. figures hereunder showing TE and TM reflection):

e Zero TM reflection occurs at a grating depth ensuring quasi-zero TE transmission

e The condition of O TM reflection is weakly dependent of the period and metal type
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Numerical solution of nonlocal hydrodynamic Drude model for arbitrary
shaped nano-plasmonic structures using Bdélec finite elements

Kirankumar R. Hiremath Lin ZschiedricR, Sven Burger?, Frank Schmidt
LComputational Nanooptics Group, Konrad-Zuse-Zentrimriformationstechnik Berlin, Germany
2JCMwave GmbH, Berlin, Germany
hiremath@zib.de

The dispersive material properties of plasmonic strustane usually described by the Drude
model and the Lorentz model. These material models takeartount spatiallpurely localinterac-
tions between electrons and the light. Recent investigati@mve shown that these local models are
inadequate as the size of the plasmonic scatterers becowte smaller than the wavelength of the
incident light [1, 2]. To overcome this, a sophisticatezhlocalmaterial model is required, such as
the hydrodynamic model of the electron gas [3].

The hydrodynamic model is formulated by coupling macrogcaxwell’s equations with the
equations of motion of the electron gas. This gives rise tydrddynamic polarization current.
Considering only the kinetic energy of the free electrongiglds the nonlocal hydrodynamic Drude
model, which is given in frequency domain by a coupled systésguations

V x 15 (V x E(r,w)) — w?otioe(r,w)E(r,w) = iwdup(r,w), 1)
B*V(V - Jup(r,w)) + w(w +i7)Jup(r,w) = iwwleE(rw), 2)

where E is the electric field Jyp is the hydrodynamic current;,. is the relative permittivity due
to the local-responsé? is a term proportional to the Fermi velocity,is the damping constant, and
w2 = ;;;0 is the plasma frequency of the free electron gas.

Nonlocal material response distinctively changes thecapgiroperties of nano-plasmonic scatter-
ers and waveguides, e.g. as shown in the accompanying figueegylindrical nanowires nonlocality
generates characteristic resonanoesy) beyondhe plasma frequency(w, > 1).

Recent works encountered difficulties in dealing with thedeplar operator in Eq. (2). Therefore,
in these studies the model has been simplified with the ced-hydrodynamic current approxima-
tion [4], which causes spurious resonances, e.g. resosafcglindrical nanowires fow/w, < 1.

In this work we present a rigorous weak formula- 1
tion of Egs. (1)-(2) in the Sobolev spacBgcurl)

for the electric field and?(div) for the hydrody-

namic current, which directly leads to a consistent
discretization based on&delec’s finite element
spaces [5]. Comparisons with Mie theory results o
agree well (see the figure.). We also demonstrat c,,o
the capability of the method to handle any arbitrar- < sl
ily shaped scatterer.
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Angularly robust resonant reflection by grating-induced mode coalescence

Alexandre V. Tishchenko and Olivier Parriaux
Hubert Curien Laboratory UMR CNRS 5516, University of Lyon at Saint-Etienne, France
par riaux@univ-st-etienne.fr

A very high index contrast dual-mode slab waveguide having a deep corrugation at both sides exhibits under
normal incidence awide angular spectrum resonant reflection compatible with LED beams.

I ntroduction

Resonant (or abnormal) reflection has so far been used for the processing of narrowband, spatially
coherent beams [1]. Special waveguide grating structures have been designed to keep a narrow
reflection peak with a dightly focused beam [2,3] but no resonant reflection element has been
proposed that can process a LED beam of wide wavelength and angular spectra: there is aways
around normal incidence a reflection peak splitting spoiling the transmission/reflection contrast. We
show here that mode coalescence in a dual-mode slab waveguide caused by a deep two-side
corrugation endows resonant reflection with a property of high angular robustness.

Results

The theoretically smulated grating waveguide structure is a slab waveguide of amorphous Silicon
(aSi, 3.7 index) deposited on afused quartz substrate with air overlay. The substrate is sinusoidally
undulated, the a-Si-air interface also, conformally. The waveguide thickness is just above the cutoff
thickness of the TE; mode at the wavelength of interest A = 850 nm. An interesting numerical
experiment is to scan the grating period at constant wavelength and waveguide thickness under
normal incidence with the undulation depth as a parameter. The left figure reveals that the effective
index of the TEyand TE; modes, which are well separated at shallow grating depth, each exhibiting
its narrow reflection peak, merge with increasing depth. Taking now the period corresponding to
the excitation of the coalesced mode (380 nm) and the corresponding grating depth (135 nm) gives
the spectrum of the right figure with the incidence angle as a parameter and demonstrates that the
angular acceptance is in the form of a wide plateau (the peak splitting has disappeared), and is as
wide as 15 degrees without notable alteration of the reflection spectrum. Thus, abnormal reflection
is now available to process low coherence beams in the red, near-IR thanks to the existence of the
highly transparent PECVD a-Si of solar cells.

The presentation will give a phenomenological understanding of the effect and confirm it on the
basis of an analytical Rayleigh approximation.

Incidence

135 nm 100%' angle 0°

100% '3

[
=3
2

80% 7

[=2)
2
2

60% 7

Reflection
Reflection

~
o
Bl

Period 380 nm
a-Si thickness 135 nm
Grating depth 135 nm

40% 3

N
]
2

20% 3

=]

~
o
o
«Q
(=1
(=]

200 300 400 500 600 200 1000 1100
Period {nm) Wavelength {(nm)

References

[1] G. A. Golubenko et al., Sov. J. Quantum Electron. 15(7), 886-887 (1985).
[2] E. Bonnet et al., Opt. & Quant. Electron., 35, 1025-1036 (2003)
[3] F Lemarchand and A. Sentenac, Opt. Lett. 23, 1149-1151 (1998).



Modeling reflectionsinduced by waveguide transitions

D. Melati, F. Morichetti, and A. Melloni
Dipartimento di Elettronica e Informazone, Politecnico di Milano, via G. Colombo 81, 20133 Milano, Italy
melloni @el et.polimi.it

A simple and fast model to describe reflection et by lumped waveguides discontinuities is
presented. Model is applied to fabricated strustuemd compared with measurements and
electromagnetic simulations.

Summary
Interfaces between different optical waveguidesegatie undesired reflection
which may result in detrimental effects and detation of the circuit
performances. In this work we propose a fast nurakmodel to quantify th
reflection coefficient induced by sharp variatiafsthe waveguide geometr
The model is based on the Fresnel reflection cwmefft, holds for straigh .
waveguides and for a discontinuity plane orthogotwmlthe propagation ‘o ! e
direction. It is assumed that the field at the riisiee between waveguide g 1. picwre of the
(incoming) and 2 (outgoing) can be approximatedhwite mode of the transition. Red arrow
waveguide 1. Exploiting a perturbative approach pinase effective indexpointsoutthe
L . . . . considered reflection.
Nyt o0 At the beginning of waveguide 2, as seen from waidedl, is given by

1
1 interface
1~

[ 220y 02000) + kENZxYox)Jixdy (27r J "
Jotxy)oixy)ay po

whereg; is the mode of the incoming waveguide amds the -4 ;

index profile of the outgoing waveguide. The refiec  -4sp | # Measurements

coefficient is then defined a8 = (Ny; = Ny 1) )/ (Ngry + Negr 1)) 48 s | Proposed model
@ _ |~ Tv~._ @ [Z7"EME simulation

with n, the effective index of the mode of the first waviegu = ™ T

The proposed model has been applied to the transsiction 5'52 . .

shown in fig. 1, realized in InP technology (airntoed Ch f:

waveguide with core-substrate index contrast o%6).7At the . 1 0 t

transition, etch depth is abruptly changed from B8@0to 1.7 ¥ ' 5 BN

um and various transition sections are designedgihg the > "~ . &
waveguide width from 5.2 um to 6.2 pm. Reflectiamduced Transition Width [um]

by these discontinuities have been also measuredgh OFDR  £ig 5. refiection of waveguide transition
technique setup [1]. Fig. 2 shows the agreementvdmet for different widths measurements
experimental results (diamonds) and the describedein(blue gﬂ;ﬁgn‘ffgé aﬁéogiﬂﬂgnﬁ;?‘m (t(’::g
dashed line), the latter predicting both the reitec decrease

versus waveguide width and the absolute valueaptiwer reflection. Electromagnetic simulations
based on Eigenmode Expansion method [2] were peeor(red dashed line) and results are in
good accordance with measurements and with proposedel. While direct electromagnetic
simulations take about one hour per data pointdéseribed model requires only some minutes to

compute the modes and to evaluaig,,, by eq. (1), with a great saving in time and resesr
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We propose a design strategy for WDM filters in BCB-embedded Photonic Crystal membranes which
overcomes the issues related to the weaker vertical optical confinement introduced by the cladding material.

Introduction

Photonic Crystals (PhCs) are increasingly used for the realization of compact optical components.
Among different possible PhC structures, two-dimensional PhC (2D-PhC) slabs have attracted great
attention for their relatively easy fabrication. These devices confine the light on the propagation
plane through the Photonic Band Gap (PBG) effect. The vertical confinement, on the contrary, is
provided by the large refractive index contrast between the slab and the cladding, and is maximized
by realizing suspended vertical PhC membranes in air [1]. Unfortunately, this solution lacks of
mechanical robustness and a supporting material in one or both sides of the membrane is often
introduced, although the well-known issues (decrease of the quality factor Q, losses due to vertical
radiation, reduced transmission bandwidth for PhC waveguides, etc.) related to the weaker vertical
optical confinement. In this work we propose a design procedure for WDM filters on BCB-bonded
PhC membranes realized on quaternary semiconductor materials.

Results

The first step of the proposed approach is the optimization of the PhC membrane parameters (period
a, thickness h, radius of the holes r). As the filter is intended to be used in a WDM system, high Q
and wide free spectral range (FSR) are desirable, to guarantee a channel separation which fits WDM
specifications. In this work Ln cavities (obtained by removing n adjacent holes from the PhC
membrane) are considered. Suitable configurations for WDM filters are L5 and L7 cavities
(respectively with 5 and 7 adjacent holes removed), which show a reasonable Qo (i.e. 30000+70000
for the symmetrically embedded PhC membrane) and a still acceptable FSR (20 nm+30 nm) [2].
Once optimized the PhC parameters, bus and drop waveguides can be properly introduced near the
resonator. Accurate tailoring of the waveguide geometry should also be considered and is the
fundamental key of the design procedure. In fact, by using a simple W1 PhC waveguide the
resulting allowed bandwidth is very small, thus preventing the possibility to transmit the complete
WDM channel frame. Wider transmission bands can be obtained by modifying the geometry of the
waveguide. Other optimizations involve prevention of unacceptable losses for the waveguide
propagation (i.e. irradiation into the cladding for frequencies above the light cone and scattering for
frequencies in slow-light propagation regime) and identification of the most suitable coupling
conditions with the cavity. Results will be presented and discussed.

The authors acknowledge EC funding under Copernicus Project.
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In numerical simulations of photonic crystal (PhC) devices, artificial boundary conditions are needed
to terminate the PhC waveguides which serve as the input and output ports. The rigorous boundary
condition is nonlocal. A local boundary condition is formulated and illustrated by examples.

Introduction

A PhC device is often connected by a few PhC waveguides that serve as the input and output ports.
Numerical simulations for such a device require artificial boundary conditions to terminate the PhC
waveguides. A rigorous boundary condition for terminating a PhC waveguide is available [1]. It it is
a nonlocal condition that connects the wave field at different points on a line or plane (for 2D or 3D
structures, respectively) perpendicular to the waveguide axis. For pure 2D structures, the nonlocal
boundary condition is still very efficient, but for 3D structures, it becomes too expensive to use. In
the following, we develop a simple local boundary condition.

Consider a semi-infinite PhC waveguide given in = < xg, where the waveguide axis is parallel to
the x axis. Let qﬁf(w, y)e1® and ¢, (, y)e i 1 <[ <1,, be the incoming and outgoing propagating
Bloch modes of the waveguide, where [, is the total number of propagating modes and [; is real.
If the line © = xq is sufficiently far away from the center of the device, the evanescent modes in
the waveguide can be ignored, then the wave field in the waveguide can be approximated by u =
u® + Zf;l b, (z,y)e” ™ where b for | = 1, 2, .. I, are the unknown coefficients and u® may
consist of only one incoming mode. A local boundary condition can be derived by eliminating the
unknown coefficients. Let the period of the PhC waveguide be a and let Hé*:l(l — &Py =14 B¢+
By€% + ... + By €, then the local boundary condition is

uo + Biuy + -+ By, = ul) + Bl + -« 4+ Bl

L.
where z; = zg + la, w; = u(zy,y) and ul(i) = u(zy,y).

Results

Consider a 90° bend in a square-lattice PhC similar to the one studied in [2], but the dielectric constant
and the radius of the rods are € = 10 and r = 0.375a, where a is the lattice constant. For frequency
wa/2mc = 0.785, there are two propagating modes in the waveguide. Let the computational domain
be a square with m x m unit cells, and N be the number of sampling points on each edge of the unit
cells. With the nonlocal boundary condition of [1], we obtain a transmission coefficient T' = 0.546 for
m = 11 and N = 13. For the same N and local boundary condition, we have T = 0.535, 0.543 and
0.546 for m = 11, 13 and 15, respectively. Therefore, we can obtain reasonably accurate solutions
using the local boundary condition, if we increase the computational domain by a few lattice constants
in each direction.
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I ntroduction

Although rigorous computation necessary for detiagenulations of wave interactions with plasmonic /
metamaterial structures is already quite easilyieaale on fast computers with optimized numerical
methods nowadays, the appliance of meaningful (yareytical models provides much more physical
insight, with respect to applications. This worldedicated to the analytical approach able to mefiettive
(negative index) properties in metamaterial stmguthe motivation towards these studies beingun
parallel experimental activities aiming towardsusture realization, mainly based on either seleéagsy or
biomimetic techniques, oriented into such applaratireas as surface-plasmon resonance biosenglfgy an
surface-enhanced Raman spectroscopies.

Analytical model of metamaterial structures

Based on our previous experience with simpler sydasmonic structures [1], we have recently applied
inspired with [2], the intuitive wave-contributicdlechnique to achieve and understand the mecharfism o
more complex behavior of negative effective refractindex in fishnet metamaterial structures, i.e.
multilayer metal-insulator-metal structures wittripdic vertical nanohole arrays [3,4]. While dengithe
model, the original assumption, applicable in ppumhsmonic structures, allowing the energy to pggie
only in the vertical direction of aperture orieindat, had to be generalized since such a struatsceacts as

a plasmonic waveguide in the horizontal directiBy.coupling all the wave contributions and applythe
periodicity conditions for the plasmonic field antpties in the perpendicular direction, the releviaeit
amplitudes of the Bloch modes have been found tddpendent on the plasmonic diffracted field via on
scattering coefficient only. Additionally, the pedicity condition for the field amplitudes of thelagh
modes, obtained in such a way, already containgffeetive negative-index information. Thus, insthway,

we have been able to achieve the complex dispeesjoation which solution provides the required clexp
refractive index. Since the appropriate scattecoefficients cannot be simply evaluated with thalwical
approach, we have also used both our in-housaegftionplementations of the Fourier modal methods (
periodic 2D rigorous coupled-wave analysis - RCWapériodic 3D aRCWA) as well as 3D Meep FDTD
engine to calculate the respective field amplitudesl phases. Naturally, these techniques have been
simultaneously applied for comparison of the appnaxe results of t(r)\e negative refractive index, too

2 4 T
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period

\ ! 5
v 0.5 . \ 1 :
&
z

. .. 03
— 5 o : . e SN ,
) . \‘ : . ,‘ 3
} 0.5 . \ - e
SERY 7 SN
f -1 et 2 01 PN 2
' -l 7 . e .
L 1
f 15 3 0

Real n,
Imaginary nq.,

f f
/ /
f f
f /

1.2 14 1.6 1.8 2 1.2 14 1.6 1.8 2
transmission region A [um] A [um]
a) b) c)

Fig. a) Schematic picture of fishnet metamaterial stmecand the spectral dependences of b) the reaapd c) the imaginary

part of effective refractive indices; comparisorREWA and analytical model calculations.
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Optical forces on microparticles (1-6um diametre) have been calculated with Comsol Multiphysics.
Different waveguide structures and microparticles have been studied. Conditions for stable trapping have
been found. The numerical model will be described.

Introduction

The evanescent field of an optical waveguide can be used to trap micro- and nanoparticles [1]. On a
straight waveguide, particles are propelled along the waveguide and attracted towards the centre of
the waveguide surface. Different three-dimensional models have been implemented in Comsol
Multiphysics, which uses the finite element method to calculate the field distributions. Integrating
Maxwell’s stress tensor over a particle’s surface gives the optical force on the particle.

Results

For microspheres, the optical forces increase monotonically with the diametre for the sizes
considered, which do not exhibit whispering gallery modes. We have also studied hollow glass
spheres [2]. These can be trapped or repelled depending on the thickness of the shell. Both
experimental trapping and simulating the forces on red blood cells is challenging because the
refractive index of the cells is close to that of the surrounding media (water) and the cells are rather
large (8wm diametre). We have studied the forces as function of the refractive index for smaller
spheres (2 wum diametre) as this is simpler than for a full size cell. As the cells are elastic, they deform
due to the optical pressure. We will present some initial results on deformation.

If the waveguide is terminated abruptly, light will diverge strongly out from the waveguide end (Fig.
1). We have found that this divergence is sufficiently large to trap small polystyrene spheres (1 um
diametre) about 1 um from the end of the waveguide, while larger spheres (5 um diametre) are
pushed away. Two opposing waveguide ends give two counter-propagating fields that induce
interference in the gap between the waveguide ends. The interference pattern can trap both small and
larger spheres at several locations.

The finite element method is a powerful tool, but requires large amounts of memory for three-
dimensional models. Optimization of the mesh is important to balance accuracy and memory use.
The models have been run on a computer cluster, mostly using 64 processors and 128 GB RAM.
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Targeting at the efficiency enhancement of Si solar cells effects of different geometries of particles and
arrays consisting thereof residing at particular positions within the layer stack are investigated.

Introduction

Light-trapping effects are well suited to enhance the absorption efficiency of optically thin Si-layers,
relying on either regularly [1] or randomly textured interfaces [2]. Due to the internal interplay of
the impinging electromagnetic field and local charge oscillations metallic nano-structures can act as
highly efficient scatterers. This way, plasmonics may improve absorption in solar cells, [3],
although losses in the metal can be detrimental. In this contribution solar cell structures including
nano-particle arrays embedded in the plane layer structure, Fig.1 a), as well as structures with
reflection grating back contacts with quasi-conformal layer growth on top, Fig. 1 b), are analyzed.

Fig.1: sketch of geometries under consideration
a) metallic nano-particle situated in the a-Si layer, quarter unit cell

shown
b) textured substrate covered with metallic reflector and
EnSas subsequent layer stack of a pc-Si cell
a) b)
Results

Detailed numerical investigations of the different solar cell structures are performed on the basis of
a rigorous fully 3-D finite element based Maxwell solver [4]. Variations of particle shape, size,
position within the layer stack, and array period allow identifying configurations with increased
absorption efficiency. This enhanced absorption is the result of a fairly complex interplay of
reflection and transmission, guided modes and grating resonances. For the a-Si cell type efficiency
enhancements up to 20% compared to a planar solar cell can be estimated. Furthermore, for the
structured back reflector configuration an enhancement compared to conventional random texture
light trapping is predicted, which could be experimentally approved, effectively, [5].

Support of this work by the German Federal Ministry of Education and Research (BMBF) within
the project SunPlas (FKZ 03SF0354-B and -D) is gratefully acknowledged.
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Introduction

The efficient interrogation of optical sensors by thermo-optic fast tunable filters with multiple
partially reflected slanted mirrors in SOl waveguide structure has been studied by 2D FDTD and
FEM. The 1 cm long device provides 1 pm wavelength resolution and 1 ms scanning over 40 nm
range at 1550 nm.

Results

This paper proposes the interrogation of optical sensors by novel thermo-optic fast tunable filters
with multiple partially reflected slanted mirrors in silicon-on-insulator (SOI) technology [1]. The
tunable filter is used both for tunable band selection of broadband light source for interrogating the
optical sensors, as well as for precise detection of interrogation optical wavelength [2]. New
interrogator design is numerically studied for a compact structure by 2D FDTD and FEM. Here the
optical sensor is modeled as a vertical Fabry-Perot (FP) filter (see ellipse in the left corner of Fig. 1),
constituted by two strong parallel mirrors, with an additional 45° partial reflector [2]. This compact
1 cm device on SOI could provide sensor interrogation within the full 40 nm band (around 1550
nm) with 1 ms readout time, one per second speed and average heating power less than 16 mW.

The authors thank Company RSoft Design Group, Inc. and Company Comsol Inc. for providing
commercial software for FDTD and FEM simulations.
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Fig.1. Nove interrogator on SOI structure and optical propagation through FP sensor and multi-reflector
interrogator on SOI with 16 partial reflectors. 2D FDTD simulation. Numbers indicate power monitors.
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A Multiscale Finite Element Method (MSFEM) for high frequency wave propagation in Photonic
Crystals (PhC) structures will be presented [1].

The MSFEM uses two-scale basis functions inside the PhC. As micro functions we use Bloch
modes, which are computed as FEM solutions for a fully periodic PhC [7]. The macro functions are
piecewise polynomials of degree p™* which are supported over many periods of the crystal. We will
numerically show that such a multiscale basis is very efficient as only a constant number of these
functions are needed to simulate arbitrary large, finite PhCs with a constant L,-error. In contrast, for
standard discretisation schemes like FD, PWM, h- or p-FEM more and more basis functions are
required when the number of scatterers increases inside the computational domain. We will explain
how to use this multiscale basis to construct a conforming FEM which is coupled to a discretisation
of the exterior domain. In particular, we will show how to numerically integrate the highly
oscillatory two-scale functions with constant computational effort. We will verify the properties of
the MSFEM by numerical experiments for PhC bands (see figure), an infinite band of locally-
periodic dielectric scatterers in 2D.
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Using binary and sinusoidal photonic crystals as an example, it is shown how to construct two independent
Floquet-Bloch waves for TM-polarized light in a lossless 1D periodic structure. Particular attention is given
to those special cases where only one Bloch wave develops inside the structure.

Introduction

Physical problems involving periodic variations often reduce to Hill’s equation
2

I a0, al)=alra), (1)
yA
where a(z) is a piecewise continuous, periodic, real or complex valued function of the real variable
z. First introduced by Hill in 1877, this equation has appeared in many applications, including the
propagation of electrons in crystals and semiconductor superlattices and the propagation of optic
waves in photonic crystals. There is always one non-trivial particular solution F(z) of Eq. (1),

called a Floquet-Bloch wave, which satisfies the relation F,(z+d)=p,F,(z), where p, is a non-

zero, generally complex, constant. A second linearly independent particular solution constitutes
either a second Floquet-Bloch wave, F,(z+d)=p, F,(z) or a certain function G(z), with the

property G (z+d)=p,G(z)+ p,dF(z).

Results

In the recent paper [1], we showed in a transparent manner how to build Floquet-Bloch waves for
TE-polarized light in lossless 1D binary photonic crystals for different bands of the frequency
domain. Special attention was given to cases where the function G (z) replaces one of the two
Bloch waves. The purpose of this paper is to extend the results to TM-polarized light. As in Ref.
[1], we use a binary photonic crystal as an example. However, we supplement that by constructing
Bloch waves in a sinusoidal photonic crystal (rugate filter) as well. The TM case differs from TE in
several ways. For a 1D photonic crystal with a real valued (no absorption) periodic refractive index,
stratified in the z direction Maxwell's equations, in the case of TE polarized light of frequency w
reduce to Eq. (1) with a(z) taking the form

a(z)=k’n*(z)- B2, n(z+d)=n(z), k=w/c=2n/2, (2)
where g is the (constant) x component of the wave vector of modulus % 7 (z) inside the medium
and f(z) stands for the electric field E(z). In the case of TM polarized light we end up with the
equation for the magnetic field H(z) involving a first derivative term

—dzH(Z)+[k2n2(z)—,3Z]H(Z)—ﬁd’;(zz)d_H:0’ n(z)=n(z+d). 3)

dz’ dz
That may lead to new features to be taken into consideration when constructing the Bloch waves
and/or the function G (z).
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A new high order boundary integral equation (BIE) mode solver is developed for photonic crystal fibers
with smooth interfaces. It solves only two functions on the interfaces. Numerical results indicate that
the new BIE method achieves exponential convergence and extremely high accuracy.

Summary

Boundary integral equation (BIE) methods are suitable for analyzing photonic crystal fibers
(PCFs), since they formulate eigenvalue problems only on the interfaces and are capable of
computing leaky modes accurately. Existing high order BIE methods [1] give rise to F(8)¢ = 0,
where the matrix F' depends on 8 and ¢ represents four functions on the material interfaces.
We develop an efficient high order BIE method that solves two functions on the interfaces.
This implies that we can get the same level of accuracy with the size of F'(f) reduced by one
half, leading to a significant reduction in the required computing time. The key step is to use
the kernel-splitting technique for discretizing the hyper-singular boundary integral operators
2]. By computing the relations between {£,, H,} and {H,, H,} on the material interfaces, we
establish the equation F'(5)¢ = 0 where ¢ represents {H,, H,}. As an example, we calculate
the fundamental mode for the PCF shown in Fig. 1. Numerical results for A = 1.51um are

Fig. 1. Hollow core PCF with five rings of circular holes: the pitch is I' = 2.74um, the hole
diameter is d = 0.95I" and the core diameter is d. = 2.5d.

listed in the following table, where N is the size of F(/3). For comparison, Pone et al [1] gives

Np B/ko

8360 | 0.984516001097 + 3.41090E—8&:
12240 | 0.984516000835 + 3.41133E—&:
14640 | 0.984516000835 + 3.41147E—8:

B/ko = 0.9845159974195 + 3.43472E—8i for Ny = 12544.
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We use our earlier-developed analytical field model for the mode of index guided photonic crystal fibers to
obtain various mode field diameters (MFDs) and examine the procedures for obtaining these experimentally.

Introduction

Mode field diameter (MFD) in an important parameter to characterize an optical fiber and has been
used extensively for conventional fibers [1]. The same concepts have been extended to index
guided photinc crystal fiber (PCFs); however, due to the non-Gaussian nature of the field and due to
the non-circular symmetry of the field, a simple extension of these definitions has limited
applicability. Using our earlier developed analytical field model [2], we have examined various
methods and procedures to obtain MFDs. We present some results here.

Results

Typically, one defined three MFDs: Petermann-I, Petermann-1l and the Gaussian. Difference
between Petermann-1 and Petermann-11 MFDs shows the deviation of the field from the Gaussian
nature and in most cases, the field of PCFs is non-Gaussian. Experimentally, however, most
methods are based on the assumption of Gaussian variation of the field. For example, by scanning
the near-field intensity along a diameter and by fitting a Gaussian in the obtained scanned values,
MFD is obtained [3]. However, in this procedure, it is important to choose the diameter carefully as
the MFD obtained could vary significantly with this choice as the field (and intensity) has
significant azimuthal variation. Our field model [2] takes into account this variation well. Using this
model, we have obtained various MFDs for LMA-8 and LMA-11 fibers [3] The results are glven in
Fig. 1. These results show that 10 -

experimental procedure, discussed % |otmmomeeeeeee ‘L]\'nh".'{{ ------------------------------------------------
. - — 9_ |
above, can result in very different & "o ey o ¥ +
MFDs, if the scan axis (¢=0, 2 o * * * * * * %
1
¢ =x/6, or any angle in between) is £ ----remrenee A e S—
not chosen properly. The results § 7; T O; o T
further show that Gaussian (¢=0) Q ]
T 6 . 1
and Peterman-l are close to the @ Experimental
imental Its while Gaussian % + Petermann-| spot size
eXperimental resu g S ¥ Petermann-ll spot size 7
(¢=x/6) and Petermann-1l are S --- Gaussian fitted (¢ = n/6)
. g . . L G ian fitted (¢ = 0 i
significantly different. This shows = 4 ausstan fitted (¢ =0)
that the experimental results of [3] o4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
were obtained by scanning close to Wavelength (um) —

¢ =0 axis and that is what should be  Fia. 1 Mode Field Diameter of PCFs as a function of wavelenath

done in an experiment to obtain the estimate of Petermann-1 MFD. Further work is in progress to
examine other experimental procedures.
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A finite element formulation is developed to analyze anisotropic planar optical waveguides with an arbitrary
permittivity tensor, such as those containing liquid crystals with arbitrary optic-axis orientation. One goal is
to correctly determine the possible leakage losses of leaky modes.

Introduction

The simple planar optical waveguide, when composed of anisotropic slabs such as the birefringent
LiNbO3 and LiTaO3 crystals, may possess complicated modal characteristics. For symmetric slab
optical waveguides made of such crystalline media with the optic-axis orientations varying in the
coplanar plane (¢ = 90° and 6 varying in Fig. 1(a)), the eigenvalue equation was derived
analytically in [1] for solving the modal propagation constant. Due to the general optic-axis
direction, the TE and TM modes can couple with each other and the guided mode can couple to the
radiating plane waves in the substrate, suffering leakage losses. The loss coefficient of such leaky
mode versus the orientation angle of the optic axis as obtained from the imaginary part of the modal
propagation constant was presented in [1]. In this paper, we develop a numerical eigenmode solver
based on the finite element formulation for anisotropic planar optical waveguides with more general
situations, i.e., the optic-axis orientation varying not only in certain planes but in an arbitrary
manner. Waveguide layer containing liquid crystals or formed by liquid crystals is such example
when their molecular directors can be freely controlled. Correct calculation of the complex modal
propagation constant and thus the leakage loss is one of the main goals.

Results

A quadratic eigenvalue problem is formulated based on the finite element method (FEM) and
solved using the shift-and-invert Arnoldi method. The anisotropic perfectly matched layers (PMLS)
[2] are incorporated into the formulation to facilitate the computation of the complex modal
propagation constant of the leaky mode. Agreement with the analytical analysis results for the
leakage losses in [1] (¢ = 90°) has been obtained as shown in Fig. 1(b) for the TE fundamental
mode, and we are able to provide results for the more general cases involving arbitrary optic-axis
orientations. One important finding is that the thickness of the PML needs to be carefully designed,
possibly much larger than that conventionally used, to obtain correct leakage-loss values.
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Properties of surface wave propagation along a longitudinally ribbed waveguide are examined in regards to the

different geometrical parameters. A comparison between distinct frequency ranges is to be undertaken and the

effect on both the transmittance and field reach are to be examined accordingly.

Introduction

Ribbed waveguides, as seen in Figure 1, are es-
tablished structures in microwave technology. In
the following the behavior of such structures is to
be examined and compared over 3 distinct wave-
length regions. Firstly the microwave domain
around Ag = 750 mm, secondly the terahertz do-
main around Ag = 750 ym, where wave guiding is
made possible by the inductive wave impedance
of a ribbed surface and thirdly optical plasmon
waves at A\g = 750nm. It is of particular inter-
est to see whether the influence of the geometry
scales over the different frequency domains. Also
the effect on wave attenuation and field reach into

Figure 1: Ribbed plasmonic waveguide, gold II in

dielectric I (e = 4).

the surrounding dielectric media is to be examined. Especially in plasmonics it is usually the case
that field reach and attenuation are inversely correlated, i.e. low attenuation usually coincides with
large field reach. One possibility to reduce the dissipative losses could be to reduce the amount of
metal in the core this can be achieved by ribbing the waveguide. The numerical results are computed
with the Method of Lines [1], an eigenvalue method for partial differential equations. The metric by

which the wave guiding performance is judged is the figure of merit FoM = —5, where 7 =

I(A)

1(0)

is the

transmittance over one period A and o2 the variance as gauge for the field reach of the transmitted

Floquet mode.
Results

The different geometrical parameters are varied
within certain bounds and their effect on the fig-
ure of merit examined and compared between
the three frequency domains. As example a plot
showing the dependencies on distance between
two ribs is shown on the right in Figure 2. Dif-
ferent effects are visible for one the clear distinc-
tion between the curves for the lower frequency
domains compared to the optical domain. Also a
clear dip for the different parameters at a value of
roughly L; = 85nm caused by resonance effects
between the propagated wave and the geometry.
Further results and interpretations are to be dis-
cussed.
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We present the results of simulation of reflections in a tilted fiber Bragg grating and in a volume Bragg
grating obtained using our finite difference split step nonparaxial (FDSSNP) propagation method.

Introduction and Results

Numerical modeling of reflection requires methods, which can model both the forward and
backward propagating fields. Methods like the finite difference time domain (FDTD) method are
computationally very extensive. On the other hand the beam propagation method (BPM) is
inherently unidirectional, although can be made bidirectional iteratively [1]. Recently we have
developed a finite difference based split-step nonparaxial (FDSSNP) method, which is bidirectional
and can be used for treating reflections efficiently [2]. In this method, the second order scalar wave
equation is solved directly. Both the forward and backward propagating fields are present in the
solution. The forward and backward fields at )
any plane can be obtained from the total M | | | o
field and its z-derivative using the following il ol
relation, of b1 ||
z 1 iyst z i &l
{%( )}: S {l//'( )} )
v (@] | i fst|v'(2)

where S, is a matrix representation of the
operator 8%/ox? +kZn*(x,z) . We present  °° )
‘

o
®
:

[=]
N
\

4
)
T

Reflectivity
o
o

°©
»

here simulations of a tilted fiber Bragg
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shows the spectrum of a TFBG, as expected .

the reflectivity decreases with increasing tilt Fig.1: Spectrum of a TFBG

angle. In Fig.2, the spectrum of a VBG is ' e

plotted for different incident Gaussian beam / ;’;— ) et
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In order to improve accuracy and efficiency of numerical simulations of bent waveguides and ring
microresonators we implemented the conformal transformation of coordinates into the Fourier modal method
based on fast Fourier transformation. Principles of the method and some examples will be presented.

Introduction

Integrated photonic circuits (IPC) are commonly used in photonic signal processing. For simulation
and design of high-contrast devices in which back-reflections have to be properly taken into account,
Fourier modal methods (FMM) [1, 2] are often used since they possess both numerical efficiency
and good physical insight simultaneously.

Method

In order to improve accuracy and efficiency of numerical simulations of bent waveguides and ring
microresonators we implemented the conformal transformation of coordinates [3] into the Fourier
modal method for the first time. This conformal transformation helps define a new computational
domain in which the circularly bent waveguide is transformed into a rectangle. Then, “standard”
FMM with perfectly matched layer (PML) absorbent boundary conditions is used to simulate wave
propagation and attenuation. This approach is especially advantageous for the simulation of bent
segmented and/or subwavelength grating waveguide structures.

Results

The method has been implemented to validate this proposal. We compared [Figure 1.a)] the
propagation constants and radiation losses of eigenmodes of a curved waveguide obtained using
two different approaches: the method proposed here and the commercial simulator “Fimmwave”.
Results are almost coincident. Figure 1.b) shows the field propagation in the curved waveguide.
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Figure 1. a) Modal effective index and losses of a curved waveguide of central radius R. b) Real part of the electrical
field. Waveguide width: 400nm. Core refractive index: 1.5. Cladding refractive index: 1. Light wavelength: 1.55um.
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Three dimensional (3D) aperiodic rigorous couplexavanalysis (aRCWA) technique, together with the 3
bi-directional mode expansion and propagation metREX3), have been developed and applied as the
efficient and robust frequency-domain simulatiorol$o for modeling both modal and propagation
characteristics of 3D subwavelength waveguiding/asrdplasmonic nanostructures.

I ntroduction

Today, as subwavelength-structured photonic anplamonic nanostructures are emerging as a class of
very promising and versatile structures for vari@plications, in devices such as filters, switches
modulators, sensors, or lasers, in both passiveaatide regimes, there is a need for new theotetica
exploitations of numerical methods and modelingvais in connection towards their direct applioatto
realistic 3D geometries and problems. We have deeel (FNSPE) the efficient 3D aperiodic Fourier alod
method (aRCWA) [1], based on the 2D periodic gaatitgorithm RCWA, using the expansion of field and
permittivity and permeability components into comypkxponentials. A similar method (denoted as BEX3)
has been developed at IPE, too, based on the 2ibagpdeveloped earlier. It differs from aRCWA niyin

in the application of trigonometrisin and cos functions instead of complex exponentials. Complex
transformations of both transversal coordinatesuaesl as PML in both methods, aRCWA is also equippe
with adaptive spatial resolution algorithm [2], antdization of structural symmetries.

Results

Recently, we have applied our in-house 3D aRCWAhoeto number of challenging simulation problems,
including a novel type of segmented subwavelenggiitgg (SWG) waveguide ([3,4], see Fig), proposed
recently, various plasmonic nanostructures (e.gSTMP0803 modeling task of long-range plasmonic
waveguide, dielectric-loaded surface plasmon-pilariSPP) waveguide [5]), as well as recent COST
MPO0702 modeling task of higlp photonic crystal nanocavities [6]. Further, a cangon of our two
methods, together with several other examples lagid tutual comparison will be discussed.
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We present a new implementation of a bidirectiagénmode propagation algorithm for simulation Bf 3
waveguide structures. The eigenmodes are seardiiegl & finite-difference or finite-element modesolv
The technique is applied to the modeling of higlhanocavity with 1D photonic gap.

Introduction

Simulation of photonic nanostructures is of fundatakimportance in the analysis and design of
new devices. Among various computational techniguke modal methods, such as the
bidirectional eigenmode propagation [1] (BEP, dsown as the mode matching method), have
been proven to provide reliable results withoutessive demand for hardware resources. A key
part of any modal technique is a fast and reliablgine for finding of sufficiently large number of
eigenmodes. That is why the techniques have beemymased for simulation of structures with
analytical modal solutions (e.g. 2D devices comgdaselD multilayer waveguides). Recently, the
full-vector BEP technique for 3D structures has rbeleveloped [2]; eigenmodes have been
calculated using the finite-difference techniqube Bim of this work is to extend this approach and
present our own research on a 3D BEP.

Results

We use two different full-vector techniques foratdating of eigenmodes: a finite-difference (FD)
modesolver WGMODES [3] and a finite-element (FEEht@que implemented within the COMSOL
Multiphysics environment. The propagation technidoikows the standard formulation, see e.g.
[2,4]. Note, that the algorithm employs numericalgble scattering matrices, which are determined
from overlap integrals of modal fields. We will pent convergence properties and compare various
ways for obtaining the scattering matrices. Irtipatar, we will discuss a non-orthogonality error,
which arises as a consequence of discrete repatieentf the modal fields.

To demonstrate the technique we will present sitiariaof a numerically challenging structure,
high-Q nanocavity with 1D photonic gap. The structurejolnhwas inspired with [5], consists of a
size-modulated 1D stack cavity coupled with the @gaude. Results indicate that the developed
technique is able to provide important charactegsif 3D devices with relatively small effort.
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Introduction

Efficient silicon wire waveguide crossing by means of vertical coupling of tapered Si wire with
upper SU-8 polymer wide strip waveguide through a silica buffer had been studied by 3D FDTD. It
provides 98% and 99.9% efficiency for through and cross pass, respectively, and crosstalk -70 dB.
Results

The proposed structure of adiabatic three layer cross coupler [1] contains two Si wire waveguide
with two contra directed inverse tapers on buried oxide (BOX) silicon substrate which are separated
by small distance Ly =3 pum from the taper ends (see Fig.1). The spacing between waveguides
contains similar Si wire intersecting waveguide in cross direction (X). The tapered waveguides are
covered through spin-on flowable oxide (FOX) buffer and by upper single mode SU-8 polymer strip
waveguide (with refractive index N,=1.56) which is situated just under through pass Si wire (along
Z) at distance Wy from it. We examine and optimize by 3D FDTD the power transmittance from
one to another Si wire waveguides. Result of typical 3D finite difference time domain (FDTD)
simulation is presented on Fig.1 [1]. It shows that by means of Si wire tapers the optical power
coupled up and down into the upper polymer waveguide, and thus passes over the crossed Si wire
waveguide. It provides negligible power reflection (-50 dB) and scattering into crossing waveguide
(-70 dB) as well as negligible loss for through pass (<0.1 dB) and cross pass (<0.002 dB).

The author thanks RSoft Design Group, Inc. for providing software for FDTD simulations.
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Fig.1. Counter map of power transmittance through adiabatic three layer cross coupler of
fundamental guided mode of Si wire waveguide. a) X-cut, b) Y-cut (due to symmetry we use half
structure, X > 0). Spacing between tips Ly =3 nm, Polymer waveguide (Pol.) width W= 1.5 nm and
height H = 1.7 mm, FOX buffer height Wy = 200 nm, parabolic taper length L =30 nmand tip d =
16 nm, Si wire waveguide width w = 450 nm and height h = 220 nm. 3D FDTD simulation.
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In this paper, a new model for thin optical features based on the Transmission Line Modeling (TLM) method
[1] isintroduced. The fine features are embedded between TLM nodes without discretization. For illustrative
purposes this model is applied to calculate the reflection coefficient of a quarter-wavelength antireflection
coating (AR).

I ntroduction

The Transmission Line Modeling (TLM) method [1] is a full wave numerical simulation method. It
usually involves discretizing the materias. For very thin optical features, a fine mesh is thus needed,
which results in longer run time and larger memory storage. Therefore, a new model embedding
thin slabs between TLM nodes, without discretization, is presented.

In this model, a one-dimensional (1D) thin slab is embedded between two TLM nodes as a section
of transmission line. The implementation of this new 1D moded starts with the admittance matrix of
the material. Known analytical expansions for cotangent and cosecant functions in the admittance
matrix are introduced to get the formulations in the frequency domain. Then an inverse Z transform
and digital filter theory are utilized to transfer the formulations to the time domain. Finally, a Fast
Fourier Transform (FFT) is taken to get the reflection coefficients of the dlab.

Results
i . By way of illustration the model is used to calculate the reflection
E 3 E cogfficients of_ a quarter-wavelength aqtireflection coating (AR).
- — > This AR coating [2] has a refractive index of 1.22 on a glass
E 4 # substrate with index 1.5, and is a quarter-wavelength thick at 1, =
a 1 n, ) 1
550nm, that is dl =2 = -20,
"_d1_"‘ ] 47_11
Fig.1 The dectric field is normal incident to a 112.71nm r AS I.n Flg':.]" -
quarter-wave slab on a glass substrate. n, = the electric field is £,
Ln, =1.22n =15.d. = 112.71nm normally incident from free

-asi

space (n,) on to the slab (n;) and then emerges into the glass

substrate (n;). Fig.2 shows the reflection coefficients results ,

obtained from our model with different orders of the s |

expansions used to approximate the cotangent and cosecant ek — s

functions. These results are compared to the analytical ones tamdainm)

obtained from a transfer matrix approach. The TLM results  Fig.2 Thereflection coefficients of the quarter-
wave dab. N isthe order of the expansions

show indistinguishable agreement with the analytical ones  approximateto the cotangent and cosecant
when higher expansion orders are used.

Reflection Coefficient{dB)
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We show that a Gaussian temporal light pulse propagating through a coaxial fiber splits into a series of
narrow pulses within the broadened Gaussian envelope due to the interference between the two excited
supermodes, which have equal and opposite group velocity dispersion(GVD) at a chosen wavelength.

Summary

Coaxial fibers (Fig.1) have been widely studied as dispersion compensating fibers considering only
the propagation of the LPy; supermode with negative dispersion [1,2]. However, we note that the
coaxial fiber supports both the LPy; and LPy, supermodes which at a certain wavelength,4,, have
the same group velocity, v, (Fig.2) and almost equal and opposite group velocity dispersion.
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Fig. 1 Index profile and supermodes of the coaxial fiber Fig. 2 Group velocity of two supermodes vs A

When the coaxial fiber is excited by Gaussian temporal pulse of the form E = E, exp —i—z)exp (wet)

with w, = 2; ° and spectral spread ~2.5nm (t, = 1ps ), from a single mode fiber identical to the rod

()

waveguide of the coaxial fiber, both supermodes are almost equally excited [3]. Due to opposite
GVD both supermodes have the same group delay for wavelengths 4, £ A4 (Fig. 2) and hence
arrive at a distance, z, at the same time. Due to interference between the supermodes, the light
coupled into an output single mode fiber consists of a series of narrow pulses within the broadened
Gaussian envelope (Fig. 3). No significant frequency chirping is seen across the envelope.

E(t)

-100 -75 -50 -25 1] 25 50 75 100
t-t, (ps)

Fig. 3a Field variation of output pulse with time Fig. 3b Intensity of output pulse at z~400m; t,=z/v,
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Whispering gallery modes (WGMs) supported by open circdielectric cavities are embedded into a 2-D hy-
brid coupled mode theory (HCMT) framework. The model enslolenvenient studies of supermode formation
in composite circuits (CROWS, photonic molecules), andefrtexcitation by straight access channels.

Summary

Whispering gallery modes (WGHbof dielectric disks or rings, prototypes for the eigennmdé
open optical cavities, are characterized by by tbainplex eigenfrequencynteger angular wavenum-
ber, and, in 2-D, by a radial order. We introduce analytic&Ms into a framework of hybrid ana-
lytical / numerical coupled mode theory (HCMT] [1]). The nebcelies on a plausible “template” for
the overall field. Known profiles, typically directional gieid modes of optical channels, are super-
imposed with unknown influence functions. WGMs enter withgg coefficients. Upon discretizing
any unknown functions by 1-D finite elements, a Galerkin pthoe, based on the first order Maxwell
equations in the frequency domain, leads to a set of linggbaaic equations. For given input the
response for the prescribed frequency is obtained. For figewation without excitation, looking
for nontrivial solutions establishes an eigenvalue prnobfer the “supermodes” (SMs) of the com-
posite circuit. We benchmark this approach versus bendenfed frequency andomplex angular
wavenumber) HCMT[]2], conventional CMTI([3], couplers opland FDTD. The WGM-HCMT
model permits easily interpretable studies of SM formatioquite arbitrary composite structures,
of their perturbation, and of their excitation by straightass channels. Coupling induced shifts of
resonance frequencies [4] or similar effects can be ingatgtd conveniently and systematically.

WGMs 11 11
1WGMs+bus| 11 ]

i

0 - - %, feriaans 41;, e
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Circuit with three identical coupled rings, excited thrbwagstraight waveguide. (a): Resonance with almost fullcgtia
ofthe incoming wave. (b): Spectral transmission and relegVGM-HCMT model) around the WG .. s9) resonance
at1.5637 um of a single ring (free spectral range35 nm); vertical lines: SM resonance wavelengths, cavitidg @op
row), and cavities- bus. (c): “Fundamental” SM of the three-ring “molecule”, MC model with 6 unknowns based on
the directional WGMs of the individual rings. (d) RespeetM of the entire structure, here the HCMT template includes
also the vertical modal outlets. 2D-TE simulations; timepshots of the single electric field component; parameters:
refractive indicegd .5, 1.0, ring radii7.5 pm, core width$).75 um (rings) and).6 pum (bus), gap8.3 pm.
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Introduction

A new compact AO filter with multi-reflector beam expanders built by photonic crystal row of
holes in LiINbO; waveguide had been numerically studied by 2D FDTD method. Device has the
size 70* 150 pm?, FWHW 4.4 nm, tuning range 110 nm, internal loss -3dB, and sidelobes -20 dB.
Results

The typical AO filter design is presented on Fig.1la [1]. Input TE-polarized optical beam path
through the channel optical waveguide (8) that is crossed by multiple partial reflectors which are
built by the row of holes (7) vertically etched through the total waveguide height. Input beam splits
by the partial reflectors into multiple sub-beams of proper designed amplitude and phase, and enter
into the slab waveguide region (2) where propagates the surface acoustic wave (SAW) that is
launched by interdigital transducer (7). All sub-beams interfere and form the wide optical beam that
comes to the area of acoustooptic interaction and diffracted by SAW (5). Diffracted beam tilts with
the SAW wavelength according to the Bragg conditions. Second beam expander (9) works as
reciprocal elements. It can filter only that optical wavelength which interfere and add in sum along
the axis of the beam expander. By changing the SAW frequency (or SAW wavelength L) filter can
Drop different optical wavelength. Performances of the device in Ti:LiNbOs; waveguide with 32
reflectors had been investigated by 2D finite difference time domain (FDTD) method (see Fig.1b).
It is numerically demonstrated that AO filter provides unique line width by AO length product 0.7
um?. By extrapolating this result to real devices with hundreds of reflectors [1], one can develop
widely tunable AO filters with 0.1 nm linewidth and multi-hundred wavelength channels.

The author thanks RSoft Design Group, Inc. for providing software for FDTD simulations.
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Fig.1. Noncollinear AO fillter built by the rows of holes. a) General view; b) AO filter response for
the different L (in pm). 2D FDTD simulation of structure with variable holes diameter and position.
(1) channel waveguide; (2) planar waveguide; (3) piezoelectric substrate; (4) interdigital transducer;
(5) SAW; (6) SAW absorber; (7) elementary reflector by row of holes; (8) first beam expander; (9)
second beam expander
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Introduction

This paper proposes and makes simulation by 2D FDTD of new tunable optical filter which utilized
multiple coupled silicon wire waveguides on SOI structures. It provides wavelength tuning (without
Vernier principle) within total FSR 36.8 nm at 1.55 nm by temperature increment DT< 100 C°.

Results

Novel filter design joint together advantages of multi-reflector (MR) [1] and lattice Mach—Zehnder
filter [2] technologies by using the directional couplers for power splitting and MR-like structure
design for optical filtering and tuning. Parameters of all waveguides are corresponded to typical
silicon wire with 450 nm width and 250 nm height built on silicon-on-insulator (SOI) structure. We
utilize the Gaussian apodization function (for providing high sidelobes suppression) by the control
of splitting ratio as a function of coupling gap d. Light propagation through the filter at Drop
wavelength is shown in Fig. 1a. Device can be tuned (see Fig. 1b) within total FSR by changing the
temperature in fine tuning and wide tuning phase shifters similar to the case of MR filter [1].

The author thanks RSoft Design Group, Inc. for providing software for FDTD simulations.
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Fig.1. Multi-splitting filter. @) Simulated structure; b) Internal efficiency for different temperature
increments (DT = 0°, 50°, 100°) in fine and wide tuning (with step FSR/4 by DT00) phase shifters.
Tota length L = 321 um, radius R = 3 um, linewidth DI ~ 1.7 nm, FSR ~ 36.8 nm. Notation
(*i***) means setting for different temperature DT and integer numbers for wide tuning, namely,
50i123 corresponds to the case: DT =50 C°, DT1=1" DT00, DT2 =2 DT00, and DT3 = 3" DTQO.
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Large, integrated spot size converter for an InGaAs PIN-photodiode
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A high speed photodiode with a 1/e? input mode size of 9 pm using an integrated mode converter is
presented. The coupling loss to a standard cleaved single mode fiber is calculated to be 0.1 dB. The
absorption efficiency for refractive indices, layer thickness and etch depth variations is simulated.

Introduction

Photodiodes are one of the key components in photonic integrated circuits. However, a mode
mismatch between a cleaved fiber and an InGaAs PIN-photodiode (PIN-PD) results in losses of 10
dB or more. The asymmetric twin waveguide (ATG) [1, 2] offers a relatively easy to fabricate
approach to improved fiber coupling. Nevertheless, a lensed fiber was required to couple the input
signal. Here we show the design of a PIN-PD with an input waveguide with a spot size of 9 um
suitable for polarization insensitive coupling from a cleaved fiber input. The absorption efficiency is
simulated relative to the matching layer refractive index/thickness, relative to the quaternary
refractive index/thickness and relative to the n-contact etch-depth at the PD.

Results

Fig. 1 shows a schematic diagram of the device. The optical field couples into the diluted
waveguide on the left and is transferred in a polarization insensitive manner into the PD via two
waveguides. To enable the nearly loss less field transition two tapers are introduced (taper 1: start
width: 1 pum, end width: 5 pm, length: 1220 pum; taper 2: start width: 1 pm, end width: 3 pm,
length: 350 um). The absorbance efficiency (AE) of the PD is shown relative to a variation of the
refractive index of the matching layer (Fig. 2). The refractive index can only vary by around 0.02 to
an optimum value of 3.32 to keep the AE > 90 %.
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Fig.1: Schematic diagram of the spot size Fig.2: Absorption relative to the refractive
converter and the InGaAs photodiode. index of the matching layer.
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Through dispersion engineering of silicon nanowire waveguides we simultaneously achieve group-velocity
and phase matching. By exploiting spontaneous four-wave-mixing, two-photon states with reduced spectral
correlations can be generated.

I ntroduction

Nanophotonic waveguides provide tight confinement of light into sub-wavelength structures, which
leads to significant field enhancement within the waveguide core. Therefore such structures are
ideally suited for non-linear optical applications. Because silicon possesses a high third order
nonlinear coefficient compared to silica glass, four-wave mixing (FWM) in nanowire waveguides
has been of great interest for integrated nonlinear optical Pump, | Signal
devices [1]. In particular, exploiting spontaneous FWM —_— S >
for the generation of correlated photon pairs provides a —— b silicon >
viable route for integrated single photon sources. Pump, dler

Here we show that by dispersion engineering silicon
waveguides group velocity matching (GVM) in addition
to phase-matching required for FWM, can be achieved,
providing a route towards factorable photon states on
chip.
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Results

The dispersion properties of silicon ridge waveguides
atop a buried oxide layer (as shown in Fig.1a)) can be
tuned by varying the waveguide width w. As a result of
anomalous geometric dispersion offsetting the intrinsic
normal chromatic dispersion of silicon, phase-matching -
in the telecoms band around 1550nm can occur (black Y Idler
line in Fig.1b)). When simultaneously the waveguide :
height is adjusted GVM aong the light blue line in
Fig.1b) is achieved. Here the color coded background
indicates the phase matching angle (PMA) as defined in ~ Fig.1 &) Parameters of the ridge waveguide
[2]. In Fig.1b) the light blue lines indicate the GvM  used for FWM. b) The color coded
contours with a PMA of 45 degrees. At the pointswhere ~ calculated PMA. Overlaid are the contours
the GVM curve intersects with the phase-matched curve, for PM (black line) and GVM (blueline).
factorable photon states can be generated. The corresponding wavelengths of the signal and idler
photons can further be tuned by varying the power of the input pump light. The resulting possibility
of achieving factorable states on a chip thus alleviates the stringent requirements on photonic filter
circuitry needed for heralding single photons.
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In this work we propose a new three-dimensional FFT-based wide-angle beam propagation method (WA-
BPM) using a generalized envelope function and incorporating complex Jacobi iterative (CJI) schemes. The
inclusion of FFT-based strategies preserves the computational efficiency in 3D scenarios. Besides, the CJI
algorithm’s convergence rate, as in previous Fourier-based implementations, is improved with respect to the
original space domain version.

Introduction

Recently, a new 2D WA-BPM with complex Jacobi iteration in the Fourier domain has been
proposed to analyze nonlinear devices [1]. For certain problems, this Fourier-based implementation
has been proven to converge, assuring the same accuracy, at a higher rate than those similar
methods based on finite-difference schemes. However, although typical errors from the
approximation of partial derivatives can be minimized with Fourier-based strategies, others related
to the preferred direction of propagation persist. This drawback was solved in finite difference
methods using a generalized rectangular (GR) WA-BPM, achieving an important improvement in
the accuracy obtained even with low order Padé approximations and coarse grids [2]. This GR
formulation has been extended later to include modified Padé approximants and complex Jacobi
iteration as longitudinal solving method, increasing the execution speed considerably [3].

In this work, we try to combine the advantages of both Fourier-based and generalized rectangular
formulations in a new WA-BPM. Although the 2D version of the proposed new method implies
such relatively low effort, its extension to three dimensions leads to deep changes in order to keep
its computational efficiency. These changes result in a version of the generalized rectangular WA-
BPM which incorporates complex Jacobi iteration to solve the problem in the longitudinal direction
and FFT-based strategies to perform transverse discretization [4].

The resultant FFT-based CJI-GR-WA-BPM has been validated in 2D and 3D situations. When
compared to the original finite difference approach, FFT-based method shows a higher convergence
rate, confirming the conclusions exposed in [1]. Furthermore, thanks to the FFT-based approach, its
computational efficiency is preserved even for 3D problems requiring a high number of Fourier
coefficients.
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Influence of the adjacent medium on the light propagation close to the boundary of photorefractive crystal is
studied.

Introduction

Nonlinear surface waves in photorefractive crystals (PR SW) [1] are under investigation during the
latest years. The most attractive feature of PR SW is that the concentration of beam energy in the
narrow surface layer significantly increases the operation speed of the photorefractive devices
without the need for prefabricated waveguiding structures. A very strong enhancement of all
nonlinear surface optical phenomena, such as surface absorbed molecular luminescence, Raman
scattering, surface second harmonic generation (SHG). etc. may be expected due to PR SW
excitation. SBN crystals are of particular importance due to high values of their electrooptical
coefficients [2].

Results

In this paper we analyze the peculiarities of PR SW excitation in the SBN:75 crystal. Studying the
near- and far-field of light exiting from the photorefractive crystal illuminated by a grazing focused
beam of He-Cd laser with an extraordinary polarization was carried out and allowed us to draw a
conclusion that the material characteristics of the adjacent medium can affect significantly the
photo-induced scattering and the profile of the resulting surface wave.

Using method of images [3] we modelled the distribution of the electrostatic field formed by a
Gaussian light beam (wavelength 0.44 um) illuminating the photorefractive crystal close to its
boundary with the linear dielectric or metal.

The obtained results allow us to propose the mechanism of nonlinear surface wave formation with
the aperiodic distribution of intensity in photorefractive crystals covered by metal.

Acknowledgements

This work was supported by Russian Foundation for Basic Research (grant N10-02-01389) and
Federal Targeted Programme “Research and Development in priority development areas of
scientific and technological complex of Russia in 2007-2013” (contract N 16.513.12.3019).

References

[1] G.S. Garcia Quirino, et al., Phys. Rev. A., 51, 1571-1577, (1995)

[2] B A Usievich, et al., Quantum Electron, 41, 262-266, (2011)

[3] I.E. Tamm, Fundamentals of the Theory of Electricity, Chapter 2, Mir Publishers, (1979)



Transformation of Whispering Gallery Wavesin a Spherical Resonator Caused
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Evolution of whispering galery wavesin a die ectric spherical resonator with atime jump of refractive index
isinvestigated theoretically. It is shown that transformation of a wave frequency depends on a magnitude of
arefractiveindex jump as well as on an overlap coefficient of a non-stationarity region and aWGW region.

Introduction

Micro- and nano-dimensional optical resonators are very important for a variety of scientific and
engineering applications including low-threshold lasers, ultra-small filters, sensors and others[1, 2].
The simplest 3D optical resonator has a form of a sphere. In the vicinity of a curved surface of a
spherical resonator whispering gallery waves can be excited due to total internal reflection of the
light. Q-factor of these oscillations is extremely high because light becomes trapped within the
resonator.

Dynamic resonators and photonic systems in which material parameters can be varied by external
forces have great opportunities for their use in all-optica switchers and tunable filters and represent
a powerful approach for all-optical control of light [3, 4]. In practice, the temporal switching of the
material refractive index can be realized by varying the input signal in a nonlinear structure; by
voltage control; by a focused laser beam as a local heat source or else by free carrier plasma
injection. Typically the value of change in refractive index attainable with present day technology is
of the order 10°*.

Results

A 3D praoblem of transformation of whispering gallery waves in a spherica resonator caused by a
time jump of refractive index is investigated theoreticaly in this paper. A rigorous theoretical
method which reduces the Maxwell equations to a Volterra integral equation for vectors of an
electromagnetic field in time domain is used.

It is shown that a frequency changes in an opposite direction with respect to changing of arefractive
index. Comparison of a frequency shift for waves with different spatial distribution shows the
greater shift for modes with greater polar index n. Increase of n leads to increasing of a Q-factor for
oscillations. It means that an electromagnetic field is localized grestly inside the resonator, so the

greater an overlap coefficient of a non-stationarity region and a :
whispering gallerry wave region the greater a frequency shift.
It is shown also that the freguency shift for TM modes is '

greater in comparison with TE modes. It is caused by greater

localization of TM modes inside the resonator (in the figure:
(a) for TE, (b-c) for TM modes).
(a) (b) [©)
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Introduction

The following paper describes the modelling of Er:Yb:KY1.,,GdxLuy(WO4)/KY(WO,), ridge
waveguides. BPM is used to obtain the modal intensity profiles for pump and emission wavelengths,
while overlapping integral method [1,2] is used to determinate the optimum parameters for laser
action in this system.

Results

Active KYW waveguides have been successfully developed combining Liquid Phase Epitaxy
techniques with micro-structuration techniques such as RIE (Reactive lon Etching) or Ar milling [3].
Using the overlapping integral method, rib waveguide
lasers of monoclinic potassium double tungstate,
KRE(WOQ,),, co-doped with Erbium and Ytterbium
have been modelled. The laser operation at 1.5 um is
based on an efficient pump scheme via the energy ;
transfer from Yb to Er ions. The numerical simulation e
requires spectroscopic parameters associated to the
active ions, waveguide geometry and index profiles,
which have been experimentally obtained.

Threshold{mW)
3

Eficiency(%)

Cavity lengthicm)

This _model allows determining the laser power as a Calculated efficiency and threshold as
function of controllable parameters such as ions doping function of the cavity length.

level, pump power, cavity length and reflectance of the

input/output mirrors. It has been found that, for the standard doping level used in this matrix, the
optimum cavity length is only few millimetres. Overall, using simulation tools is possible to
optimize fabrication parameters, and thus saving effort in the development of experimental
prototypes.
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I ntroduction

A periodic grating of circular dielectric cylinders in free space possesses specific resonances that
have very interesting features [1]. An “active” model of such a grating in a dielectric dab is
devel oped to enable the impact of the host medium on the grating resonances to be studied.

Results

An “active” model for open dielectric resonators is considered, meaning that a region with strictly
negative imaginary part of the refractive index or lasing threshold v, is proposed to compensate the
losses for illumination. Thisvalueis set at the stage of problem formulation and is sought in tandem
with the lasing frequency as solution of a determinant equation for particular structure derived from
Helmholtz equation. Smaller threshold values are advantageous and so we are interesting in
optimizating this parameter. A grating of circular dielectric cylinders in free space has specific
resonances, aligned to its period. They form a multiplex of eigenmodes near the branch point
(where the wavelength equals the period); each of the modes tends to this singularity and vanishes
there for a large value of the ratio of period to cylinders radius. However before it disappears, it
shows a huge efficiency: in the scattering problem it has a very narrow resonance and in the
associated eigenproblem, it gives rise to a small threshold. Fabrication and use of the grating
requires its embedding in a dielectric slab of different refractive index. Such slab with embedded
grating was investigated using similar approach to [2], the resulting matrix obeys the Fredholm
condition that guarantees convergence and is critical for the eigenproblem. The reflectance of a
normally incident plane wave on the slab is shown in Fig. 1 (a). Here there are the modes of the slab
on the background and six sharp

grating resonances. The eigen- . TR N L1 s N
problem is conducted by adding "R RRRN | \_\ ol

an imaginary part to the grating
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References
[1] V. Byelobrov et al. Optics Letters, 35, No 21, 3634-3636, (2010)
[2] H. Jia, et al., IEEE Trans. Antennas Propag., 53, No 3 1145-1152, (2005)



Analysis of 2D Photonic Bandgap Waveguides using a Simple Analytical Method

Kanchan Gehlot and Anurag Sharma
Department of Physics, Indian Institute of Technology Delhi, New Delhi — 110 016, India
gehlot.kanchan@gmail.com, asharma@physics.iitd.ac.in

An analytical approximate method has been tested on two-dimensional photonic bandgap waveguide to study
reflection and transmission characteristics. Results show good agreement with available FDTD results.

Introduction

In an earlier work [1], we had shown that the optimal variational (Vopr) method [2] can be adapted
with good success to obtain reflection and transmission through photonic crystal slab waveguides.
In this paper, we further develop the procedure for 2D photonic bandgap(2D PBG) waveguides.

Results

Variational optimization method, Vopr [2] is used to reduce a 2D PBG waveguide into a 1-D Bragg
reflector which is then used to obtain the reflection and transmission characteristics of the
waveguide including the photonic bandgap regions [1]. The main structure used in this analysis is a
PBG waveguide with a single-mode slab waveguide at the input end (Fig. 1) [3]. To apply Vopr
method, the structure has been modified by replacing circular holes by square holes of same area.
Transmission coefficient of PBG structure has been computed from converged solution of Vopr
iterations for incident fundamental TE mode of slab waveguide. This result is plotted along with
FDTD results taken from ref. [3]. The results show good agreement; the deviations in the reflection
results are due to some losses, which show up in the FDTD results [3]. Further work to incorporate
losses is in progress.

22 24 26 28 3 32
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0
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Fig 1: a) Schematic of a 2D PBG waveguide, b) Schematic of structure modified to apply Vopr
method. c) Reflection and transmission characteristics for Vopr iterations and FDTD results [3].
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Abstract — A 3D bi-directional mode expansion propagation
algorithm based on Fourier series using trigonometric functions
is briefly  described. Nonlinear complex coordinate
transformations are used as boundary conditions in transversal
coordinates. In vertical direction, the adaptive spatial resolution
algorithm can be alternatively applied, too. Mirror symmetries
can be fully utilized to reduce numerical effort. Applications to a
subwavelength-grating waveguide SOl mode transformer and a
novel planar metal-dielectric slot waveguide are shown.

Keywords-numerical modeling; bi-directional mode expansion;
Fourier modal methods; plasmonic slot waveguide; subwavelength-
grating waveguide

1. INTRODUCTION

Numerical modelling is an ever more important part of
analysis and design of novel integrated photonic structures and
devices. Despite the tremendous progress in computing power
and memory of modern computers, realistic 3D modelling still
remains rather challenging. Perhaps the most frequently used
method for modelling 3D structures is the well-known finite-
difference time domain (FDTD) method. Modelling of
structures larger than just a few wavelengths in each direction
is, however, still rather demanding. Frequency-domain modal
methods are generally less flexible but bring deeper physical
insight into the wave effects in photonic structures, and are
especially well suited for modelling structures consisting of
longitudinally uniform segments. In this contribution, a fully
vectorial 3D Dbi-directional mode expansion propagation
algorithm based on trigonometric Fourier series is presented. It
represents an extension of a 2D method [1] into 3D. Similar as
in [1], nonlinear complex coordination transformations [2] are
used in both transversal coordinates as efficient perfectly
matched layers (PML). The application of trigonometric (sin
and cos) expansion functions instead of complex exponentials
typically used in Fourier modal methods enables to fully utilize
mirror symmetries of the problem to reduce the problem size
without any additional effort. It is known that adaptive spatial
resolution algorithm (ASR) [3, 4] helps significantly reduce the
numerical effort, but it makes modelling of complex devices
difficult. For this reason it can be alternatively applied only to
one — vertical — direction. Fourier factorization rules [4,5] are
correctly applied in both transversal directions using the
approach described in [6]. The full-vector mode solver is based
on transversal components of magnetic field intensity.
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Czech Technical University in Prague, Czech Republic
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II. THE ALGORITHM

The structure to be modelled is considered as a
concatenation of a finite number of longitudinally uniform
sections. In each section, the piecewise-constant transversal
permitivity distribution is supposed. Infinite transversal cross-
section of a real structure is mapped into a finite calculation
window (shown in Fig. 1) using nonlinear complex
coordination transformations z — z’, y — 3y’ described in
[2]. Coloured (shadowed) part of the cross-section represents
the transformed (PML) region, the white central part of the
cross-section is not modified by the transformation.
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Figure 1. Transversal computation window with schematic representation
of a piecewise-constant permittivity distribution after the complex nonlinear
transformation.
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Figure 2. Transversal computation window after the application of the
ASR transformation in vertical (z) direction.



Another transformation — the ASR transformation [3, 4] —
can be alternatively applied to the vertical (X) coordinate at the
inner part of the cross-section. After the transformation, the
thicknesses of all inner horizontal layers become identical (see
Fig. 2), the transformed wvertical permittivity distribution
becomes almost smooth, and thus the number of Fourier
expansion terms required for sufficient accuracy is significantly
reduced. This algorithm is thus well suited not only for
modelling integrated photonic components fabricated by 2D
patterning of a layered planar structure as SOI, InP, silica-on-
silicon and similar devices, but also for 3D structures with
metallic (plasmonic) components.

III. EXAMPLES

As a convergence test of the basic algorithm, the effective
refractive index of the quasi-TEy, mode of a silicon nanowire
embedded in SiO, versus the number of expansion terms is
shown in Fig. 1. The results of the film mode matching method
[10] were used as a reference.
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Figure 3. Effective refractive index of the fundamental quasi-TE mode of a
silicon nanowire embedded in SiO, versus the number of Fourier expansion
terms. The wire height is 260 nm, the width varies from 300 to 500 nm. The

wavelength is 1550 nm.

As a next example, calculated optical field distribution in
the SOI subwavelength grating waveguide mode transformer
[8] embedded in SUS resist with 60 subwavelength sections is
shown in Fig. 4. The calculated coupling losses at the
wavelength of 1550 nm are 0.61 dB and 0.45 dB for TEy, and
TMgo mode, respectively. 60x70 Fourier terms were used in the
calculation.
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Figure 4. a) Top view of the mode transformer; because of symmetry, only
one half of the structure is considered.
b) calculated optical field distribution, TE, excitation. Perfectly conducting
magnetic wall was placed at the symmetry plane.

In Fig. 5, the cross-section and the calculated mode field
distribution of a metal-dielectric slot waveguide [9] is plotted.
The waveguide is formed by a very thin Si nanowire embedded
in SiO, and separated from an Au layer by a 30 nm slot. 80%60
Fourier terms were used. Fig. 6 shows the geometry and the
field distribution of a very sharp S-bend in this waveguide. All
these results have been, in fact, checked with another our
modal method, namely aperiodic rigorous coupled wave
analysis (aRCWA) technique, their comparison will be shown.

a) b)
Figure 5. a) Cross-section of the metal-dielectric slot waveguide,
b) vertical electric field component,
¢) horizontal magnetic field component of the plasmonic mode.

1 pm

150 nm 450 nm

a) b)
Figure 6. a) Geometry of the sharp S-bend in the metal-dielectric slot
waveguide, b) distribution of a vertical electric field component.
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Abstract—New demanding applications, such as 100Gb Ethernet
WDM systems and high speed optical interconnects, require high
performance photonic components. Sub-wavelength gratings
(SWG) enable refractive index engineering in silicon waveguides,
and open new design strategies which can be advantageously
used for component improvement. In this work, we will show
several SWG waveguide devices which exhibit improved
performance.

Keywords; Subwavelength gratings, silicon-on-insulator, SWG,
photonic components

. INTRODUCTION

Silicon-on-Insulator (Sol) is emerging as a major
fabrication platform for integrated optics, owing to its high
contrast that enables compact and highly integrated devices,
and its compatibility with CMOS fabrication processes.
Recently a new type of silicon waveguide, the Sub-Wavelength
Grating (SWG), was presented and experimentally shown to
exhibit low losses [1]. SWG consists of waveguide segments
which are arrayed periodically with a pitch that is small enough
to frustrate diffraction, i.e.

A < Agragg =M/ (2:) (1)

In the subwavelength regime the waveguide behaves as
having an effective refractive index and birefringence that can
be engineered by changing the duty cycle and/or pitch of the
SWG structure. Applications of SWG have been demonstrated
in several devices of practical interest as, for example, efficient
fiber-to-chip couplers [2], waveguide crossings [3], arrayed
waveguide gratings [4] and high performance MMIs [5]. In this
paper we will describe novel design approaches for several
important devices in Sol. It will be shown that, depending on
the specific application SWG structures can be engineered to
tailor the required value of the refractive index, the chromatic
dispersion and/or the birefringence of the equivalent material.

Il.  FIBER TO CHIP GRATING COUPLER

Light coupling from optical fibers to Silicon Wires (SW) is
challenging due to the large size mismatch between the fiber
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and the waveguide. Grating couplers are an interesting
alternative for this function. Efficient grating couplers require
the radiated field to be matched with the fiber mode, which, in
turn, is achieved by adjusting the amount of power extracted
from the grating per unit length. This is usually achieved by
using a shallow etch to define the grating [6] but this solution
requires a two etch step solution. Alternatively, using SWGs to
define the grating, as shown in Fig. 1(a), allows for fabrication
of the structure in the same full etch step as the waveguides,
thereby simplifying fabrication. Fig. 1(b) shows a SEM image
of a uniform grating coupler fabricated with 193nm DUV
lithography at LETI which allows mass fabrication. The
fabricated couplers exhibited a coupling efficiency of -5dB and
a 55 nm 3dB bandwidth in the C band

o +p =y (1

Figure 1. Single etth SW SWG grating coupler (a)
Concept. (b) SEM image of fabricated coupler

I1l.  MULTIMODE INTERFERENCE COUPLERS

The same type of approach can be used to design high
performance MMI couplers as those required for advanced
coherent receivers that are being developed for 100Gb/s
Ethernet and beyond [7]. It is well known that reducing the
index contrast in SW MMIs can redound in significant
performance improvement [8] but at the expense of higher cost
and complexity. This can be seen in Fig. 2(a) where modal
phase errors in a Sol fully etched 2x4 MMI (square-dashed
curve) is compared with a shallow etched situation (circle-
dashed curve). Alternatively, we propose the use of SWGs to



emulate this effect. As shown in Fig. 2(a), arraying the SWG in
the x-direction does not yield a significant enhancement
(square-solid curve), but arraying the SWG along the z-
direction yields the desired effect, effectively reducing the
phase error for most of the MMIs modes (circle-solid curve).
As shown in Fig. 2(b) the SWG based design significantly
enhances the performance of the 2x4 MMI.
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Figure 2. (a) Modal phase error in a 2x4 MMI (b)
Simulated common mode rejection ratio

IV. POLARIZATION SPLITTER

It is well known that SW MMIs can be used as polarization
splitters by exploiting the different phase velocities that TE
and TM modes suffer in the MMI core. However, due to the
relatively small birefringence value of SW, this technique
yields long devices. SWG structures can be used to increment
the underlying birefringence of the MMI core and reduce its
size. In doing so we have designed a SWG MMI compact
polarization splitter that exhibits an eightfold length reduction
and +5dB improvement in splitting ratio as compared with
previous MMI based splitters.

V. TAPER OPTIMIZATION

The use of SWGs in device design will require low loss
transitions between different SWG structures. In homogeneous
waveguides low loss tapers can be achieved with a sufficiently
long linear taper between the two waveguides. However this is
not always the case when dealing with SWG based devices.
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Figure 3. Simulated transmission through a linear
(lower) and optimized (upper) taper between two
SWG waveguides

Consider the SWG waveguide in the lower inset of Fig. 3
where the width and duty cycle are tapered linearly. As the
length of the taper is increased, transmission decreases, and, for
a length of about 25um, the taper acts like a virtually perfect
reflector. While neither the initial (narrow) waveguide nor the
final (wide) waveguide are in the Bragg regime, some of the
intermediate periods are in the Bragg regime, which produces
the undesired back reflection. Tapers thus have to be designed
carefully, to avoid these zones. In the particular example
considered here, choosing a quadratic width variation avoids
the Bragg regime along the taper (see upper inset in Fig. 3),
and transmission through the taper approaches unity as the
taper length is increased.

VI. CONCLUSIONS

SWG structures offer new design possibilities arising from
the fact that refractive index, chromatic dispersion, or
birefringence can be optimized by SWG parameters
engineering. These concepts can be directly applied in the Sol
platform, because the required small feature sizes (generally
below 200nm) can readily be fabricated not only with research
oriented e-beam lithography but also in using large-scale deep
ultraviolet lithography.
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