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Silicon Hollow Guides for Optical MEMS
Applications

By
George Isaac Aziz Soliman

Abstract

New techniques for the calculation of the modal losses in hollow
waveguides are developed. The techniques depend on the use of ray
optics. Ray optical solutions in triangular cross section waveguides are
used to calculate the losses of the fundamental mode in an equilateral
hollow triangular waveguide. Due to the absence of total internal
reflection at the interface, the losses arise from the partial reflections
experienced by the rays at the interface. The partial reflections are used to
derive an analytical formula for the losses of the fundamental mode. A
perturbation technique is then employed to obtain an analytical formula
for the fundamental mode losses in the specific case of a silicon hollow
waveguide having a V groove cross section. The results of the analytical
formulae are verified by comparison to the Beam Propagation Method
(BPM). This method is specific for such a cross section only and does not
yield information on the polarization dependent loss. The ray optical
technique is then generalized for the case of arbitrary cross section hollow
waveguides having an axis of symmetry. This yields a semi-analytical
formula that uses the field of the corresponding closed waveguide. For
cross sections with known analytical solutions, the semi-analytical

formula yields analytical results that are exactly the same as those arrived



at by different techniques under the same approximations. The technique
also yields information on both wavelength dependent loss (WDL) and
polarization dependent loss (PDL). Applying this technique to the silicon
V groove waveguide, we find that the previously obtained results are
almost identical to the new results.

We mention the optimum parameters required for the fabrication
of the silicon V groove and accompany them by scanning electron
microscope (SEM) images of some of the fabricated samples. We then
discuss the characterization technique, the obtained results and how to

improve on them.



Table of Contents

TABLE OF CONTENTS ...ciuiiiiiii it ea e |
INTRODUCTION ..ctiiiiiiiiti ittt s e e e e s e e e aes v
LIST OF SYMBOLS ...oeiiiiiiiee e s ea e VI
LIST OF FIGURES ......o ittt e e e X
LIST OF TABLES ... oot e XVII
CHAPTER Lottt e e e s e s e e s e e annaes 18
HOLLOW WAVEGUIDES APPLICATIONS ...t 18
L 1. INTRODUCTION Ltutuensansensansenssnsensansenssnsenssnssnssnssssnssnssnsenssnsenssnsensinsensnns 18
1.2.HIGH POWER TRANSMISSION AND HOLLOW WAVEGUIDE LASERS..........ovvvvnnnes 19
1.3.SENSING AND OPTICAL MEMS APPLICATIONS.....ivuiireeneenieensenneerneeneenneenns 20
1.3.1.ARROW Waveguide for Sensing Applications.............ccevvvuvvrnvvriiinnnnnnns 22
1.3.2.0ptical MEMS ApplicationS... .....cceuvvvrvvusiriirisisiansissasisssisssisssassnns 27
1.3.2.1.Digital MEMS for Optical SWItChing ..........cccceeiriiiiiie 27
1.3.2.2.0ptical SWItChING.........uuummiiiiiiiiiiiii s 28
1.3.2.3.MEMS Based Optical SWItCheS ............uuuuummmmmiiiiiiiiis 29
1.3.2.4.0ptical DeSIgN ASPECES.. ....uuuuruuriiiiiiiiiiiiiiii 31
1.3.2.5.0ptical Performance of 2D Crossconnect SWItChes.........ccovevvvveiiieeiiieevinnnnnn. 32
1.3.2.6.Hollow Waveguide Solution for NXN SWitch............cooviiiiiiiiii, 33
1.3.2.7.Hollow Waveguide POIArIZEr .........ccoovieiiiiiiieeeeeeee e 34
1.3.2.8.Multiple Imaging in 2D Hollow MMI..........coooiiiiiiiee e 35
1.3.2.9.MEMS Optical Switch Inside a Hollow Waveguide [13] .....cc.oeoeiirreireennnnnnnn. 36
1.4.HoLLOW WAVEGUIDE OPTICAL SWITCH WITH VARIABLE AIR CORE [14].......... 37
1.5.VARIABLE OPTICAL ATTENUATOR USING HOLLOW WAVEGUIDE [15] .............. 39
1.6.0PTICAL INTERCONNECTS [L6] +uuvvuernierieiniineiiiiiisenie e eses s sis e s e e e e enns 43
1.7.SILICON V GROOVES ...uiiuuiiusirnisnsinnsiinssissnsssnssans s senssnssansssnsssnssnssnssenss 44
IS N o I U] [ ] PP 50
CHAPTER 2.ttt r e e e e e e e s e e eneaes 51
THEORETICAL ANALYSIS OF 1D HOLLOW WAVEGUIDES ...........ccvuv.eee. 51
2. 1. INTRODUCTION ...ttutetnseunsenssensssnsensenssensssnsesnsesnsenssenssenssnnsennmenseensesnsennnes 51
2.2.OVERVIEW OF ANALYTICAL TREATMENTS ..evuuiruernsernsenrrenssensrnnsenssensesnsennnes 52
2.2.1.Radiation Mode SPECIIUM ... ... oeerueeerrrir e ecns e e e e e eenians 52
2.2.2.Geometrical Optics Models... ..coovnrvereriee e 54
2.2.2.1.Ray Model for a Dielectric Waveguide ...........coooeviiiiiiiiiieeeee, 55
2.2.2.2.Leaky Wave Description by the Ray Model ..., 56
2.2.3.Leaky Modes by the Solution of the Eigenvalue Equation ....................... 63
2.3.RELATIONSHIP BETWEEN DIFFERENT TREATMENTS ..vvuvvunienienrrnnsenseensaensennss 68

2. 4. CONCLUSION ..ttutrureraensenssensssssssenssensssnsesnsessenssenssenssnnsennmenseensennsennres 76
CHAPTER 3 .oiiiiiiiiii it s e e et e s e s e e s s e s e ea s e st s e e e e esnnaes 77
MODAL ANALYSIS OF 2D WAVEGUIDES........cccoiiiiiiiiieiieeeee e 77



3.1 INTRODUCTION 1tuttussnssnsesnsernsensessssssssnssasssassssssns st s esa s st s e ssnssanssansenns 77

3.2.THE MODAL PROBLEM IN TWO DIMENSIONS ....cuuienieniirniernaenaeneensrenseenaenns 78
3.3.CLOSED RECTANGULAR WAVEGUIDE ......ivuiiuniinaeneeniannsennsenaensenssenseensenns 80
3.4.DIELECTRIC RECTANGULAR WAVEGUIDE.....ccuiitnienaeniernrenneernensenssenseenaenns 83
3.4.1.Normally Guiding Dielectric Waveguide .............cccouorirrmmiorirernianerennns 83
R T 111111 L 93
3.4.3.Hollow Dielectric Rectangular Waveguide.............ccccovvvvemioririrninnenannn. 94
3.5.EFFECTIVE INDEX IMETHOD ...uivuuiiiiietieeiseei s esssean s sen s e s sb s eannseannees 94
3.6.CLOSED TRIANGULAR WAVEGUIDES .....uuiirniiinsinnsennssennsesnssseinssennsennss 99
3.7 CONCLUSION. ..ttt tietieeti ettt s eet s sans s s et s e ea s e eba s s e s e e s s eb s e ea s s et e ean s ean s 105
CHAPTER 4 ... et r e an e 107
ANALYSIS OF HOLLOW TRIANGULAR WAVEGUIDES...........cccocevneennn. 107
4.1 INTRODUCTION 1 tttututtttstetetstetsssssaseenenessrarasasasasasarararaserararerererenenenenes 107
4.2.RAY MODEL DEVELOPMENT .vuieuieunseneeneensennsernsennsensenssenssenssensennsenneens 108
4.2.1.Introduction to the Ray Model 108
4.2.2 Attenuation Coefficient Calculation: Effective Reflection Approach ........ 113
4.2.3.Attenuation Coefficient Calculation: Poynting Vector Approach ............ 114
4.2.4.Eigenvalue EQUAtION ... ... ... oo oot vornieicen e ceir e eenns 119
4.2.5.Numerical RESUILS... ... ..o oo es i 120
4.2.6.Polarization DePeNndence... ... ... cuuvverruerrneraserisirisssasssasssesisssisssinnnes 123
4.3.PRACTICAL WAVEGUIDE GEOMETRY ..evuiiniieniinniernriinseinseissnsiansisnsinsenen 132
4.3.1.Perturbation TheOIY ... .......co e vrvvrievieiieei et e tee st et st assasaanns 132
4.3.2.Application to the Triangular GEOMELrY ........ccovvvvvvevvrniriiiiiiriiisiannns 136
4.3.3.Loss Coefficient for the Practical GEOmMetry .........ccevvvvvvvvvnvvnvirnnisinnnns 139
@] [0 I U1 [ N 143
CHAPTER 5 .ottt e e e e s s e e s e e s e e e e eaneaes 144

GENERALIZATION OF THE RAY OPTICS METHOD TO ARBITRARY
CROSS SECTIONS AND FABRICATION AND CHARACTERIZATION OF

THE V GROOVE WAVEGUIDE .....ccoiiiiiiiiiei e ne et san s sane e 144
DL INTRODUCTION .ttt ttuttsetrssetraesraetnrssetersetnsaetarssesnrsretnsarernraresnranesnrnnes 144
5.2.GENERALIZED RAY OPTICS METHOD ..tuvuitiiiiiiiniiiaieieieeisasenensanens s ensanenaanen 145

5.2.1.TE polarization and Low Index Contrast .............ccovvvvvvvvmvnenvneensinnnnnn. 145
5.2.2.Polarization Effects............ccc. vvrvriiiiisisisis ettt 152
5.3.APPLICATION OF THE GENERAL METHOD TO SPECIFIC
HOLLOW GEOMETRIES 11 tuititiitititieiets e esa st ets e sas e s e s teeaea s e ens e saaasensteenannanenns 155
5.3.1.Hollow Rectangular Waveguide ...........cc.uoverrrrirermenireiienaseeennianenenns 155
5.3.2.Hollow Fiber with TE INCIAENCE.....ccuvvvirrirriririrsiriisiisisiiisissinsassenans 156
5.3.3.Hollow Equilateral Waveguide. ...........ccoooriimmmiorirreniiriiinieneiennneeens 157
5.3.4.Hollow V Groove WaveguIde............verrreerermenirareeninerenniasarennianenenns 159
5.4 WAVEGUIDE FABRICATION AND CHARACTERIZATION ...vueuierenenrenrnrarenssnenennen 160
5.4.1.Complete Fabrication ProCess. ..........vvveruererremurerreniaserennaserenniananenns 165
5.4.2.Fabrication RESUILS... ... ...... ... vvvrriiieiisis ettt tsaaasasaanas 166
5.5, CHARACTERIZATION ..t tuitt ittt eeaseeteesas e ens e esa s es e e sa e e n s s e aarensanenannen 166
G OLe] N o] I ] [ ] N TS PPN 172
CONCLUSION . ottt s e s e e et e e et e e eaneen 173



REFERENCES



Introduction

Recently, hollow waveguides have attracted increasing attention in
sensing applications. In these applications, light is made to interact with a
material, usually a fluid. The fluid is usually flowing in a duct and

therefore in order for light to interact with the material, it should be
guided by the duct. However, the material of the duct almost always has a
refractive index greater than the fluid which is supposed to be the core
material. This excludes the use of total internal reflection to guide the
light along the duct, and the guide becomes leaky. Such a configuration
can be used to guide light, but it must be carefully designed in order to

reduce leakage to acceptable levels.

Hollow waveguides have also found applications in Optical MEMS.
They can be fabricated easily using techniques already available and
provide a solution for optical interconnects in optical switches. Light in
Optical MEMS devices travels to some extent in free space where it may
suffer from diffraction and coupling losses to other devices. However, the
use of hollow waveguides reduces the coupling losses by eliminating
reflection since the core material is air. The structure of the hollow
waveguide can be varied to produce a multitude of devices such as
polarizers and filters. Structures fabricated and available in the literature
usually have a rectangular cross section and are fabricated mainly by deep
reactive ion etching or using sacrificial layers that are etched away at the

end of the process.

Difficulties in hollow waveguides having a single substrate exist both

in analysis and fabrication. Numerical techniques available to calculate



the losses of the modes of these waveguides are either inadequate or take
a very long time. Fabrication techniques are complicated and expensive.
In this work, we propose the use of Silicon V grooves as hollow
waveguides. After the groove is fabricated, it is covered with another

Silicon wafer thus giving a triangular cross section.

The fabrication process of the silicon V groove is very simple. Also,
the side walls are crystalline planes leading to lower scattering losses. The
depth of the V groove can be controlled through the mask width and
therefore, it is possible for example to have a 3D tapered waveguide with
a process that uses a 2D mask.

We develop an analytical model based on ray optics to calculate the
losses of the fundamental mode in the silicon V groove waveguide. We
compare the results of this model to simulation and find that good
agreement is obtained. Next we generalize the method to arbitrary cross
sections and arbitrary modes. The technique is semi-analytical and uses
the field of a waveguide of the same cross section but assumed to be
closed. The results of this method are compared against previous
analytical models for specific geometries and the same results are
obtained. Then the method is used to derive results for new waveguide

geometries.

Fabrication of the waveguide is described and the optimum
fabrication parameters are mentioned. The fabrication process was refined
and polished through viewing fabricated samples using the scanning
electron microscope (SEM). Characterization of the waveguide is also
described and problems that need to be overcome in the practical work are

mentioned.



