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ABSTRACT  

An approach to integrated frequency -comb filtering  is presented, building from a 

background in photonic crystal cavity design and fabrication.  Previous work in the 

development of quantum information processing devices through integrated 

photonic crystals consists  of photonic band gap engineering and methods of on -chip  

photon transfer.  This work leads  directly to research into coupled -resonator optical 

waveguides which stands as a basis for the primary  line of investigation.   These 

coupled cavity systems  offer  the designer slow light propagation which increases 

photon lifetime, reduces size limitations toward on -chip integration , and offers 

enhanced light -matter interaction .  A unique resonant structure explained by 

various numerical  models enables comb-like re sonant clusters in systems that 

otherwise have no such regular resonant landscape (e.g. photonic crystal cavities).  

Through design, simulation, fabrication and test, the work presented here is a 

thorough validation for the future potential of coupled-resonator  filters in frequency 

comb laser sources. 

  



iv  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To Deloris Nolf,  my grandmother, friend, and inspirationé 

And to Richard & Donna Weed, my parents whose emotional support is 

immeasurableé 

  



v 

 

ACKNO WLED GMENTS  

The body of work discussed herein  is a testament to collaboration.  Support from 

Professors Peter Delfyett, Patrick LiKamWa, Sharon Weiss, and Winston 

Schoenfeld enabled the development and completion of original research with little 

funding.  The  research and community outreach efforts  of the author  while at 

CREOL  would simply not have been possible without the support of m any 

colleagues.  In particular, credit is owed to Hubert Seigneur, Jeremy Mares, Casey 

Boutwell, Ming Wei, and Charles Williams.  Additionally, the author would like to 

thank those who provided recourse from science in the form of real friendship: 

Carlos Perea, Kyle Douglass, Ronald Cardoso, Lauren Riegler, Kirsten Martin, 

Reggie Drachenberg, and Julia Moore ð thank you.  

  



vi  

 

TABLE OF CONTENTS  

LIST OF FIGURES  ................................................................................................. ix  

LIST OF ABBREVIATIONS  ................................................................................. xvi  

CHAPTER 1 INTRODUCTION & MOTIVATION  ................................................. 1 

CHAPTER 2 BACKGROUND  ................................................................................. 3 

Ridge waveguides .................................................................................................. 3 

Resonant structures  .............................................................................................. 4 

Micro -ring resonators  ........................................................................................ 6 

Photonic crystals  ............................................................................................... 8 

Coupled-resonators  ......................................................................................... 11 

Applications ......................................................................................................... 13 

Quantum computation  .................................................................................... 13 

Telecommunications  ........................................................................................ 14 

CHAPTER 3 QUANTUM INFORMATION PROCESSING DEVICES  ............... 16 

Challenge: Integrated polarization insensitivity  ............................................... 17 

Study: Effect of unit -cell symmetry on photonic crystal bandgaps  ............... 18 

Exercise: A frequency -relative effective index method  .................................. 20 

Study: Slab engineering optimization  ............................................................ 27 



vii  

 

Results: Too narrow the window  .................................................................... 30 

Challenge: Photonic crystal fabrication  ............................................................. 30 

Exercise: E -beam lithography  ......................................................................... 31 

Challenge: Integrated photon transfer  .............................................................. 32 

Study: Quantum mechanical modeling  .......................................................... 33 

Study: Classical modeling  ............................................................................... 34 

Results: Catch and r elease .............................................................................. 37 

CHAPTER 4 COUPLED -RESONATOR FREQUENCY COMBS  ........................ 40 

Challenge: Integrated frequency comb generation ............................................ 41 

Study: CROWs as frequen cy combs ................................................................ 43 

Study: The coupled -resonator optical waveguide loop (CROWL)  ................. 46 

Results: Understanding obstacles  .................................................................. 53 

Challenge: Coupling t o looped CROWs .............................................................. 54 

Study: CROWL mode symmetry considerations  ............................................ 54 

Results: Guidelines for waveguide -CROWL coupling  ................................... 60 

Challenge: Micro -ring CROW fabrication  .......................................................... 67 

Exercise: Design of non -collinear racetrack resonators  ................................. 67 

Study: Device characterization  ....................................................................... 69 



viii  

 

Results: Coupling  vs. ring -to-ring separation  ................................................ 74 

Challenge: Resonance uniformity in CROW combs  .......................................... 75 

Study: Apodization toward FSR uniformity  ................................................... 75 

Study: Coupling control and sensitivity  ......................................................... 81 

Results: Design guide for coupling based dispersion engineering  ................ 82 

CHAPTER 5 CONTRIBUTION SUMMARY  ........................................................ 85 

2D photonic crystal design toward polarization insensitivity  .......................... 85 

Integrated photon transfer  ................................................................................. 86 

Looped CROW symmetry consid erations  .......................................................... 86 

CROW apodization toward uniformity  .............................................................. 87 

Viability of CROW frequency combs  .................................................................. 88 

APPENDIX: FULL FABRICATION DATA  ........................................................... 90 

REFERENCES  ....................................................................................................... 93 

  



ix  

 

LIST OF FIGURES  

Figure 1. Cross -section illustration of SOI ridge waveguides and ring resonator.  ..... 4 

Figure 2: A simple micro -ring resonator with bus waveguides (a) and FDTD 

calculated transmission spectra with no material dispersion included (b).  ..... 6 

Figure 3.  (color) Example of micro -ring resonant figures of merit.  ............................ 7 

Figure 4:  (a) Illustration of a common photonic crystal slab featuring circular holes 

in a hexagonal array with a defect line waveguide.  (b) The same crystal 

shown with an overlay to indicate the irreducible cry stal Brillouin Zone.  .... 10 

Figure 5. The dispersion and mode splitting of a CROW chain with seven arbitrarily 

coupled cavities.  © I EEE  ................................................................................. 12 

Figure 6: (color) Optimization results from hole shape study (a), curves represent 

the PBG edges featuring an maximum overl ap at a normalized thickness of 

0.112.  Hole shapes studies are shown in (b).  © SPIE  .................................... 19 

Figure 7: (color) Calculation of the effective index of an example slab waveguide 

device.  The two curves represent orthogonal polarizations.  © SPIE  ............ 20 

Figure 8.  Effective index method for photonic crystal slab structures.  .................... 21 

Figure 9.  Even, TE -like polarization photonic ba nd diagram of example photonic 

crystal slab.   © SPIE  ........................................................................................ 23 

Figure 10. Odd, TM -like polarization photonic band diagram of example pho tonic 

crystal slab.  © SPIE  ......................................................................................... 23 

Figure 11.  Illustration of the frequency relative effective index method.  ................ 25 



x 

 

Figure 12. Even, TE -like polarization photonic band diagrams of example photonic 

crystal slab using the frequency relative effective index method.  © SPIE  .... 26 

Figure 13.  Odd, TM -like polarization photonic band diagrams of example photonic 

crystal slab using the frequency relat ive effective index method.  © SPIE  .... 26 

Figure 14. (color) FDTD transmission spectra scan results showing even (a, c) and 

odd (b d) polarizations in both M (a, b) and K (c, d) crystal directions with the 

light line (white) and single -mode cut off (red) overlaid.  Slab thickness for 

these scans was d/a = 0.6.  © SPIE  ................................................................... 28 

Figure 15. PWE transmission spectra scan results showing even modes for different 

normalized thickness.  © SPIE  ......................................................................... 29 

Figure 16. PWE transmission spectra scan results showing odd modes for different 

normalized thickness.  © SPIE  ......................................................................... 29 

Figure 17:  SEM images of photonic crystal fabrication into the hardmask SiO 2 

layer with GaAs substrate beneath.  Images A, B, and C show progressively 

deeper hardmask layers and D sh ows the triangular hole shape.  .................. 32 

Figure 18:  Illustration of the CROW chain used to controllably transfer a cavity 

mode between cavities.  © Hindawi .................................................................. 35 

Figure 19: (color) The dispersion of a CROW with the cavities aligned to the K -

crystal direction (a).  Re sonant spectra of a single, isolated unit -cavity for 

various slab indices (b).  © Hindawi  ................................................................. 36 



xi  

 

Figure 20:  By switching the index, a  mode is allowed to propagate via a CROW 

mode and be trapped again by index switched barrier cavities.  © Hindawi  . 36 

Figure 21:  Spatial transfer of a single -photon using a quantum mechanical model.  

Shown with the cavity switching mechanism off (a) and on (b).  © Hindawi  . 37 

Figure 22:  (color) Spatial transfer of light using a classical model in a CROW chain.  

Release (red) and capture (blue) of light buy monitoring energy density was 

achieved to 75% efficiency.  © Hindawi  ............................................................ 38 

Figure 23:  Schematic of a CROW chain.  S in  and Sout represent energy in and 

energy out through cavities labeled by a n. ....................................................... 43 

Figure 24:  (a) F DTD and (b) CMT calculations of a six -cavity CROW.  Without loss, 

the peaks would be uniform amplitude.  ........................................................... 45 

Figure 25 :  Schematic of a coupled -resonator optical waveguide loop (CROWL).  S in  

and Sout represent energy in and energy out through cavities labeled by a n. 46 

Figure 26: Coupled mode theory generated scan over CROW and CROWL devices 

with increasing number of peaks.  © IEEE  ...................................................... 49 

Figure 27:  (color) FDTD simulation of the L3s1 unit cell defect cavity resonances 

within the photonic bandgap of a 3D dielectric slab with index 3.4 and 

thickness of 0.6* a. Also provided are 2D -plane slices of the H y mode 

structures correspondi ng to these resonances.  © IEEE  ................................. 50 



xii  

 

feeds back on itself.  Five spacer holes make up the elbow in the ring 

embodiment used in this work.  © OSA  ........................................................... 51 

Figure 29.  Benzene (a) and its  CROW analogy (b) with energy states understood 

through resonant symmetry (c).  ....................................................................... 52 

Figure 30:  Lossless CMT calculated transmission spectra of a 28 -cavity chain (a) 

and loop (b).  © OSA .......................................................................................... 53 

Figure 31.  3D FDTD calculated resonant spectra of an isolated six -cavity CROWL 

simulated as air holes in a slab of index 3.4 with resonance centered at 

1.55ȋm wavelength. Inset shows device illustration. É IEEE  ........................ 57 

Figure 32: (color) Effective index calculations to determine appropriate 2D indices 

to approximate a 3D photonic crystal slab featuring a CROWL structure.  

Both calibration for resonant characteristics at (a) neff=4.0 and resonant 

center at (b) neff=2.77 were performed.  © IEEE  ............................................ 58 

Figure 33: (color) Spectral response of an isolated six -cavity CROWL under 

symmetry restricting simulation with (a) Z -antisymmetry and (b) Z -

symmetry. Solid and dashed frequency markers indicate Z -antisymmetric 

and Z-symmetri c resonances, respectively.  Red and blue frequency markers 

indicate X -antisymmetric and X -symmetric resonances, respectively.  © IEEE

 ........................................................................................................................... 59 



xiii  

 

Figure 34: (color) Illustration of a six -cavity CROWL showing mode structure 

symmetries.  Red and blue regions represent respectively positive or negative 

Hy field direction. Empty cavities are necessary to exhibit Z -symmetry.  © 

IEEE  .................................................................................................................. 60 

Figure 35: (color) (a) Schematic of symmetric butt -coupling technique for accessing a 

photonic crystal CROWL.  FDTD transmission fo r a waveguide end to cavity 

center distance of (b) 6.08a and (c) 6.93a.  © IEEE  ......................................... 62 

Figure 36: (color) Schematic of asymmetric butt -coupling technique for accessing a 

photonic crystal CROWL (a).  FDTD transmission for a waveguide end to 

cavity center distance of 5.29a (b) and 6.24a (c).  © IEEE  .............................. 64 

Figure 37: (color) Schematic of side -coupling technique for accessing a photonic 

crystal CROWL (a).  FDTD transmission for a waveguide end to cavity center 

distance of 5.20a (b) and 6.06a (c).  © IEEE  .................................................... 65 

Figure 38:  L -Edit e -beam mask-writing screen shot of triangular racetrack coupled -

resonator devices.  .............................................................................................. 68 

Figure 39.  Blueprint of the design of triangular micro -rings for CROW and CROWL 

fabrication.  ........................................................................................................ 69 

Figure 40.  Equipment used at Vanderbilt University to characterize micro -ring 

CROW devices. .................................................................................................. 70 



xiv  

 

Figure 41. SEM image of (a) unit micro -ring resonator, (b) coupled -resonator optical 

waveguide (CROW), and (c) coupled -resonator optical waveguide loop 

(CROWL).  The unit -ring for all devices is 49.7ȋm in circumference. ............ 71 

Figure 42. (color) Spectral response of a single micro -ring resonator with different e -

beam exposure doses resulting in differe nt waveguide widths.  ...................... 72 

Figure 43. (color) Measured spectral response of (a) CROW central splitting with 

smaller S and (b) CROWL off center splitting with larger S. ......................... 73 

Figure 44.   Data collected from fabricated devices from Vanderbilt Univers ity.  .... 74 

Figure 45: (color) Coupling constant apodization goal.  Black curve represents 

standard CROW dispersion and corrected CRO W dispersion is shown in red.

 ........................................................................................................................... 77 

Figure 46. (color) CMT generated effect of enforcing a parabolic coupling function of 

ȉ(ka) with varying apodization amplitude.  ...................................................... 78 

Figure 47. CMT simulation of a CROW with N=28 resonators weakly coupled to bus 

waveguides. Both  standard coupling (a) and ȉ-corrected coupling (b) spectra 

are shown.  ......................................................................................................... 79 

Figure 48.  (color) Coupling schemes and their resultant FSR distribution. Coupling 

constant, ȉ, is constant in black and made to vary with n4 in red. ................ 80 

Figure 49: (color) 2D effective index (n TE=2.45) coupling constant scan.  Resonator 

separation and resonator waveguide width are varied to show coupling 



xv 

 

streng th between two identical resonators.  The coupling coefficient is 

determined by the degree of resonant splitting.  .............................................. 81 

Figure 50. (c olor) Fabrication guide combining FDTD trend information and 

physical device characterization.  Dotted lines represent design range 

outlined in Figure 48. Example device data of center split of six -resonator 

CROWL is shown through inset.  ...................................................................... 83 

Figure 51. Full characterization of ChipA with a W=400nm from Chapter 4.  ......... 91 

Figure 52. Full characterization of ChipA with a W=377.6nm from Chapter 4.  ...... 91 

Figure 53. Full characterization of ChipA with a W=356.8nm from Chapter 4.  ...... 92 

  



xvi  

 

LIST OF ABBREVIATIONS  

2D  two dimensional  

3D  three dimensional  

AlGaAs  aluminum gallium  arsenide  

CMT   coupled mode theory  

CROW coupled-resonator optical waveguide  

CROWL  coupled-resonator optical waveguide loop  

CW  continuo us wave 

DARPA  Defense Advanced Research Projects Agency 

e-beam electron beam  

EIM   effective index method  

E-PHI   electronic -photonic heterogeneous integration  

FDTD   finite difference  time domain  

FSR  free spectral range  

FWHM  full width at half maximum  

FWM  four -wave mixing  

GaAs  gallium  arsenide  

GDS  graphic d atabase system 

GHZ  Greenberger -Horne -Zeilinger  

OPL  optical path length  

PBD  photonic band diagram  

PBG  photonic band gap  

PCS  photonic crystal slab  

PWE  plane wave expansion  

Q  quality (i.e. Q -factor, h igh -Q) 

QD  quantum dot  

REIM   relative effective index method  



xvii  

 

RF  radio frequency  

SEM  scanning electron microscope  

Si  silicon  

SiO2  silicon dioxide  

SOI  silicon on insulator  

SPFE  single photon faraday effect  

TE  transverse electric  

TM   transvers e magnetic  

 



1 

 

CHAPTER  1 

INTRODUCTION  & MOTIVATION  

This is the information age; a time when the management of data -flow  between 

individuals and organizations around the world fundamentally matters .  It is 

therefore no surprise that the field of information t heory has come under such 

intense investigation , and the associated communications technologies have become 

so ubiquitous .  Over the years, since the advent of fiber optic communications , 

photonic technologies have been overtaking segments of the global electronics 

infrastructure  due to a few key physical characteristics .  Electronic signals generate 

a lot of heat, optical signals generate very little.  Electronic  signals are also, 

therefore, significantly more lossy than optical signals.  Optical signals d o not 

interact with each other, save nonlinear processes, which opens wide the potential 

number of signals per carrier circu it ð an enormous advantage over electrical signal 

processing.  In fact, t he only advantage electronics holds onto besides precedent is 

scale.  Electrons are small compared to useful wavelengths of light, and so 

integration of photonic devices  is a challenge; a challenge certainly worth 

addressing, however.   It is from this challenge that the field of integrated photonic 

devices has emerged, and as part of this field, the past and proposed research 

efforts  of this author  will be  discussed with a focus  on the design and fabrication of 

novel optical resonator devices.  
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This dissertation is comprised of five chapters which, after this introd uctory 

chapter and some background, represent the authorõs contributions to quantum 

information science and integrated frequency comb generation.  The work is 

concluded with a final chapter dedicated to outlining the tangible contributions the 

author has o ffered the field en route to completing his doctoral studies.   
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CHAPTER  2 

BACKGROUND  

Integration of optical communications technology means mastering the 

interaction of light and matter.  After all, a major benefit of optical signals is their 

orthogonality.   Higher than air refractive index allows optical fiber to guide light 

signals with low loss throughout the world and, in order to translate this technology 

to the integrated chip means new devices are needed.  When working on the scale of 

the wavelength o f light, instead of kilometers, the design of these devices becomes 

significantly more sensitive, however.  It is with this in mind that this chapter will 

outline the major existing tools in the field of integrated photonics ð ridge 

waveguides, ring resona tors, pho tonic crystals , and coupled-resonator optical 

waveguides (CROWs). 

Ridge waveguides  

As mentioned, optical fiber provides light a preferred propagation path to that of 

unbound free space.  Similarly, on a ship, it is simple to imagine a ridge of hig h 

index will behave in the same way.  Ridge waveguides are the backbone of 

integrated photonics and while very simple in theory represent their own set of 

scale-related design challenges.  

Illustrated in Figure 1 is the industry st andard for integrated photonics, the 

silicon on insulator (SOI) platform onto which two ridge waveguides and a ring 

resonator (to be discussed later) are etched.   Since SiO2 and crystalline silicon have 
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a strong index disparity, a ridge of Si sitting atop a plane of SiO 2 acts as a strong 

waveguiding platform.  With a standard thickness of 220nm, ridge waveguides in Si 

can support optical signal routing on chip at 1550nm down to ridge widths of 350nm 

below which scattering losses due to edge roughness domina tes.  Additionally, the 

standard maximum bend radius for ridge waveguides is 5µm due to the same edge 

roughness effects as the mode moves closer to the outer edge of a bend.  The 

roughness imparted by the etching process in such devices is of major concern  in 

academic and industrial circles and much work exists around the world to improve 

the fabrication quality and consistency of these essential integrated photonic 

building blocks.  

 

Figure 1. Cross-section i llustration of SOI ridg e waveguides and ring 

resonator .  

Resonant structures  

While ridge waveguides route light around on chip, in order to generate, detect, 

and further manipulate propagation, resonant structures are necessary.  Generally 
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speaking a n optically  resonant structur e is some physical system that offers light a 

spectrally dependent  solution  that is commonly steady -state.  This is accomplished  

through satisfaction of interference conditions  of reflection or round trip .  An optical 

cavity  is a resonant structure that  confines electromagnetic energy in a certain  

number of dimensions for a finite amount of time.  Based on boundary conditions , 

this confined energy makes up a discrete set of allowable optical frequency states 

defined as modes.  Realistic systems always have loss mechanisms like absorption, 

scattering, radiative decay, and out -coupling, which lead to  finite photon lifetime s 

and as a result of Fourier relationships, finite resonant linewidths.   Cavities are 

generally characterized by their  Q-factor , defined as the energy stored in the cavity 

divided by the energy dissipated per cycle.  A cavityõs Q is normally given in terms 

of normalized resonant  linewidth as Ș0/ǤȘ, where Ș0 is the resonant center and ǤȘ 

is the full width at half maximum (FWHM) of the resonance .  The objective of 

photonic cavities for the overwhelming majority of applications is to mediate the 

interaction of an optical field with matter.  Cavities provide researchers with useful 

resonant landscapes t hat frame spectral laser output, and act as a vessel for 

creating strong light -matter interactions  at low power  for nonlinear processes of 

emission and detection .  In the work conducted by this author, two manifestations 

of integrated cavities have been considered: the photonic crystal defect cavity, and 

the micro -ring resonator .  Each system offers benefit s and drawback s, but will 

certainly both  play major parts in the future of integrated communications systems.  
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Micro -ring resonators  

Micro-ring resonators are  straightforward cavities that exhibit a f requency-

periodic set of modes shown in Figure 2.  These structures are thoroughly studied in 

the literature for applications from laser sources to detectors and switches.  Two 

figures of merit exist for micro -rings, the  free spectral range (FSR) and FWHM.  

Combined, the ratio of FSR to FWHM is called the resonator finesse.   

 

 

Figure 2: A simple micro -ring resonator with bus waveguides (a ) and FDTD 

calculated transmission spectra with no material dis persion included (b ). 

As discussed above, FWHM or linewidth is determined by the level of energy 

containment the cavity exhibits, its Q -factor.  The strength of coupling to the bus 

input and output waveguides is a major part of the resonatorõs Q-factor, but los s 

mechanisms like absorption, scattering from edge effects of the ridge, or bend loss if 

the waveguide that makes up the ring bends too sharply all play a role in 

determining the rings linewidth.  
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Figure 3.  (color) Example of mi cro-ring resonant figures of merit.  

The FSR is, however determined purely on the optical path length (OPL) of the 

resonator.  Due to the interference condition shown in equation  (1), propagating 

round trips of the ring produce a q uantization of wavelengths  that are allowed to 

sustainably  exist in the resonant structure.  

ά‗ ς“Ὑὲ ὕὖὒ       ( 1 ) 

’         ( 2 ) 

ɝ’         ( 3 ) 

       ( 4 ) 
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ɝ‗         ( 5 ) 

It should be noted that while the wavelength spacing is dependent on the 

spectral range of interest, the frequency spacing is consistent.  However , due to 

modal and material dispersion, this periodic set of modes may not be truly periodic 

but instead widen or condense with frequency as well as  wavelength.  This effect 

can be seen as a result of modal dispersion in Figure 2.  The primary design 

variables  for micro -ring resonator s are the mode index of the waveguide that makes 

up the ring, and the rings circumference.  The physical  design elements that 

determine the mode index  include  the waveguideõs cross-sectional dimensions 

(height and width) and the indices of all the nearby materials.  

By increasing the radius of a micro -ring, the resonances collectively condense 

making the FSR drop as 1/R.  Changing  of the ringõs waveguide dimensions or 

material basis also serves to tune FSR in more subtle  ways. 

Photonic crystal s 

The round trip interference condition of the ring resonator is but one way to 

generate a resonant structure.  Repurposing semiconductor band  theory to describe 

the behavior of light in periodic dielectric media created an enormous amount of 

hope that so called photonic crystals  would  propel the world  in to integrated optical 

circuitry .  Photonic crystals are dielectric structures that feature p eriodic 

permittivity resulting in spatially extended reflections that interfere to produce 
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allowed optical propagation modes.  Under certain physical circumstances, 

resonances that distort the dispersion relation lead to the opening of photonic band 

gaps (PBG).  These frequency bands are spectral spans in which light propagation is 

forbidden in the same way electrons experience energy band gaps in crystalline 

semiconductor lattices.  Aiming to guide and manipulate the propagation of light, 

defects are used to create allowable states for light to exist.  This concept has 

blossomed into a wide range of devices that, like their electronic counterparts, are 

intended to manipulate the movement of photons within the crystal.  Completely 

scalable based on the latti ce constant a, and boasting 100% theoretical reflection 

through diffractive effects, photonic crystal devices have been designed and realized 

for frequency filters, lasers, chemical/biological sensors, optical circuitry, and slow 

light experiments.  While these expectations have certainly been fed by an 

enormous amount of device design and innovation, fabrication quality and expe nse 

still stand as road -blocks to their insertion into mainstream technology offerings.  

Defects in photonic crystals are generally  created through vacancies or even 

more subtle changes of a small region of the crystal  which create allowable space for 

light to oscillate.  For example  a line defect can be a waveguide while a point defect 

acts as a cavity.  For the sake of the work disc ussed later in this dissertation , 2D 

hole-type photonic crystal slabs (PCS) have been the focus as shown in  Figure 4. 
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Figure 4:  (a) Illustration of a common photonic cryst al slab featuri ng circular 

holes in a hexagonal array with a  defect line waveguide.  (b ) The same crystal 

shown with an overlay to indicate  the irreducible crystal Brillouin Zone.  

The design of these devices demands control over may variables with regard to the 

defect fr ee crystal:  

¶ heterostructure refractive indices , 

¶ guiding layer thickness , 

¶ photonic crystal lattice (square, hexagonal, etc.) , 

¶ and photonic crystal unit cell ( hole shape, orientation, fill factor and 

depth ) 

as well as variables with regard to the defect stru cture  in the crystal : 

¶ number of holes removed , 

¶ size and shape difference of defect holes , 

¶ and the p osition shift of defect holes . 

A B 
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Compiling all these design elements provides a flexible landscape in which to 

design PBGs that coincide with desired operation al frequencies and further, defect 

states within the PBG that may be engineered to achieve the desired f unctionality.  

Because these systems are complicated, analytical solutions are only of use to 

study the defect -free crystal design.  Therefore,  as is customary, the plane wave 

expansion (PWE) method is used to analytically study PBG behavior while a finite -

difference time -domain (FDTD) routine is implemented in the  numerical  study of 

defect devices.  The work s described in this report reflect R -Soft Designõs suite of 

software fo r PWE and FDTD.  Post -processing and analysis code based out of 

MatLab was also used extensively.  

 

Coupled-resonators 

Finally with w eight  given to the clams of the optical cavity systems described 

above and the ever increasing  fabric ation quality of featu res on the sub -wavelength 

scale, design of more complicated resonant structures  has emerged.  For example, 

when a plurality of  N cavities are brought into close proximity  to each other,  light is 

allowed to  couple between them and actually propagate  through the chain .  By 

describing the field of this chain as a periodic array of resonators  (n), spaced by 

some distance in the z -direction ( S) as shown in equation (6 ), the equation (7 ) may 

be solved to find the dispersion relation, equation (8 ).  
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This device is referred to as a coupled -resonator optical waveguide (CROW), and 

where an isolated cavity will feature a single -peaked resonance, the CROW 

resonance splits into N-peaks and takes on a sinusoidal dispersion relation  as 

shown in  Figure 5. 

 

Figure 5. The dispersion and mode splitting of a CROW chain with seven 

arbitrarily coupled cavities.   © IEEE  

Conveniently, the two figures of merit that govern this resonant substructure 

can be decoupled and considered separately , these being again,  the FWHM of the 

peaks and their FSR.  Therefore, the designer may engineer them separately 
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through control over the externa l decay time (ȓ) and inter -cavity coupling constant 

(ȉ) respectively.  

Due to the diffusion -like energy flow through CROW systems, they achieve 

significant  group velocity dispersion that can b e readily manipulated in design  

toward  slow light and pulse engin eering  applications .  The CROW technique has 

been extensively studied using micro -rings as the unit cavity but has also been 

extended to photonic crystal cavities.  While the fabrication quality of micro -rings is 

currently superior to photonic crystal syst ems due to less field interaction with 

etched-edges, the benefits in scale, field confinement, and propensity for integration 

keep researchers working in both cavity types.  Modeling of these higher order 

periodic cavity systems can be achieved using analy tical coupled mode theory 

(CMT ) routines as well as numerical studies in FDTD.  

Applications  

Integrated photonic s represent s a technology with a plethora of applications.  

The scope of the work reported here will include applications in quantum 

information science, telecommunications devices, and environmental sensors.  

Quantum computation  

The òflyingó photon qubit is  very popular in the design of  many quantum 

information schemes [1-3].  Photons offer this field many useful properties, 

portability being paramount.  It is for this reason that many in the field view 
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integrated photonic devices as the backbone for future exploration of these exotic 

theoretical systems.  As me ntioned previously, optical cavities are  commonly  

intended to facilitate a controlled interaction between light  and matter.  Along these 

lines,  photonic crystal cavities have attracted much attention  as single -photon 

strong -coupling  can be achieved to quan tum dot (QD) electron states  [4]. 

Additionally, though not discussed further in this dissertation, all optical 

quantum information circuits have been proposed in an integrated setting.  Again, 

loss plays a major role in bring th ese designs to fruition, but the devices rely on the 

design of waveguides, splitters, and cavities to generate route and detect the 

behavior of light propagation.  This networking of photons on chip is a major theme 

of the first half of this dissertation, focused on applying a photonic crystal backbone 

to a network of cavities and interconnected waveguides mean to facilitate 

entanglement under well controlled temporal conditions.  

Telecommunications  

Discussed at greater length previously, telecommunications dominate the work 

on integrated photonics.  Optical technologies have steadily moved up the food chain 

of computation infrastructure from long haul fiber optics to board -to-board server 

relays and will hopefully make the jump onto the computational chips t hemselves 

one day soon. 

Integrated slow -light represents the potential solution to many miniaturization 

issues in photonic systems today.  D evices such as delay lines for optical circuitry 
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and frequency comb sources can be imagined in an integrated form  using systems 

that boast group velocity reduction by factors of 100 or more  [5-8].  CROW 

structures and other chip level photonic devices  therefore offer much hope f or the 

progress of optics in the telecommunications industry  because of their ability to 

manipulate the dispersion of light  with less power and  in more dramatic ways than 

is possible on the macro -scale. 

  



16 

 

CHAPTER  3 

QUANTUM INFORMATION PROCESSING DEVICES  

Manipulation of quantum natured information tends to inspire the world toward 

speculations about a solution to Mooreõs Law  [9].  As is true with most new 

technologies though , especially in their infancy, general assimilation of quantum 

information onto the world stage is likely to be unrealistic.  However, as applied to 

specific problems ð physi cal simulati on, cryptography , and specific algorithms ð this 

quantum information revolution holds very real promise for producing technological 

advancements in our lifetime while laying the ground work for future generations of 

scientists and engineers.   Much theory exists describing  systems for  quantum 

information processing in  a myria d of applications but very few can be tied to a 

reasonably physical system . 

The effort undertaken by this author in collaborat ion with Dr Michael 

Leuenberger and Dr Hubert Se igneur , was to bridge the gap as it were, between 

theoretical quantum system design and experimental device design.  Toward the 

realization of an integrated, Greenberger -Horne -Zeilinger  (GHZ) state by way of the 

single photon faraday effect ( SPFE), an opti cal network that operates insensitive to 

polarization differences is necessary  [10].  It was hoped that, by taking advantage of 

the budding work in photonic crystal dispersion engineering, this network could be 

achieved in a scalable  2D slab architecture.  I t was found to be possible to design 

such a slab with overlapping PBG for even and odd polarizations , but was  
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unfortunately not realistic  considering the need for sensitive waveguide and cavity 

design.  The research effort did, how ever, lead to the study of photonic crystal 

CROWs as a means to controllably rou te photons around a chip in a way that lends 

itself very nicely to both quantum and classical optic al  modeling.  

Challenge: Integrated polarization insensitivity  

Even though  the realization of an integrated polarization insensitive network 

was ultimately unrealistic, the work conducted led to a deep understanding of the 

behaviors of PBG s in 2D slabs as well as contributions to the interpretation of 

certain design elements.  Aspir ations of housing the quantum information network  

described previously  in a photonic crystal structure demands a stringent set of 

design criteria  for the photonic devices  and drove the effort  toward four primary 

criteria : 

¶ Quantum Dot (QD) embeddable and hi gh refractive index guiding 

layer  material  

¶ Polarization insensitive , low loss waveguides and cavities  

¶ Device polarization continuity  

¶ Robust optical response  to stand up to fabrication error  

These criteria stem from a need to relay single photon polarizatio n states 

through the networkõs guides and cavities with high fidelity.  The first criteri on led 

quickly to GaAs based guiding layers as they offer both high index possibilities and 
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a mature QD growth history.  In order to explore the remaining criteria, th e 

photonic crystal design elements discussed earlier were considered.  

Addressing  these variable s, two studies were carried out  to explore the potential 

for complete, polarization insensitive PBGs.   First , optimizing a set of hole shap es 

for orientation, fi ll factor, and slab thickness  [11], and second analyzing the effects 

of cladding index on the opening of single mode P BGs [12]. 

Study: Effect of unit -cell symmetry on photonic crystal bandgaps  

Due to the observation by Sakota et al  [13], that  a fundamental -band odd-

polarization  PBG is possible only by breaking reciprocal lattice and unit cell 

symmetries, the first study carried out was an optimization of novel photonic crystal 

hole shapes.  Squares, triangles, and tri -clustered circular hole s hapes (Figure 6b) 

were considered to open a complete band gap between the 1 st and 2nd bands for both 

even- and odd-polarized  light.  This overlap was optimized, via the effective index 

method  (EIM) , for hole size, hole orientation , and slab thickness  (Figure 6a) [14].  It 

was found that rounded triangular holes and tri -clustered circular holes of fill factor  

0.88 and thickness d/Ȋ = 0.112 show identical an d optimized gap overlap with a 

12.81% gap figure of merit ( ǤȘ/Ș0). 
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Figure 6: (color) Optimization results from hole shape study ( a), curves 

represent the PBG edges featuring an maximum overlap at a no rmalized 

thickness of 0.112.  Hole shapes studies are shown in ( b).  © SPIE  

Many other groups pursued this course of design optimization, relying  on the 

EIM  [15-17].  Unfortunately, these results are now understood to be dubious as the 

EIM  offers poor approximation of odd-polarization  modes for high index -contrast 

systems [14].  This method permits the designer to save significant time and 

computational resources by approximating  a 3D slab as an infinite 2D material with 

an index defined by the mode index of the 3D slab waveguide.  Calculating the 

effective index of a slab waveguide  however, depends on the wavele ngth , as shown 

in  equation  (10), and presents the issue illustrated  in  Figure 7: for a given spectral  

range, the variation of mode index is significantly larger for odd -polarized light.   
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Figure 7: (color) Calculation of the effective index of an example slab 

waveguide device.  The two curves represent  orthogonal polarizations .  © 

SPIE  

The literature next went to low index contrast slab structures similar to those of 

AlGaAs laser diodes, but these efforts were also not useful for integrated systems as 

the structures exhibit all of their photonic resonan ce behaviors above the claddingõs 

light -line resulting in devices that allow le akage in the lateral direction [18, 19].   

Exercise: A frequency -relative effective index method  

The EIM for the simulation of PCS s offers an extremely desirable ability to 

quickly simulate the photonic band behavior of three -dimensional devices through a 

sort of effective medium approximatio n.  Unfortunately, this approximation is 

shown to be severally inaccurate for TM (Odd) polarized light unle ss the modes are 

weakly guided ð low index contrast or large thickness.  This inaccuracy is, in large 

Eve

n 

Odd 
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part, due to the dependence of a slabõs effective indices on frequency, a dependence 

that  varies more strongly  in TM (Odd) polarized modes.  As a method of correction 

to the EIM, we describe a frequency relative version of the popular approximation 

using 2D band diagrams from a standard PWE package tha t shows far stronger 

similarity to a fully 3D PWE approach.  

The standard EIM is a perturbative approach meant to approximate the 

photonic behavior of 3D devices that feature periodic optical properties by a three 

step process, illustrated in Figure 8.  First, ignoring the periodicity, a first  order 

approximation of the structureõs optical modes are made.  Second, the propagation 

is treated as a 2D plane wave in an infinite medium of index equal to the effective 

mode indices of each optical mode from the first order approximation and include 

the periodicity initially ignored to solve for the effective photonic behavior.  Finally, 

this effective 2D picture may be manipulated through the inclusion of defects to 

approximate the effect o f similar inclusions to a fully 3D structure.  

 

Figure 8.  Effective index method for photonic crystal slab structures.  
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In a PCS made from periodic holes etched through a slab of high index material, 

our intended system, the holes are first ignored and the resulting slab mode indices 

are used in the infinite 2D structure with included holes to solve for the effective 

photonic band diagram (PBD) of the PCS.  A major source of inaccuracy in this 

method comes from the dependence of the  slabõs effective index on wavelength, as 

can be seen in the slab mode (7). 

As becomes obvious through side by side comparison  (Figure 9 and Figure 10), 

even polarization is reas onably approximated through the EIM while odd 

polarization greatly exaggerated. In much work from the literature, the accuracy of 

the even mode approximation was inappropriately applied to odd modes as well 

enabling the assertion of functional polarization  insensitive photonic band gaps.  

Unfortunately though, due to this faulty approximation, such an assertion seems 

extremely unlikely.  
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Figure 9.  Even, TE -like polarization photonic band diagram of example 

photonic crystal slab.   © SPIE  

 

Figure 10. Odd, TM-like polarization photonic band diagram of example 

photonic crystal slab.   © SPIE  

Calculation of the slabõs mode-indices requires the choice of an operating 

normalized frequency which, from the start, l imits the accuracy of the 

approximation to a single frequency.  As becomes clear upon inspection of the 
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relationship between effective index and normalized frequency in slab waveguides, 

even modes vary to a much smaller degree than odd modes , seen in Figure 7.  Over 

almost any frequency window, the effective index of odd modes will vary much more 

significantly than even modes . 

In an effort to salvage this time -saving simulation tool, we implement a version 

of the EIM which is frequ ency-relative.  This Relative -EIM  (REIM)  builds an 

approximation of the 3D photonic band diagram using eigenmodes calculated by the 

standard EIM for a single desired normalized frequency at a time.  First the routine 

scans over the range of normalized freq uencies to calculate effective indices for the 

slab at each normalized frequency.  It then calculates the 2D eigenmodes and 

extracts the k -values that correspond to each frequency and builds a matrix as 

shown in Figure 11.  When the matrix is plotted, each point represents an 

eigenmode approximated through the EIM but with its appropriate normalized 

frequency.  
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Figure 11.  Illustration of the frequency relative effective index method.  

We implemented this r outine on a PCS airbridge of slab index equal to 3.5 and 

with normalized thickness ( d/a) equal to 0.6.  Shown side by side  in Figure 12 and 

Figure 13, the fully 3D calculation , standard EIM, and  the R-EIM , it is apparent 

that this frequency dependence is indeed to blame for the discrepancy between 3D 

and EIM simulations.  While there still exists an undetermined resonance 

frequency shift component for both even and odd calculations, the general behavior 

of the primary PBGs are better captured through this frequency relative approach.  

It is this general behavior that is most important, after all, as the fabrication 

process makes any simulation tool merely an approximation to reality.  



26 

 

 

Figure 12. Even, TE -like polarization photonic band diagram s of example 

photonic crystal slab using the frequency relative effective index method.   © 

SPIE  

 

Figure 13.  Odd, TM -like polarization photonic band diagrams of exampl e 

photonic crystal slab using the frequency relative effective index method.   © 

SPIE  

Calculating a full spectrum requires numerous 2D calculations, each with an 

appropriate effective index, that are assembled to construct a 3D equivalent; a 

process that ul timately only  saves time compared with 3D calculations when the 

same 2D set can be reused.  Additionally, there is still an issue with nominal 

resonant center of the PBG in this REIM and so for studying odd modes, it is not 

recommended to use an EIM of any  kind.  












































































































































