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Abstract 

The silicon photonic platform is widely used for optical sensing and 

communications because its high index contrast allows for smaller devices, and is 

compatible with CMOS manufacturing techniques. In this thesis we examine 

theoretically and demonstrate experimentally silicon-on-insulator biochemical sensors 

based on micro-ring resonators (MRR) and ring assisted Mach-Zehnder interferometers 

(RAMZI). We determine that the sensitivity of the slot waveguide is enhanced compared 

to the wire waveguide and examine the effect of coupler design on sensing performance 

using directional couplers and multi mode interference (MMI) couplers. We find that 

RAMZI devices offer a similar sensitivity while offering a larger index of refraction 

measurement range than MRR designs. The slot waveguide is found to increase bulk 

index sensing sensitivity by up to 2.2 times that of the wire waveguide. Directional 

coupler based MRR and RAMZI devices are shown to have higher bulk index 

sensitivities than MMI coupled devices. 

 



 iii 

Acknowledgements 

I would like to acknowledge the help and contributions of all the people that made this 

thesis possible. First I would like to thank Yule Xiong, for his previous work on this 

project and giving me a basis for my work. I would like to thank Angela McCormick for 

her assistance in etching the chips for testing. Also I would like to thank Rob Vandusen 

with his help setting up vibration isolators so that I could perform the testing. I would like 

to thank Ian Marsh in his assistance in editing the spelling and grammar of my thesis. 

Finally I would like to express my sincere thanks to my supervisor Dr. Winnie Ye, for her 

advice, motivation and her time spent revising and editing my thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 iv 

Table of Contents 

 

Abstract .............................................................................................................................. ii 

Acknowledgements .......................................................................................................... iii 

Table of Contents ............................................................................................................. iv 

List of Tables .................................................................................................................... vi 

List of Illustrations .......................................................................................................... vii 

1    Chapter: Introduction ................................................................................................ 1 

1.1 Thesis Objectives and Organization .............................................................................. 4 

2    Chapter: Literature Review ....................................................................................... 5 

3    Chapter: Theory and Concepts ............................................................................... 13 

3.1 Waveguides ................................................................................................................ 13 

3.2 Optical Couplers ......................................................................................................... 17 

3.2.1 Directional Coupler ................................................................................................ 17 

3.2.2 Multimode Interference Coupler ............................................................................ 19 

3.3 Ring Resonators .......................................................................................................... 20 

3.4 Mach-Zehnder Interferometer ..................................................................................... 24 

3.5 Ring Assisted Mach-Zehnder Interferometer .............................................................. 26 

3.6 Optical Waveguide sensing ......................................................................................... 28 

3.7 Conclusion .................................................................................................................. 30 

4    Chapter: Design and Fabrication ............................................................................ 31 

4.1 Device Design ............................................................................................................. 31 

4.2 Fabrication Tolerance Simulations ............................................................................. 34 

4.3 Fabrication .................................................................................................................. 38 

5    Chapter: Device Testing ........................................................................................... 41 



 v 

5.1 Experimental Apparatus.............................................................................................. 41 

5.2 Experimental Results .................................................................................................. 43 

5.2.1 Devices Characteristics – DC- and MMI-based devices using wire waveguides .... 45 

5.2.2 Devices Characteristics – DC- and MMI-based devices using slot waveguides ..... 50 

5.2.3 Bulk Index Sensing using DC- and MMI-coupled wire waveguides ...................... 56 

5.2.4 Bulk Index Sensing using DC- and MMI-coupled slot waveguides ....................... 59 

6    Chapter: Conclusion ................................................................................................. 65 

6.1 Future Work ................................................................................................................ 66 

References ........................................................................................................................ 68 



 vi 

List of Tables 

 

This is the List of Tables.  

Table 1: Simulated Coupling coefficient for the DC with wire waveguides and slot 

waveguides ........................................................................................................................ 35 

Table 2: Simulated coupling coefficient for the MMI coupler with sire waveguides ...... 37 

Table 3: Simulated coupling coefficient for the MMI coupler with slot waveguides ...... 37 

Table 4: Device Characteristic Parameters ....................................................................... 55 

Table 5: Device Sensitivities and Detection Limits .......................................................... 63 

 

 



 vii 

List of Illustrations 

Figure 1: Right, microdisk based optical chemical sensors as demonstrated by E. 

Krioukov et al. [39] Left, MRR based optical chemical sensors as demonstrated by A. 

Ksendzov and Y. Lin in [40]............................................................................................... 7 

Figure 2: Right, SOI MRR optical biosensor demonstrated by Vos et al. in [43] Left, (a) 

regular MRR based optical sensors, (b) Folded cavity MRR optical cavity senor as 

demonstrated by D. Xu et al. [31] ....................................................................................... 9 

Figure 3: Left, slot based MRR chemical sensors demonstrated by T. Claes et al.[28] 

Right, RAMZI based chemical sensor demonstrated by D. Dai in [33] ........................... 11 

Figure 4: Schematic drawing for the four common waveguide designs ........................... 13 

Figure 5: Schematic of a Slab waveguide ......................................................................... 14 

Figure 6: Schematic of the Directional Coupler ............................................................... 18 

Figure 7: Left, Schematic of the MMI coupler. Right. Simulation of the MMI coupler. . 20 

Figure 8: A) single coupler design, B) double coupler design [55] .................................. 21 

Figure 9: Schematic of the double coupler MRR ............................................................. 22 

Figure 10: Schematic of the MZI device[49] .................................................................... 25 

Figure 11: Schematic of ring-assisted MZI (RAMZI) racetrack design. The couplers can 

be directional couplers (DCs) or multimode interference (MMI) couplers.\ .................... 26 

Figure 12: Cross section of the wire waveguide and slot waveguide designs implemented.

........................................................................................................................................... 32 

Figure 13: FDTD Simulated power cross coupling ratios (blue) and power coupling loss 

(red) as a function of wavelength for (a) DC coupler and (b) MMI coupler .................... 32 

Figure 14: MRR and RAMZI wire waveguide sensor designs; all with a radius of 6   33 

file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088649
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088649
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088649
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088650
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088650
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088650
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088651
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088651
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088653
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088657
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088661
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088661
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088662


 viii 

Figure 15: MRR and RAMZI slot waveguide sensor designs with a radius of 20   ..... 34 

Figure 19: Simulated Electric field profiles; A) Electric field profile for the wire 

waveguide B) Electric Field profile for the Slot Waveguide C) Cross section of the 

electric field profile for the wire waveguide along z = 0.11nm D) Cross section of the 

electric field profile for the slot waveguide along z = 0.11nm ......................................... 36 

Figure 16: Fabricated MRR and RAMZI wire waveguide sensors; all with a radius of 

6 m ................................................................................................................................... 39 

Figure 17: Fabricated MRR and RAMZI slot waveguide sensors with a radius of 20 m,

........................................................................................................................................... 39 

Figure 18: Left: OZ optics tapered and lensed optical Fiber[60], Right: Inverse nanotaper 

coupler design[61] ............................................................................................................ 40 

Figure 20: Experimental apparatus ................................................................................... 42 

Figure 21: Transmission spectrum and transmission of a single peak for a DC-coupled 

MRR with wire waveguides.............................................................................................. 45 

Figure 22: Transmission spectrum and transmission of a single peak for the MMI-coupled 

MRR with wire waveguides.............................................................................................. 47 

Figure 23: Transmission spectrum and transmission of a single peak for the DC-coupled 

RAMZI device with wire waveguides. The difference in arm lengths is    = 12.05 m. 48 

Figure 24: Transmission spectrum and transmission of a single peak for the MMI-coupled  

RAMZI device with wire waveguides. The difference in arm length is   =13.14 m .... 49 

Figure 25: Transmission spectrum and transmission of a single peak for the DC-coupled 

MRR device with slot waveguides ................................................................................... 51 

file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088663
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088664
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088664
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088664
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088664
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088665
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088665
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088666
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088666
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088667
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088667
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088668
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088669
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088669
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088670
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088670
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088671
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088671
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088672
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088672
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088673
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088673


 ix 

Figure 26: Transmission spectrum and transmission of a single peak for the MMI-coupled 

MRR device with slot waveguides. .................................................................................. 51 

Figure 27: Transmission spectrum and transmission of a single peak for the DC –coupled  

RAMZI device with slot waveguide with an arm length difference of    = 13.08   ... 52 

Figure 28: Transmission spectrum and transmission of a single peak for the MMI-coupled 

RAMZI with slot waveguides. The arm length difference of   =13.14 m .................... 53 

Figure 29: Transmission of One Peak for various sugar concentrations and the Change of 

resonant peak location vs sugar concentration for the DC-coupled MRR with wire 

waveguides ........................................................................................................................ 57 

Figure 30: Transmission of One Peak for various sugar concentrations and the Change of 

resonant peak location vs sugar concentration for the MMI-coupled MRR with wire 

waveguides ........................................................................................................................ 57 

Figure 31: Transmission of One Peak for various sugar concentrations and the Change of 

resonant peak location vs. sugar concentration for the DC-coupled RAMZI with wire 

waveguides . The difference in arm length is    = 12.05 m. ......................................... 58 

Figure 32: Transmission of One Peak for various sugar concentrations and the Change of 

resonant peak location vs. sugar concentration for the MMI-coupled RAMZI with wire 

waveguides. The difference in arm length is   =13.14 m ............................................. 59 

Figure 33: Transmission of One Peak for various sugar concentrations and the Change of 

resonant peak location vs. sugar concentration for the DC-coupled MRR with slot 

waveguides ........................................................................................................................ 60 

file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088674
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088674
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088675
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088675
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088676
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088676
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088677
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088677
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088677
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088678
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088678
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088678
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088679
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088679
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088679
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088680
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088680
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088680
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088681
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088681
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088681


 x 

Figure 34: Transmission of One Peak for various sugar concentrations and the Change of 

resonant peak location vs. sugar concentration for the MMI-coupled MRR with slot 

waveguides ........................................................................................................................ 60 

Figure 35: Transmission of One Peak for various sugar concentrations and the Change of 

resonant peak location vs sugar concentration for the DC-coupled RAMZI with slot 

waveguides. The difference in arm length is    = 13.08   ........................................... 62 

Figure 36: Transmission of One Peak for various sugar concentrations and the Change of 

resonant peak location vs sugar concentration for the MMI-coupled RAMZI with slot 

waveguides. The difference in arm length is   =13.14 m ............................................. 62 

 

  

file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088682
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088682
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088682
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088683
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088683
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088683
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088684
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088684
file:///C:/Users/Owen/Google%20Drive/Thesis%20Stuff/Thesis/Thesis%20Final%20revisions_4.docx%23_Toc462088684


 xi 

List of Abbreviations 

 ER: extinction ratio 

 RIU: refractive index units 

 MRR: micro-ring resonator 

 RAMZI: ring assisted Mach-Zehnder interferometer 

 SOI: silicon-on-insulator 

 DC: directional coupler 

 MMI: multimode interference 

 FWHM: full width half maximum 

 Q-factor: quality factor 

 FSR: free spectral range 

 MZI: Mach-Zehnder interferometer 

 

 

  



 1 

1    Chapter: Introduction 

In recent years photonic devices have become fundamental components in a wide 

range of fields from the optical routers that are the backbone of the internet[1],  to laser 

wielding systems which are found in widespread use in automotive and other 

manufacturing industries [2], and many other fields around the globe.  Sensing is another 

common application in the photonics field with a wide variety of designs and uses; from 

biological and chemical sensors, to sensors to detect structural flaws in materials [3].  

With global market value of $315.9 million in 2015 and a projected to growth to $971.8 

million by 2020 [4] photonic sensing is a promising field for research and development. 

Since the early years of photonics in the 1960s, an important goal research and 

technical development has been the realization of large scale optical integrated circuit [5]. 

The dominance of silicon based integrated circuits in the electronics industry led to the 

investigation of silicon photonic circuits in the early 1980s [6], [7], [8] The silicon 

platform, specifically the high refractive index contrast of the Silicon-on-Insulator (SOI) 

platform, offers high optical confinement, allowing for micrometer and nanometer sized 

device footprints. In addition, SOI’s compatibility with the mature CMOS fabrication 

techniques from the microelectronics industry offer great potential for low cost mass 

production of high density photonic integrated circuits.  The SOI platform is highly 

appealing to researchers and has attracted a large amount of research and development 

activity in recent years. Numerous active and passive devices have been demonstrated, 

such as low loss waveguides [9], optical filters [10], [11], modulators [12], [13], detectors 

[14], [15] and most recently silicon based Raman lasers [16], [17]. 
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Optical based sensors were first demonstrated in late 1980s [18] based on grating 

couplers and interferometers. Since then much work has been done developing a wide 

variety designs for a broad variety of applications. Many devices have been designed for 

biological and chemical sensing, and this subject is of interest for this thesis. The 

overarching goal of all work on biological and chemical sensors is the realization of a 

fully integrated sensing system, known as a ‘lab-on-a-chip’. A lab-on-a-chip system 

contains multiple sensing elements and micro-fluidic channels to control the flow of 

reagents into reaction chambers, allowing for controlled reactions, with the sensor arrays 

measuring the outputs. Advantages of lab-on-a-chip implementations include low reagent 

volumes, quicker analysis and production of results, more precise process control, and 

lower cost of testing. [19], [20] 

The majority of the chemical and biological sensors that have been developed are 

based on evanescent field sensing, in which a waveguide is coated with a layer of a 

chemically sensitive material which interacts with specific chemicals or biomolecules. 

The changed surface chemistry alters how the light passes through the waveguide by 

either changing the phase or absorption of the light through the waveguide [21], [22]. The 

waveguide can be integrated as an arm of a interferometer, a ring resonator, Bragg 

grating, or an input or output coupler [23]–[26]. 

Recently biochemical sensors based on micro-ring resonators (MRRs) built on the 

SOI platform have been demonstrated with both wire waveguides and slot waveguides 

[27]–[29]. Q-factor is a measure of sharpness of the resonant peaks relative to the 

resonant wavelength. The high Q-factor of these devices allows for high sensitivity and 

low detection limit sensing with micron scale size devices. The slot waveguides devices 
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have been shown to increase the sensitivity of a factor of 3.5 when compared to the 

conventional wire waveguide design [28]. Most designs implemented use a directional 

coupler due to its lower optical loss. This produces higher Q-factor devices. However the 

directional coupler is highly susceptible to variations in fabrication and has low 

bandwidth. Compared to directional couplers, the performance of a multimode 

interferometer coupler is less sensitive to variations in fabrication and has higher 

bandwidth [30]. However the multimode interferometers suffer higher losses that result in 

lower Q-factors in micro-ring resonators.  

The simplest method for increasing the Q factor of a MRR is to increase its  

radius [31]. However the increase in radius produces a longer optical path which causes a 

decrease in the free spectral range (free spectral range (FSR) is the distance between 

adjacent resonant peaks). The decrease in the FSR limits the range of distinguishable 

measurements. Recently, a unique design was proposed [32] and demonstrated [33] by 

integrating a Mach-Zehnder Interferometer with a MRR, referred to as a Ring Assisted 

Mach-Zehnder Interferometer (RAMZI). The RAMZI device can be designed in such a 

way that a large quasi-FSR can be obtained from dominant resonant peaks with large 

extinction ratios. It was also shown that the device increases the overall sensitivity of the 

MRR.  

Integrating the slot waveguide with the RAMZI device would result in a device 

with both a high sensitivity and a high sensing range, making it an improved device for a 

variety of sensing purposes. The effects of the coupler design on the sensing with micro-

ring resonator and RAMZI devices has not been fully investigated. Knowledge resulting 
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from such an investigation could allow for improved sensor designs, featuring both high 

measurement sensitivity and lower susceptibility to fabrication errors. 

1.1 Thesis Objectives and Organization 

The goal of this thesis is to examine and demonstrate MRRs and RAMZI based 

biochemical sensors. We will examine the effect of coupler design on sensing 

performance, using directional couplers and multimode interference couplers. We will 

also examine the sensitivity enhancement of the slot waveguide when compared to the 

wire waveguide. Finally we will compare all of the designs and determine the optimal 

design for biological and chemical sensors.  

Chapter 2 is a review of past work done into the field of photonic sensors and on 

the silicon-on-insulator platform regarding its use as biological and chemical sensors. In 

Chapter 2 MRR and RAMZI designs are introduced. 

Chapter 3 reviews the theory and physics of optical waveguides and the 

advantages and disadvantages of coupler designs that are being investigated. The theory 

of the MRRs and the RAMZI device design are also discussed as well as the theory of 

optical based sensing. The theoretical sensitivities of the MRR and RAMZI devices are 

presented.  

  Chapter 4 discusses the device designs and the geometries of the waveguide 

designs, coupler designs and the MRR and RAMZI devices. It examines the design 

choices and limitations of the fabrication services as well as the required additions to the 

devices to allow for the testing. The chapter finishes with an overview of the fabricated 

devices. 
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Chapter 5 discusses the experimental setup and the experimental results obtained 

from testing our devices. The experimental results are separated into two sections; first 

we will examine the characteristics of each devices, and second, the bulk index sensing of 

each device. The bulk index sensing was performed using a sucrose solution of varying 

concentrations; the concentration of sugar linearly shifts the index of refractions. The 

change in the index of refraction causes a shift in the peak location which can be tracked 

to determine the characteristics of the devices. 

Finally, Chapter 6 reviews the present work and achievements and outlines ideas 

for future work to increase the performance of our sensor further the pursuit into lab-on-

a-chip sensors. 

2    Chapter: Literature Review 

This chapter includes a literature review on biological and chemical photonic 

sensors, with a focus on the silicon-on-insulator micro-ring resonator, and the ring 

assisted Mach-Zehnder interferometer. 

Descriptions of photonic bio-chemical sensors were first published in the late 

1980s [34]. The early devices were primarily based on grating coupler and 

interferometers designs. The mechanism of operation of the devices was the variation of 

the index of refraction, causing a variation in the input and output coupling angles and a 

phase change in the guided modes for the two device designs respectively. These early 

devices were based on SiO2 – TiO2 waveguides operating at 632.8nm wavelength with 

the devices having a minimum resolution of           and             for 

the grating coupler and interferometer based designs respectively. These early devices 
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showed the promise of the field and demonstrated the increased capability of the 

interferometer based devices. 

In the following years sensors based on grating couplers, difference, Mach-

Zehnder, and Young interferometers [35]–[38] were proposed and experimentally 

demonstrated. A disadvantage of these devices was the requirement for large sampling 

areas. This led to investigation into micro cavity based sensors.  E. Krioukov et al. [39] 

first demonstrated a micro cavity based bio-chemical optical sensor. They implemented a 

silicon nitride micro-disk with a radius of 15 m, and a height of 255nm. With the design 

they were able to achieve a detection limit on the order of 10
-4

 RIU however they 

indicated that with optimization a detection limit of 10
-9

 RIU could potentially be 

achieved. This early demonstration of a micro cavity sensor indicated the potential that 

micro cavity based sensors could be as sensitive as interferometer and grating coupler 

devices while significantly reducing the sensor size. 

The utility of micro cavity based designs are limited by the complex modal 

structure of the micro cavity. The micro ring resonator is conceptually similar but due to 

the ability to design a single mode ring it eases the data collection and allows for high 

sensitivity and a high dynamic range. A. Ksendzov and Y. Lin where the first to 

demonstrate a ring resonator based sensor [40]. The design implemented by Ksendzov  

and Lin used SixNy/SiO2 waveguides with ring radius of 2mm with directional couplers. 

The devices were used as a biochemical sensor to measure surface binding of the protein 

avidin to a biotin surface layer. Using their device they were able to sense 0.3nM of 

avidin in a saline solution and they calculated a detection limit of 0.1nM, which they 
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claim to compare favorably with the other optical protein detection techniques of the 

time. 

 

 

Densmore et al. [27] demonstrated an evanescent field sensor based on the SOI 

platform. They theorize that the SOI platform would be ideal for chemical and biological 

sensing applications due to the high index contrast (HIC) between core and cladding [18], 

[41], [42]. The HIC allows the evanescent tails to be large and highly localized. This 

gives an increase in the interaction between the evanescent field and the sensing medium. 

The device experimentally demonstrated by Densmore et al. is a single mode SOI 

waveguide with a rectangular cross section of 0.26um x 0.45um. This waveguide is used 

as an exposed arm of a MZI device. This arrangement demonstrated a homogeneous 

sensing sensitivity of                 for a aqueous solution with a        . The 

authors predicted that due to the compatibility with existing surface functionalization 

   

Figure 1: Right, microdisk based optical chemical sensors as demonstrated by E. Krioukov et al. 

[39] Left, MRR based optical chemical sensors as demonstrated by A. Ksendzov and Y. Lin in [40] 
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chemistries used to attach anti-bodies and DNA receptor molecules the device would be 

well suited for biological and chemical sensing.   

The first SOI based micro ring resonator for sensing  was demonstrated by K. De 

Vos et al. [43]. De Vos et al. implemented a micro ring with a 5 m radius and used DC 

couplers with a rectangular waveguide with a cross section of 500nm x 220nm. They 

demonstrated the device as both a bulk index sensor and a protein interaction based 

sensor. De Vos et al. tested their device as a bulk index sensor using a sodium chloride 

solution with varying concentrations. They achieved a sensitivity of 70nm/RIU and 

determined a minimal detectable refractive index shift of 10
-5

 RIU. They also tested the 

device as surface sensor and were demonstrated a detection limit of 10ng/ml of avidin in 

a buffered solution binding to a biotin surface coating. This was an early demonstration 

of the capabilities of the SOI micro ring as a biochemical sensor.  

D. Xu et al. demonstrated a similar design [31]. They created a micro ring 

resonator using waveguide design implemented in [27] and determined that a large radius 

offers the same sensitivity while reducing the dependence of the device on waveguide 

loss or coupling variations. In order reduce the size of the device they folded the cavity, 

producing a device with 1.27mm of sensor interaction length to a 110  x110 m area. 

With this design they were able to sense binding events of a 1.7 nM streptavidin binding 

to biotin. The D. Xu et al. device demonstrated a step forward toward lab-on-a-chip 

molecular sensor arrays. 
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The previously demonstrated devices used directional couplers. While directional 

couplers offer the ability to generate high Q-factor they are highly susceptible to 

fabrication errors. The MMI couplers on the other hand have a wide fabrication tolerance 

which is ideal for the large scale production. D. Xu et al. demonstrated a MMI coupler 

based micro ring resonators with a Q-factor from 6,000-7,000, bandwidths as low as 

0.22nm, and extinction ratios of 12dB to 28dB. The designs used by Xu et al. used rings 

with radii of 5 m and 50   and MMI couplers with sizes of 3 m x 9 m and 4.5 m x 

20 m. The larger MMI devices offered higher Q-factors and extinction ratios than the 

smaller. Xu et al. indicate as well that with an uneven splitting ratio a higher Q factor can 

be achieved and further optimization to the device dimension would improve the 

performance of the resonators. 

The detection limit of the MRR sensors is limited by the Q-factor of the device, 

which decreases the effect of the noise when determining the resonant wavelength. The 

ability to increase the Q-factor is limited by the high susceptibility of the MRR sensors to 

fabrication errors. Thus another method to increase the detection limit of the device is 

required. This can be done by changing the waveguide geometry. This was demonstrated 

 

Figure 2: Right, SOI MRR optical biosensor demonstrated by Vos et al. in [43] Left, (a) regular 

MRR based optical sensors, (b) Folded cavity MRR optical cavity senor as demonstrated by D. 

Xu et al. [31] 
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by C. A. Barrios et al. [44].  C. A. Barrios et al. used a slot waveguide geometry for a 

ring resonator. The slot waveguide was first theorized by V. R. Almeida et al. [45] and 

consists of two rectangular waveguides in close proximity to each other with sub-

wavelength gap between them. The light is then confined in the gap which allows for a 

large interaction between the sensor and the sensing medium. C. A. Barrios et al. 

produced a slot waveguide MRR on the Si3N4 – SiO2 platform. They were able to achieve 

a sensitivity of 212nm/RIU with a minimum sensitivity of 2 x 10
-4

RIU. This result was 

two times higher than conventional wire waveguide MRR. C. A. Barrios et al. also 

determined via simulations that the slot was only partially filled and with a better flow-

injection system the better results could be achieved. This result is a positive indication of 

the potential for slot-waveguide based MRR as biochemical sensors.  

T. Claes et al. demonstrated the first slot-waveguide based MRR on the SOI 

platform [28]. T. Claes et al. present a SOI slot-waveguide based MRR with a radius of 

5 m and using DCs. The waveguides consist of two sections of silicon that are 268nm x 

220nm with a slot width of 104nm. They were able to achieve a bulk index sensitivity of 

298nm/RIU with a detection limit of 4.2 x 10
-5

 RIU. Like C. A. Barrios before them, they 

determined via simulation that the gap in the waveguide was partially filled, with 

simulations showing a potential sensitivity of 348nm/RIU with the gap fully filled. T. 

Claes et al. also tested the device as a protein sensor. They were able to detect avidin 

100 g/ml in a saline buffered solution, with a resonant shift of 2.2nm which was 3.5 

times that of the normal waveguide based MRR sensors demonstrated by K. De Vos et al. 

They also proposed that with lower waveguide losses and bending losses (by increasing 
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the radius of the rings) in the device, performance would be increased greatly due to the 

improvement to the Q-factor. 

The increase in radius of the rings will increase the Q-factor but will decrease the 

free spectral range of the device, thus limiting the range of measurements possible. D. 

Dai and S. He [32] demonstrate via simulations a ring assisted Mach-Zehnder 

interferometer for sensing. This was a design previous used as a thermo-optic switch and 

reconfigurable filter in [46], [47] respectively. With this design it is possible to control 

the length difference between two arms of the MZI in such a way to have one resonant 

wavelength with a very high extinction ratio for a large wavelength span or quasi-FSR. 

Using TMM simulations D. Dai and S. He find a sensitivity of 372.55nm/RIU with a 

large measurement range of up to 0.48 RIU. This design was tested experimentally by J. 

Wang and D. Dai [33] in which the they use wire-waveguide based MRR with a ring 

radius of 2 m with DC. Their device showed a high extinction ratio of 16-36dB for the 

major resonant peaks with a quasi-FSR of over 120nm. The device achieved a sensitivity 

of 111nm/RIU over a refractive index range of 1.0 to 1.538 RIU. 

 

 

Figure 3: Left, slot based MRR chemical sensors demonstrated by T. Claes et al.[28] Right, 

RAMZI based chemical sensor demonstrated by D. Dai in [33] 
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 The literature shows that the MRR design has demonstrated excellent performance a 

biochemical sensor with a sensitivity 70nm/RIU with wire waveguide and 298nm/RIU 

when the slot waveguide was used. These devices have only used DCs which do offer 

superior Q-values while being susceptible to fabrication variations. On the other hand, the 

MMI coupler offers increased fabrication tolerance and with proper design can produce 

high Q-value performance. Compared to the simple MRR configuration, the more 

recently presented RAMZI design allows for increased quasi-FSR allowing for a large 

measurement range while keeping a relatively high sensitivity of 111nm/RIU.  
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3    Chapter: Theory and Concepts 

In this chapter we discuss the operating theory of the basic photonic devices 

required to implement the MRR and RAMZI devices, as well the theory of the MRR and 

RAMZI devices. The theory of optical chemical sensors is discussed at the end of the 

chapter. 

3.1 Waveguides 

The waveguide is a fundamental optical device which allows light to be guided 

along a selected path. The most basic design for a waveguide is that of the slab 

waveguide. This consists of three dielectric layers stacked on top of each other. This 

design is a good demonstration of the theory behind guiding of waves. However it is not 

practical as it only confines the wave in one dimension. For practical use in photonic 

integrated circuits the wave must be confined in two dimensions.  

For silicon photonic circuits the two main designs for waveguides are that of the 

ridge waveguide and wire waveguide. In recent years the slot waveguide has been 

designed and demonstrated. This this design allows for greater confinement of light than 

the conventional waveguide [45]. 

 

Figure 4: Schematic drawing for the four common waveguide designs 
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 The slab illustrated in Figure 5 consists of the three dielectric layers with the top 

layer having an index of refraction of    , the middle layer having an index of refraction 

  , and the bottom layer,   . The Maxwell’s equation for the magnetic field vector ( ) 

and electric field vector ( ) can be written as, 

          
   (  1  ) 

           (  2  ) 

Where   is the effective index profile described previously,   is the angular frequency, 

   is the permittivity of free space, and   the permeability of the material.  

Considering a monochromatic wave propagating in the    layer along the z-axis, 

the mode of propagation in the waveguide can be separated into two categories; the 

transverse electric mode (TE), and the transverse magnetic (TM) mode. In the TE mode, 

the electric field vector is transverse to the plane formed by the direction of propagation 

and axis along which the dielectric varies. Likewise in the TM mode the magnetic field 

vector is transverse to the plane. First looking at the TE mode we can find the general 

solution for the slab waveguide to be [48], 

 

Figure 5: Schematic of a Slab waveguide 
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Where A is the amplitude of the wave, and  ,  , and   are defined by,  

 
         

     

         
    

      
       

(  4  ) 

Where   is the propagating wavenumber in the medium, and k wavenumber in a vacuum. 

At dielectric interfaces boundary conditions must be observed; the tangential electric and 

magnetic field components across the dielectric interface are continuous. By applying the 

continuity condition to the    and    components we can determine the mode condition 

for the TE mode to propagate through the waveguide to be defined as, 
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  (  5  ) 

Using the same method we can find the TM mode condition to be, 
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Both the TE and TM mode conditions can be satisfied for multiple values of  . These 

solutions are known as modes. Each mode has a different propagation constant. Most 

photonic integrated circuits are only designed to allow for the first order mode to 
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propagate. At cutoff     and         we can then find the ratio of slab thickness to 

wavelength,  
 

 
  for the  th order confined mode to be, 
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(  7  ) 

This is the simplest case for a waveguide design can is easily solved analytically 

the 2D waveguide geometries however do not have simple analytical solutions and 

require simulations (FDTD, FEM, etc.) to determine the propagating modes within the 

waveguides.  

The original solution only considers the index of refraction being a real number 

however in reality it is a complex value. Considering the general solution for a wave,  

           
         (  8  ) 

Where   is the position on the wave,   is time,            is the wavenumber in a 

vacuum, and   is the angular frequency. Now if we consider the index of refraction to be 

complex         , where    is the real portion of the index and    is the imaginary 

portion of the index of refraction, and assuming the wave to be propagating along the z-

axis we find, 

      
                   (  9  ) 

From this we can see that the equation is same as the ideal case but with the        term. 

This term is referred to as the loss term, with the intensity loss coefficient begin defined 

as        . The loss coefficient is affected by a number of reasons; scattering, 

absorption and radiation. Scattering is the loss due to light being scattered from 
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imperfections in the optical medium and roughness at the interfaces of the core and 

cladding of the waveguide. Absorption in silicon waveguides is mainly due to interband 

absorption and free carrier absorption. Interband absorption occurs when the photons 

have sufficient energy to excite electrons from the valance to the conduction band. This is 

easily avoided by operating with a wavelength of light about 1.1 m. Free carrier 

absorption is due to the change in index of refraction due to the concentration of free 

carriers in the medium. The last cause of loss is radiation which is caused by light leaking 

into the cladding from the core. This can be avoiding be the proper design of the 

waveguides [49]. 

3.2 Optical Couplers 

Optical couplers are a fundamental building block of photonic integrated circuits. 

They allow light to be split or transferred from one waveguide to another. The two most 

commonly used couplers are the directional coupler (DC) and multimode interference 

coupler (MMI). The DC offers better performance but with lower fabrication tolerances 

whereas the MMI does not perform as well as the DC but is more tolerant to fabrication 

errors. 

3.2.1 Directional Coupler 

A DC consists of two single mode waveguides in close proximity to each other. 

The optical power is exchanged between waveguides due to modal interaction of the 

evanescent fields of the waveguide. The basic schematic for the coupler can be seen in 

Figure 6. 
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Figure 6: Schematic of the Directional Coupler 

The coupling between the waveguides can described by a approximate solution of 

the wave equation using perturbation theory of coupled modes, [50]–[52]  

            𝑎           
                      

          (  10  ) 

Where         and         are the transverse electric field profiles for the two guided 

modes in the waveguides, and    and   are the propagation constants for the two 

waveguides, 𝑎    and      are the amplitudes of the evanescent coupling between the 

two waveguides along the length, z of the DC, and   is the angular frequency. From 

perturbation theory the amplitudes are govern by, 

      

  
               

     

  
                

(  11  ) 

Where      𝑎        ,              ,            , and   is the coupling 

coefficient normally defined by the overlap of the evanescent field profiles,  

 
  

 

 
            

                 
 

  

 (  12  ) 

Where          is the change in index of refraction due to the perturbation. Considering 

the case for a symmetric DC                 , and       we can reduce Eq. (  11  ) 

and solved for inputs at z = 0,    and   , 
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 Where            and              which are the self- and cross-coupling 

coefficients. From this we can see that the transfer matrix is unitary indicating the 

symmetric DC operates independently of the direction of incoming light, as well the two 

outputs have a relative shift of      and for the first order mode the coupling length being 

       .  

This solution however does not include the losses of the waveguides or the 

interaction of the fan-in and fan-out waveguides. The losses affect the performance of the 

device. The bending of the fan-in and fan-out waveguide causes the coupling coefficient 

,which was assumed to be constant, to vary along  . In the coupled mode theory this can 

be compensating for by introducing an additional effective length, determined using 

empirical data. For numerical method techniques this will be accounted for automatically. 

3.2.2 Multimode Interference Coupler 

The MMI uses the principal of self-imaging within a multimode waveguide to 

couple light [53], [54].  The typical design for a MMI coupler supports more than 3 

modes and is referred to as an N x M MMI coupler with N being the number of input 

waveguides and M being the number of output waveguides. 

Since the waveguide’s width is much larger than the thickness we can reduce the 

problem to 2D and using modal propagation method we can find the spacing of the 

fundamental modes the higher order modes to be approximated to be, 

 
      

       

   
 (  14  ) 

Where   is the number of the higher order mode,    is the beat length of the interference 

pattern which can be found to be, 
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Where    the effective is refractive index of the core, and      is the effective width of 

the waveguide which can be defined by, 

 
       

 

 
 
  

  
 
  

   
    

   
 
  (  16  ) 

With     for TE and     for TM polarizations,   is the wavelength,   is the width 

of the MMI coupler and    is the effective index of the cladding of the device.  

Within photonics circuits the most common usage for the coupler is as a 3dB 

splitter in either the 1x2 or 2x2 configuration. For the 1x2 MMI with the input waveguide 

centered with respect to the multimode waveguide and due to the symmetry of the 

waveguide only the           modes are excited with M-fold image found for a 

length of       . For our purposes the 2x2 MMI is of greater importance. In this 

configuration the M-fold images are found at          where    . For even values of 

  we have self-imaging and for odd values we see mirrored self-imaging, and   and   

have no common divisor. From this we can see the 3dB coupling, the 2-fold image will 

occur for a length of         

 

Figure 7: Left, Schematic of the MMI coupler. Right. Simulation of the MMI coupler. 

3.3 Ring Resonators  

A ring resonator consists of a looped waveguide and a coupler to allow light into 

the loop. When the phase shift through the ring is equal to an integer value    the waves 
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cause constructive interference and the cavity is at resonance. The two designs of rings of 

interest are the single coupler design and the double coupler design, both can be seen in 

Figure 8.  

 

Figure 8: A) single coupler design, B) double coupler design [55] 

Using the matrix transfer method for the single coupler design we can find the 

output, from Eq. (  13  ) we know the general form of the coupler output. 
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Where    is the incident,    is the transmitted,    and    are the circulating fields and   

and   are the self- and cross-coupling coefficients respectively. And we can relate the 

circulating fields by the following expression,  

      
 
             𝑎        (  18  ) 

Where   is the radius of the ring, and 𝑎 represnts the amplitude transmission for a single 

pass around the ring and   represents the phase shift of a single pass around the ring. We 

can then take the ratio of transmitted and incident fields in the bus waveguide to be [55],  

   

  
        

  𝑎        

   𝑎   
 (  19  ) 

 Taking the absolute square of this we can find the transmission trough the device to be, 
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    𝑎       𝑎  
 (  20  ) 
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From this we see that the resonance occurs when the phase is a multiple of   , or 

equivalently the length of the ring is equal to an integer value of the optical length of the 

ring, 

 
   

     

 
                      (  21  ) 

Where      is the effective index of the waveguide, L is the optical path length of the 

micro ring resonator, and   is the order of excitement of the optical cavity. 

 

Now, looking at the double coupler design we can write the two matrices for each coupler 

to be, 
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Where    and    are the through coupling coefficients of the two couplers,   and    are 

the cross-coupling coefficients of of the two couplers, and the electric fields are defined 

in Figure 9 we can relate   to    and    to    with the same relationship as in Eq. (  18  

). However the equation should be altered so that the phase shift is only 
 

 
  and redefine 

 

Figure 9: Schematic of the double coupler MRR 
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𝑎 to be the loss through half the ring since they are only half way around the loop. The 

transmission for the Pass and Drop port can then be found to be,  
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   (  24  ) 
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 (  25  ) 

From this we can see again that the resonance will occur when the phase shift around the 

waveguide is equal to an integer multiple of   . 

The performance of the MRR is typically defined by five values; Full Width Half 

Max (FWHM), Free spectral range (FSR), extinction ratio (ER), Finesse, and Quality 

factor (Q-factor).  FWHM is the width of the resonant peak at a half height of the peak, 

for a single coupler MRR and double coupler MRR designs can be derived from Eq. 

(21),(24), and (25) and found to be, 
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 (  26  ) 

Here  ,    and    are the cross-coupling coefficients for the single and double coupler 

ring resonators, a is the loss through the ring, L is the optical path length and   is the 

group index which is takes into account the dispersion of the waveguide, and L is the 

length of the waveguide. Free spectral range is the distance between the two adjacent 

resonant peaks this can be found by a first order approximation of the dispersion,  

 
    

  
 

   
 

 (  27  ) 
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Where    is the resonant wavelength of the first peak,    is the group index of the 

waveguide, and L is the optical path length. 

The extinction ratio of the MRR is the on/off transmission peak ratio of the 

device. For the single coupler waveguide this would be 
  

    
 . For the double coupler 

there are two ER values, one for the pass port and one for the drop port. These are 

defined respectively as 
    

  
 and  

    

    
.  

The final two values which are used to characterize the MRR are Finesse and Q-

factor. Although these values are different, they are used for the same purpose: to define 

the sharpness of the resonant peaks. Finesse is the sharpness of the resonances relative to 

the FSR and is defined as, 

 
        

   

    
 

 (  28  ) 

Whereas the Q-factor is a measure of sharpness of the resonant peaks relative to the 

resonant wavelength and is defined as, 
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 (  29  ) 

From this it can be seen that the length of the resonator has as an inverse relation to the 

both FWHM and FSR and since FWHM is inversely portioned to the Finesse and Q-

factor it is impossible to have MRR with both a large Q value and Large FSR. 

3.4 Mach-Zehnder Interferometer 

The Mach-Zehnder interferometer is another fundamental building block of 

photonic integrated circuits. It has been used as the basis for modulators, switches and 

filters. The basic design consists of an input waveguide which splits the light into two 

arms of light and an output waveguide which recombines the arms. This will cause an 
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interference pattern to form based on differences in the paths the light has to take. The 

schematic of this can be seen in Figure 10. 

 

Figure 10: Schematic of the MZI device[49] 

Consider an input wave with a TE polarization which is split at the first junction. 

Assuming the input is split evenly, we can define the electric fields   and    in the arms 

as, 

                         

                       
(  30  ) 

Where E0 is the amplitude of the two waves,   is the angular frequency of light and    

and    are propagation constants for the two waveforms. As the waves pass through the 

different arms of the device, the phase is changed. This causes interference when the 

waves are recombined. The intensity of the light at the output will be, 

                                
  (  31  ) 

Where   and    are the magnetic field for the two arms for the MZI, and    is the 

amplitude of output intensity. And if the optical path length of the arms are    and    we 

can evaluate        
  to be, 

         
                 

              

    
                            

(  32  ) 

Using trigonometric identities and reducing the equation to the time averaged result 

yields the following equation, 
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                    (  33  ) 

From this we see that if the arms have the same waveguide design the interference is 

dependent only on the difference in length of the two arms. 

3.5 Ring Assisted Mach-Zehnder Interferometer 

The RAMZI device is a Mach-Zehnder Interferometer in which one of the arms is a 

MRR. The schematic of this can be seen below in Figure 11. 

 

Figure 11: Schematic of ring-assisted MZI (RAMZI) racetrack design. The couplers can be 

directional couplers (DCs) or multimode interference (MMI) couplers.\ 

 

Using the matrix transfer method, the electric field distribution of the output of the 

RAMZI device can be found as, 

 
 
  

   
   

       

         
  

    
      

  
       

         
  

  

   
  (  34  ) 

Where    is the electric field distribution at the respective port of the device, and     is 

the transfer coefficient that relates the electric fields at the respective ports. If we assume 

the couplers are identical to each other, then we can define the self-coupling coefficient 

to be   and cross-coupling coefficient to be  , and the optical attenuation of the coupler to 

be      and the equation can be reduced to,  
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The transfer coefficients of     and      can be defined as by the propagation loss 

through the waveguides. Thus,          
         and                  

    
 , where 

    and       are the lengths of the    and     arms of the RAMZI device, and   the 

propagation constant. Using these identities, the equation can be solved and the field 

transmission can be found as follows, 

    

  
     

             

           
 

       
        

                        
       

        
          

                        
       

        
         

                       
       

(  36  ) 

From this we can examine the transmission coefficient from port a to d,  

        
        

            
                   (  37  ) 

 Where    is the length difference between the two arms of the MZI, the length of bc arm 

to length of the b’c’ arm. This shows that the arm length difference directly affects the 

transmission coefficient and thus the Q-factor of the RAMZI device. Therefore if a high 

Q-factor is desired the length difference should be chosen to maximize transmission 

coefficient,    . And if a high extinction ratio is desired the transmission coefficient,     

should mach the total roundtrip loss of the MRR, that is, the critical coupling of the 

MRR. Using these principles the device can be designed so that there are major 

resonances with large Q-factors and high extinction ratio spanning a large wavelength 

span with smaller resonant peaks between them in the transmission spectrum [32], [33], 

[56]. The wavelengths of the major resonant peaks(  ) can be defined as,  
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Where      is the effective index of the arms of the RAMZI, and   is the interference 

order of the peak. From this the quasi-FSR can be approximated to be, 

 
         

  
 

    
 (  39  ) 

Where    is the group index of the waveguide.  

3.6 Optical Waveguide sensing 

Optical sensing effects in the waveguides can be separated into two categories; 

bulk refractive index changes and surface absorption changes, both of which result in an 

effective index change in the waveguide [18], [41], [42]. The change of effective index, 

      of the device can be defined by variational theorem of waveguides as [52] 

 
                               

           (  40  ) 

Where         is the normalized electric field vector for the propagating mode of the 

waveguide, and         is the change the local change in the dielectric constant.  From 

this we can see the sensors response scales squared to the amplitude of the electric field at 

the perturbations, therefore only the evanescent field, which is a small fraction of the total 

electric field affects the sensing performance of optical waveguide sensors. The strength 

of the evanescent field can be increased by reducing the core thickness of the waveguide 

to decrease the mode confinement, thus increasing the interaction with cladding material 

and the performance of the sensor. Sensing can also be increased by using materials with 

high contrast in refractive index, and substituting the TM mode for the TE mode, since 

the dominant field components are polarized normal to the interface. 
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From Eq. (  21  ) we can see the change in effective index will shift the resonant 

wavelength of the MRR. The expression for sensitivity for a simple MRR can be written 

as [57] 

   
 

 
      

  

    
      ( 41 ) 

Where andneff are the peak resonance shift and effective index shift caused by the 

cladding medium, respectively. This expression does take dispersion into account. To do 

this, we use the group index. With a first order approximation for the change in effective 

index caused by the changes cladding medium, the group index ng is: 

          

     

  
 ( 42 ) 

Hence the sensitivity for a simple MRR becomes 

   
        

  
 ( 43 ) 

Similarly, the expression for the sensitivity of a MZI device could be derived using eq. 

(38), 

   
  

     
      

   

    
      

        

  
 ( 44 ) 

Here we see that Eq. (44) for MZI is identical to Eq. (43) for MRR. We can also see that 

the sensitivity is not dependent on the waveguide length. Hence, theoretically the RAMZI 

device should have the same sensitivity of a simple ring; however, the key advantage for 

a RAMZI device is the large quasi-FSR which allows for a large range of measurements 

for the device. 
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3.7 Conclusion 

In this chapter we reviewed the theoretical principals of the basic photonics 

devices, waveguides, DC and MMI couplers, and MZIs. We also examine the theoretical 

performance and spectral characteristics of the MRR and RAMZI devices, the RAMZI 

devices offers a similar Q values but allows for the increased FSR due to the fact the 

quasi-FSR is only based on the difference in the lengths of the arms and not in the size of 

the micro ring in the device. Finally we reviewed the principles of optical sensing for 

photonic devices.   
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4    Chapter: Design and Fabrication 

4.1 Device Design 

In this chapter we discuss the design of our optical chemical sensors, the 

fabrication technologies which were used to implement the devices, and the simulated 

performance of the coupler designs. Our designs were inspired by those proposed by D. 

Dai and S. He in [32] and demonstrated in [33] where wire waveguides were used to 

offer a decent sensitivity of 110nm/RIU with a measurement range of 1 <    < 1.538. The 

designs proposed in this thesis are intended to demonstrate improved sensitivity of these 

devices through the use of a slot waveguide, and show the effects of different coupler 

designs on sensing performance. The designs for this project were first proposed by Yule 

Xiong in 2013 [56], [58]. 

Two waveguide designs were implemented for testing; a wire waveguide and a 

slot waveguide. The wire waveguides were used as a control to provide a basis for 

evaluating of the performance change due to the implementation of slot waveguides. The 

wire waveguides have height of 220nm due to the etch depth constraints of the 

fabrication facility. For the waveguide to be single mode, our waveguides needed to be 

approximately 450nm wide. The gap in the slot waveguides was chosen to be 180nm, 

which is the minimum feature size of the fabrication facility in the public foundry 

service. The 180nm gapt was sandwiched between two wire waveguides of dimensions 

300nm x 220nm, as shown in Figure 12. 
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Figure 12: Cross section of the wire waveguide and slot waveguide designs implemented. 

The MRR and RAMZI sensors were implemented with DC and MMI couplers. 

Due to fabrication limitations, the gap in the DC was chosen to be 200nm with the 

corresponding coupling length of 4 m, while the MMI coupler design was based on the 

design from [59] with a rectangle dimensions 3 m x 9.2 m and a center-to-center 

distance between the input/output ports of 1 m. With these dimensions the cross power 

coupling ratio,      of the DC was expected to be 0.05 at 1510nm and for MMI coupler 

the coupling ratio was expected to be 0.6. With these cross coupling ratios the 

transmission coefficient of RAMZI device will match the loss in the ring near 1510nm. 

As shown in Figure 13, the corresponding expected power coupling losses are 0.05dB 

and 3dB for the DC and MMI coupler respectively. 

 

 

Figure 13: FDTD Simulated power cross coupling ratios (blue) and power coupling loss (red) as a function 

of wavelength for (a) DC coupler and (b) MMI coupler 
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Two ring radiuses were required to be implemented due to the different 

waveguide designs. The rings ideally should be as small as possible to increase the FSR 

which allows for a larger measurement ranges. However, with the small radius, the 

bending loss increases in the devices which will result in lower Q-factors. For the wire 

waveguide a radius of 6 m was chosen and the slot waveguide has higher bending losses 

so a radius of 20 m was chosen to minimize these losses. RAMZI devices with similar 

   (arm length difference) were chosen. For the wire waveguide devices    = 12.05 m 

and   =13.14 m for DC- and MMI-coupled devices were chosen respectively. For the 

slot waveguide an arm length difference of     = 13.08   and   =13.14 m for DC and 

MMI-coupled devices respectively were used. The wire waveguide designs can be seen 

in Figure 14 and the sensors designs for the slot waveguides can be seen in Figure 15.  

 

 

Figure 14: MRR and RAMZI wire waveguide sensor designs; all with a radius of 6   
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4.2 Fabrication Tolerance Simulations 

The fabrication facility used has a fabrication tolerance of ±20nm. To determine 

the effects of this tolerance on the coupling coefficients of the two coupler designs we 

will examine the couplers and coupling coefficients using Lumerical’s MODE Solutions 

varFDTD simulator. This simulator collapses the 3D geometry down to a 2D set of 

effective indices to be used to solve the 2D finite-difference time-domain problem. The 

reduction of the waveguide into a 2D structure is accomplished using two different  

methods; a variation procedure based on Hammer and Ivanova [63] and a procedure 

based on the reciprocity theorem described by Snyder and Love [64]. The key assumption 

behind this method is that there no coupling between different slab modes in the vertical 

structure of the device. This is the case for our devices since our waveguide support less 

than two vertical modes and allows for FDTD simulations with the accuracy of a 3D 

FDTD simulation and the speed of the 2D FDTD simulations.[65] 

For the DC two parameters were assessed; the coupling length and the coupling 

gap. The variation in coupler length had a negligible effect on the results for both the 

wire waveguide and slot waveguide. The coupling coefficients for the DC at 1550nm can 

be seen in Table 1. As the gap increases in size the amount light coupled into the second 

 

Figure 15: MRR and RAMZI slot waveguide sensor designs with a radius of 20    



 35 

waveguide decreases. For the wire waveguide the cross coupling decreases by 0.08 for 

every 20nm increase in gap width. And for the slot waveguide the cross coupling 

coefficient decreases by 0.10 forever 20nm increase in gap width. 

Table 1: Simulated Coupling coefficient for the DC with wire waveguides and slot waveguides 

Wire Waveguide  Slot Waveguide 

Gap Width Through  Cross                Gap Width Through Cross 

180nm 0.70 0.30  180nm 0.26 0.65 

200nm 0.78 0.22  200nm 0.36 0.55 

220nm 0.83 0.17  220nm 0.47 0.45 

 

If we look at the ideal gap width of 200nm the results of the coupling coefficients 

were unexpected. The slot waveguide which is thought to have higher confinement than 

the wire waveguide should have lower cross coupling. However the slot waveguide 

showed a cross coupling coefficient over two times that of the wire waveguide. To 

validate our results we can look at the mode electric profiles of both waveguides to see 

evanescent field for both devices. The results can be seen in Figure 16. From this, we can 

see that at 200nm distance from the edge of the wire waveguide there is a relative electric 

field intensity of 0.1 and for the slot waveguide there is a relative field intensity of 0.15. 

This would agree with the simulated coupling coefficients. The larger evanescent field 

interaction results in larger cross coupling coefficients. 
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For the MMI coupler there are other variables that affect the performance; the 

misalignment of the input and output waveguides and the width and length of the MMI 

coupler. The misalignment of the input and output waveguides had a negligible effect on 

coupling coefficients, with the through coupling and cross coupling coefficients at 

1550nm being 0.44 and 0.34 respectively for the wire waveguide devices and 0.30 and 

0.53 for the slot waveguide devices. For the variation in coupling coefficient at 1550nm 

of the different widths and lengths of the wire waveguide can be seen in Table 2 and for 

 

Figure 16: Simulated Electric field profiles; A) Electric field profile for the wire waveguide B) 

Electric Field profile for the Slot Waveguide C) Cross section of the electric field profile for the 

wire waveguide along z = 0.11nm D) Cross section of the electric field profile for the slot 

waveguide along z = 0.11nm 
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the slot waveguides in Table 3. From these we can observe that the variation in geometry 

has little affect on the through coupling coefficient; the through coupling coefficient for 

both wire and slot waveguide only varying by 0.03 between the two geometry extremes. 

The cross coupling coefficient varies more significantly with geometry; the variation of 

the coupler length has little impact on the cross coupling coefficient. For wire waveguide 

the variation  results in a change of the coupling coefficient less than 0.01 and for the slot 

waveguide it results in a change in of only 0.02. Whereas the width has a far more 

significant impact on the cross coupling coefficient, with coefficient decreasing by 0.02-

0.03 per 20nm increase in width for both waveguides. 

Table 2: Simulated coupling coefficient for the MMI coupler with sire waveguides 

Through 

Coupling 

Coefficient 

Width (  )  Cross 

Coupling 

Coefficient 

Width (  ) 

2.98 3.00 3.02  2.98 3.00 3.02 

Length 

(  ) 

9.18 0.42 0.44 0.44  Length 

(  ) 

9.18 0.37 0.34 0.32 

9.20 0.43 0.44 0.45  9.20 0.37 0.34 0.32 

9.22 0.44 0.45 0.45  9.22 0.37 0.34 0.32 

 

Table 3: Simulated coupling coefficient for the MMI coupler with slot waveguides 

Through 

Coupling 

Coefficient 

Width (  )  Cross 

Coupling 

Coefficient 

Width (  ) 

2.98 3.00 3.02  2.98 3.00 3.02 

Length 

(  ) 

9.18 0.3 0.31 0.31  Length 

(  ) 

9.18 0.55 0.52 0.49 

9.20 0.3 0.31 0.3  9.20 0.56 0.53 0.49 

9.22 0.29 0.3 0.3  9.22 0.57 0.53 0.49 
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From the simulations we observe that the MMI coupler is far less susceptible to 

fabrication errors than the DC coupler. The cross coupling coefficient of the DC coupler 

for the was 2.6 to 3.3 times more sensitive to coupler geometry than the MMI coupler, 

and the through coupling coefficient was of the DC was 8 to 10 times more sensitive to 

coupler geometry variations than the MMI coupler. 

 

4.3 Fabrication  

The devices were fabricated by OpSIS/A*STAR’s IME foundry through CMC 

Microsystems. The platform is based on 248nm deep UV lithography which allows for 

features sizes as small as 180nm. The devices were fabricated on a SOI wafer with a 

220nm silicon top film and a 2 m buried oxide layer, with a full 220nm etch used to 

define the waveguides and inverse taper for coupling. 

A 1.5mm x 2.5mm space is available for the fabrication of the devices. Within 

this space 42 MRR and RAMZI devices were placed as well as 16 reference waveguides. 

The reference waveguides were of a variety of designs to determine the waveguide loss, 

coupling loss, bending loss, and wire to slot waveguide butt coupling losses. The MRR 

and RAMZI devices have three different radius 2 m, 6 m, and 20 m with the 2 m and 

6 m devices being wire waveguide based and the 20 m devices slot waveguide based. 

The four device designs (MRR with DC and MMI couplers, and RAMZI with DC and 

MMI couplers) for each radius of micro ring resonator. To accommodate for the 

fabrication each device design was implemented with varying coupler geometries and 

MZI lengths. For the sensing applications the devices require air top cladding. This was 

accomplished with a sensing window etched in to the silica top cladding.  
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Due to the size mismatch of a single mode optical fiber (10 m) and single mode 

silicon waveguide (500nm x 220nm rectangular cross section), the ability to couple light 

from one to the other is limited. To overcome this limitation two techniques were used, as 

illustrated in Figure 19; reducing the modal distribution in the optical fiber and the use of 

waveguide input and output couplers. The modal distribution in the optical fiber was 

reduced by the use of a tapered and lensed fiber. With these fibers the optical mode can 

be focused down to a spot size of 2 – 6.5 m in diameter [60]. An effective waveguide 

input/output coupler design is that of the inverse nanotaper, first  demonstrated by V. R. 

Almeida et al [61]. The device is a short taper with a nanometer sized tip at the edge of 

 

Figure 18: Fabricated MRR and RAMZI slot waveguide sensors with a radius of 20 m,  

 

 

 

 

Figure 17: Fabricated MRR and RAMZI wire waveguide sensors; all with a radius of 6 m 
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the chip. The small size of the tip causes the mode of the waveguide core to become 

delocalized which increases the mode overlap between the fiber and the waveguide. The 

combination of the tapered and lensed optical fiber and inverse taper coupler has been 

reported to achieve a coupling loss as low as 1dB [62], making it an excellent choice for 

our design. Our tapered coupler is connected to the 450nm x 220nm wire waveguide and 

terminates with geometry of 200nm x 220nm at the facet, with the length of the taper 

being approximately 0.5mm. 

  

  

 

Figure 19: Left: OZ optics tapered and lensed optical Fiber[60], Right: Inverse nanotaper 

coupler design[61] 
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5    Chapter: Device Testing 

This chapter includes a discussion on the experimental apparatus used for testing 

our device, the procedures of the testing, and the results of the testing. The discussion of 

the results of the devices are separated into discussion of the spectral characteristics of 

the devices and discussion of the sensing performance. 

5.1 Experimental Apparatus  

The devices were measured at Carleton University with the experimental setup 

consisted of three major components; a tunable laser source and detector, tapered and 

lensed optical fibers and a mechanical stage for alignment. For our setup a Luna Optical 

Vector Analyzer (OVA) model 5000 was used. This device acts as both a tunable laser 

source and detector in the C and L band.  The OVA is capable of measuring insertion loss 

and polarization dependent loss with a resolution of 1.6pm, an accuracy of ±1.5pm and a 

dynamic loss range of 60dB over a wavelength range of 1525nm to 1610nm, making it an 

ideal source and detector for our measurements. 

The tapered and lensed fibers for coupling were manufactured by OZ optics and 

were polarization maintaining. The mechanical stages used for alignment were Thorlabs 

Nanomax 341M 3 axis stages with stepper motor actuators and closed-loop piezoelectric 

actuators. Three stages were used, two for the input and output fibers and a third stage for 

the chip to sit on. All three were controlled by a program written in Labview which was 

edited for this setup. The stepper motor actuators provide 4mm travel with a minimum 

step size of 60nm and the piezoelectric actuators have a 20 m of travel with a minimum 

resolution of 5nm plus a feedback loop to compensate for any drift. The stages offered 

sufficient accuracy for coupling to the silicon waveguides.  
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Due to the small size of the waveguide the coupling is highly susceptible to 

vibrations of the test bench. The location of the experimental setup was on the fifth floor 

of the Minto building and we found the noise level due to vibrations to be 20-30dB. This 

required the optical table to be isolated from the vibrations of the laboratory. Newport 

pneumatic vibration isolators were used. With these the noise due to vibration was 

reduced to a value no larger than 2dB. This was deemed sufficient to able to easily 

identify the resonant peaks.  

The apparatus can be seen in Figure 20 which shows the three mechanical stages 

with two of the stages holding the input and output lensed fiber and the third holding the 

chip mount for the testing. The microscope and lamp were required for alignment 

purposes.  

 

 

Figure 20: Experimental apparatus 
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5.2 Experimental Results  

The experimental results are broken into two sections. First we will examine the 

characteristics of the MRR and RAMZI devices with air cladding, and second, the bulk 

index sensing capabilities of the sensors using different concentration levels of sucrose.  

For the characterization of the devices we examined the spectral characteristics of 

the devices by identifying the FSR (or quasi-FSR in case for the RAMZI devices), ER, 

FWHM, and Q-factor for the devices. The tests were all performed with air cladding, i.e. 

no liquid on the surface of the device. One exception is that of the slot waveguide with 

DC, where we were unable to observe resonance with air cladding so a DI water top 

cladding was applied. A Lorentzian curve was fitted to the data to determine the resonant 

peak wavelengths.  

For the bulk index sensing, tests of the device sucrose solution with varying 

concentrations were used. The solutions were made with deionized (DI) water mixed 

with sucrose by mass. The concentrations were varied from 0% to 6% in 1% increments, 

which corresponds to a linear increase of the index of refraction from 1.3330 to 1.3418 

[66]. Between tests the device chip was cleaned with DI water.  Before each sensing 

measurement, a reference measurement was performed to compensate for possible 

temperature drift that may have occurred during the testing process. 

Another important factor that defines a sensor is the detection limit, the minimum 

detectible shift the device can measure. Detection limit is equal to the minimum 

detectable wavelength shift divided by the sensitivity of the device. The minimum 

detectable wavelength shift is dependent on the minimum spectral resolution of the 

detector but also on the quality factor and extinction ratio of the resonant peak and the 
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measurement noise on the spectrum. These factors affect the uncertainty of the fitted 

Lorentzian peak. In [43] De Vos approximates the minimum measureable shift to be 

1/15
th

 that of the FWHM. This method was strictly empirical. White and Fan discuss a 

more theoretical bases for determining the detection limit of the device in  [67]. They use 

spectral variations, amplitude variation, and thermal variations of waveform to determine 

the detection limit. White and Fan propose the minimum resolution of the device to be 3 

standard deviations of the noise produced by the device and errors introduced by the 

system of measurement. This includes the noise related to thermal drift, amplitude related 

noise and the spectral resolution of the system given by the following equation, 

         
     

           
  ( 45 ) 

Where                            where FWHM is the full width half maximum 

of the device,     is the signal to noise ratio in linear units,    is the error associated 

with thermal drift, and           is the error associated with the minimum resolution of 

the detector used.  

 From Eq. (43) the sensitivity of the devices is dependent on the wavelength of the 

peak. For our measurements span a range of 85nm, around centered on 1565nm this 

results in a 5% difference in the sensitivities. However for most of the devices the 

resonant peak used for measurement was between 1530-1560nm, which would 

correspond to 2% difference in the sensitivities measured at 1530nm versus 1560nm. For 

this reason the peak for which the shift was measured was chosen as follows; a major 

peak was selected for the RAMZI device then a peak for the MRR equivalent device was 

selected with approximately the same resonant wavelength. 
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5.2.1 Devices Characteristics – DC- and MMI-based devices using wire 

waveguides 

For the MRR with a radius of 6 m, the transmission spectrum of the DC-coupled 

wire waveguide device can be seen in 

 

Figure 21, with a magnified transmission of a single resonant peak. At the 

resonant peak of 1529.7nm, the device had a FSR of 10.95nm, an ER of 10.32dB, 

FWHM of 0.1423nm and Q-factor of 10750. 

 

 

Figure 21: Transmission spectrum and transmission of a single peak for a DC-coupled MRR with 

wire waveguides. 
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For the MRR with a radius of 6 m and MMI coupler the transmission spectrum of the 

device and the transmission of a single peak can be seen in Figure 22. For the resonant 

peak at 1532.1nm the device had a FSR of 9.41nm, an ER of 11.32dB, FWHM of 

1.455nm and Q-factor of 1050. Compared to 

 

Figure 21, the MMI-coupled MRR has a FWHM and Q-factor one tenth that of the DC-

coupled MRR. This is the expected result:  looking at the equations for FWHM Eq. (  26  

) and Q-factor Eq. (  29  ) we can see an increase in loss causes an increase to the FWHM 

and a decrease to the Q-factor. The FSR is also reduced 1.54nm this again is logical, the 

peak is a higher wavelength and the optical path length of the MMI-coupled MRR is 

larger than that of the DC-coupled MRR. 
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Figure 23: Transmission spectrum and transmission of a single peak for the DC-

coupled RAMZI device with wire waveguides. The difference in arm lengths is    = 

12.05 m. shows the transmission spectrum of the DC-coupled wired-based RAMZI with 

a radius of 6 m, and a difference in arm length of    = 12.05 m. For the resonant peak 

at 1534.1nm, the device has an ER of 7.94dB, FWHM of 0.2870nm and Q-factor of 

5346. The normal FSR is 11.26nm. It appears that every 4
th

 resonant peak has a 

noticeable larger ER with major peaks at 1534.1nm, 1568.1nm, and 1602.9nm, which 

correspond to a quasi-FSR of 34.0nm. Comparing this to the results from the DC-coupled 

 

Figure 22: Transmission spectrum and transmission of a single peak for the MMI-coupled MRR with 

wire waveguides. 
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MRR earlier in 

 

Figure 21, we see the RAMZI device increases the FSR by 3.1 times. Using Eq. (  

27  ) and the results of DC-coupler MRR to approximate a group index and then using 

this value in (  39  ) we get a theoretical Quasi FSR of 34.5nm. Comparing this theoretical 

value to the measured value we find a 1.4% discrepancy in values, which is not 

signficant. Therefore the FSR increase is in agreement with the theoretical results. 

 

Figure 23 shows the transmission spectrum of the MMI-coupled wire-based 

RAMZI with a radius of 6 m, and a difference in arm length of   =13.14 m. For the 

 

Figure 23: Transmission spectrum and transmission of a single peak for the DC-coupled RAMZI 

device with wire waveguides. The difference in arm lengths is    = 12.05 m. 
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resonant peak at 1531.8nm the device has an ER of 8.26dB, FWHM of 1.948nm and Q-

factor of 786.2. The device has a normal FSR of 11.26nm, and a quasi-FSR of 27.03nm. 

The calculated quasi-FSR using the previously mentioned method (Eq. (27) and (39)) is 

26.98nm, which is in agreement with our experimental results. It is noted that the quasi-

FSR is smaller than the 34.0nm of the DC-coupled RAMZI device due to lower 

wavelength of the resonant peak and the difference in arm lengths is 1.09nm larger. 

However, when we compare this to the results of the MMI-coupled MRR with a FSR of 

9.41nm we see an increase of 2.87 times.  

 

From Figure 23 and Figure 24, we can also observe that the change in FSR is not 

dependent on the coupler design, but on the ratio of the optical path length in the MRR to 

the difference in arm length of the RAMZI device. That is, for the DCs the FSR to quasi-

FSR ratio is 3.1 and the ratio of lengths is 3.1; and for the MMI couplers the FSR ratio is 

2.87 and the ratio of lengths is 2.87. This is the expected result. If we compare the FSR 

equations for the two devices; Eq. (  27  ) and ((  39  ), they only vary by the length term, 

  for the MRR and    for the RAMZI device.  

 

Figure 24: Transmission spectrum and transmission of a single peak for the MMI-coupled  RAMZI 

device with wire waveguides. The difference in arm length is   =13.14 m 
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Examining the effect on the Q factor of the RAMZI devices we can see that the Q 

factor is reduced, for the DCs the Q factor is reduced by a factor of 2.0 and for the MMI 

couplers the Q factor is reduced by 1.3 times. This reduction is most likely due to the 

increased loss through the micro ring and the variation in the coupling coefficients due to 

fabrication errors. We can conclude that the MMI couplers are more robust design with 

the Q-factor of the devices being reduced by a smaller factor than that of the DC devices. 

  From Figure 21 through Figure 24 we can see that the MMI coupler performs 

better over the full range of wavelengths when compared to the DC coupler. In the DC-

coupled designs in Figure 21 and Figure 23 the maximum transmission drops by 2dB 

from 1525nm to 1610nm. In the MMI-coupled designs in Figure 22 and Figure 24 we see 

the maximum transmission remains relatively constant over the wavelength span. This 

result is not large however for the slot waveguide this difference is more evident. 

 

5.2.2 Devices Characteristics – DC- and MMI-based devices using slot waveguides 

Now we focus on devices that use slot waveguides. The transmission spectrum of 

the DC-coupled MRRs with a radius of 20 m is shown in Figure 25. For the resonant 

peak at 1531.1nm the device had a FSR of 4.76nm, an ER of 10.94dB, FWHM of 

1.096nm and Q-factor of 1397.0.  
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The transmission spectrum of the MMI-coupled slotted MRR with a radius of 

20 m is shown in Figure 26. For the resonant peak at 1532.1nm the device had a FSR of 

4.11nm, an ER of 15.92dB, FWHM of 0.8919nm and Q-factor of 1718. Compared to 

DC-coupled device presented in Figure 25, the MMI-coupled device has a Q-factor 1.23 

times larger.  

 

 

Figure 26: Transmission spectrum and transmission of a single peak for the MMI-coupled MRR 

device with slot waveguides. 

 

 

Figure 25: Transmission spectrum and transmission of a single peak for the DC-coupled MRR device 

with slot waveguides 
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For the DC-coupled RAMZI with a radius of 20 m and a difference in arm length 

of    = 13.08  , the transmission spectrum of the device and the transmission of a 

single peak can be seen in Figure 27. At the resonant peak at 1537.0nm the device has an 

ER of 34.65dB, FWHM of .574nm and Q-factor of 2678. For this device the quasi-FSR 

of the device was clearly observed n to be 24.2nm and with a normal FSR of 4.79nm. We 

can compare this to the FSR of the equivalent MRR of 4.76nm (in Figure 25). The quasi-

FSR is larger by 5.08 times. We can use the same technique from above to determine the 

theoretical quasi-FSR for this device configuration based on the MRR equivalent. In this 

way we find a theoretical quasi-FSR of 46.1nm. This value disagrees with the measured 

value. The cause of this discrepancy has not been identified.  

 

The transmission spectrum of the MMI-coupled RAMZI with a radius of 20 m 

and a difference in arm length of   =13.14 m can be seen in Figure 28. At the resonant 

peak at 1557.7nm the device has an ER of 14.65dB, FWHM of 3.046nm and Q-factor of 

511.4. We estimate that the normal FSR is 4.41nm and a quasi-FSR is 43.7nm. 

Comparing the FSR to that of the MRR equivalent with a FSR of 4.11nm we oberve the 

FSR increased by 10.6 times. The theoretical quasi-FSR based on the MRR results yields 

 
Figure 27: Transmission spectrum and transmission of a single peak for the DC –coupled  RAMZI 

device with slot waveguide with an arm length difference of    = 13.08   
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a quasi-FSR of 40.6nm, which agrees reasonably well with the previous FSR increase 

seen in the wire waveguides. 

 

The results of testing MMI coupled designs with the slot waveguides agree with 

the results found previously for the wire waveguide designs. The FSR increase is in 

agreement with theory. As well we can see the ratio of optical path length of the MRR to 

the difference in arm length determines the increase in FSR. The ratio of lengths is 10.6 

and ratio of FSR is 9.6.  

For the MMI-coupled RAMZI design with slot waveguides we can see the Q-

factor is reduced by a factor 3.35 which is a more significant loss than seen in the wire 

waveguides. The reduced Q-factor is most likely due to the     not meeting the critical 

coupling condition.  

The DC-coupled RAMZI design with slot waveguides appears to be an outlier 

with the ratio of lengths and FSRs in disagreement with the theory; that is, the ratio of 

lengths is 9.6 and the FSR ratio is 5.08. In addition, the Q-factor of the device is higher 

than that of the MRR design by a factor of 2.13. This discrepancy could be due to the fact 

 

Figure 28: Transmission spectrum and transmission of a single peak for the MMI-coupled RAMZI 

with slot waveguides. The arm length difference of   =13.14 m 
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the same coupler design was used for the wire waveguide and slot waveguide devices, 

Since the design is more sensitive to the geometry changes compared to the MMI coupler 

this result could be expected.  

We can compare the FSR of slot waveguide devices to that of the wire waveguide 

devices using Eq. (27), and Eq. (39). For the MRR devices we find the FSR for the slot 

waveguide devices is 2.3 times lower than the wire waveguide equivalent devices, and 

the optical path length is roughly 3.3 times longer for the slot waveguide devices. Since 

the resonant wavelengths are approximately equal we can find the group index of the slot 

waveguide to be 0.69 times that of the wire waveguide. For the two MMI-coupled 

RAMZI devices we calculated the group index of the slot waveguide to be 0.62 times the 

group index of wire waveguide. This agrees with the calculation for the MRR devices. 

However for the DC-coupled device we calculated the group index of the slot waveguide 

to be 1.29 times that of the wire waveguide. This discrepancy is again most likely to be 

due to the DC coupler design.  

Again we can see the MMI-coupled designs are less sensitive to wavelength 

variations and perform well over the full spectrum tested. For the DC-coupled designs in 

Figure 25 and Figure 27 the maximum transmission occurs between 1530nm and 1540nm 

and then drops 6dB and 15dB for the MRR and RAMZI designs respectively. In the 

MRR design we see the Q-factor of the devices drops past 1560nm. From Figure 26 and 

Figure 28 we see that for the MMI-coupled devices the performance does not vary over 

the wavelength span. The MRR design has a maximum transmission which is constant 

over the wavelength span while for the RAMZI device the maximum transmission varies 

over the range of measurements. The variation of the RAMZI devices is due to the MZI 
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effects in the devices; the peaks in maximum transmission are roughly the same distance 

as that of the quasi-FRS. 

The characteristic parameters of all the devices are summarized in Table 4. From 

this we can see the RAMZI device offers a larger FSR by a factor of 3 to 10, depending 

on the specific design. This however does appear to come at the cost of a lower Q-factor 

by a factor of 1.3-3.3 times. One exception to this is the DC-coupled MRR and RAMZI 

with slot waveguides, where the Q-factor is doubled. It is clearly demonstrated that in 

general, the RAMZI device increases the FSR and thus will increase the total sensing 

range of the device. 

Table 4: Device Characteristic Parameters 

Device     (nm) FSR\Quasi-

FSR (nm) 

ER 

(dB) 

FWHM 

(nm) 

Q-

Factor Waveguide Design 

Wire 

Waveguide 

 

MRR 

DC 

1529.7 10.95 10.32 0.142 10750 

 

MRR 

MMI 

 

1532.1 9.41 11.32 1.455 1050 

 

RAMZI 

DC 

 

1534.1 34.0 7.94 0.287 5346 

 

RAMZI 

MMI 

 

1531.8 27.03 8.26 1.948 786.2 

Slot 

Waveguide 

 

MRR 

DC 

 

1531.1 4.76 10.94 1.096 1397.0 

 

MRR 

MMI 

 

1532.1 4.11 15.92 0.892 1718 

 
1537.0 24.2 34.65 0.574 2678 
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RAMZI 

DC 

 

RAMZI 

MMI 

 

1557.7 43.7 14.65 3.046 511.4 

 

5.2.3 Bulk Index Sensing using DC- and MMI-coupled wire waveguides 

The bulk index sensing of the MRR designs with wire waveguides with the DC 

and MMI couplers can be seen in Figure 29 and Figure 30 respectively. Here a liquid 

solution of sucrose with a linear 1% increasing concentration from 0% to 6%; the 

refractive index increases from 1.3330 to 1.3418. The sensitivity of the DC-coupled 

MRR with wire waveguides is 170.8±12.4nm/RIU. The detection limit of the device was 

found to be 5.8 x 10
-5

 RIU. Comparing this to the values reported in literature, De Vos et 

al. in [43] presented a 70nm/RIU for a wire waveguide MRR with a DC. We see an 

improvement in the sensitivity limit in our demonstrated devices. The sensitivity of the 

MMI-coupled MRR with wire waveguides is 213.6±13.1nm/RIU, which corresponds to a 

detection limit in the magnitude again in the range of 4.4 x 10
-4 

RIU. The sensing 

performance of the MMI-coupled MRR is better than that of the DC-coupled MRR 

sensors due to the MMI-coupled MRRs are less sensitive to the change in material than 

the DC-couplers. 
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The bulk index sensing of the RAMZI designs with the DC and MMI couplers 

can be seen in Figure 31 and Figure 32 respectively. The sensitivity of the DC-coupled 

RAMZI with wire waveguides is 176.0±7.9nm/RIU with a detection limit of 8.0 x 10
-5 

RIU. The sensitivity of the MMI-coupled RAMZI with wire waveguides is 

73.95±3.1nm/RIU with a detection limit in the magnitude again in the range of 5 x 10
-

 

Figure 30: Transmission of One Peak for various sugar concentrations and the Change of resonant 

peak location vs sugar concentration for the MMI-coupled MRR with wire waveguides 

 

Figure 29: Transmission of One Peak for various sugar concentrations and the Change of resonant 

peak location vs sugar concentration for the DC-coupled MRR with wire waveguides 
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4
RIU. We can compare our result to that of Wang and Dai in which they reported a 

sensitivity for the RAMZI devices with wire waveguide and DC coupler of 111nm/RIU. 

[33] We can see that our sensors have a sensitivity 1.7 times that of the Wang and Dai 

device. We can also see that the DC-coupled RAMZI device has an increased sensitivity 

than that of the MMI-coupled device. This is likely due to the DC coupler design being 

better optimized for the RAMZI than the MMI-coupler; the DC coupler better satisfies 

the phase matching conditions. 

 

 

Figure 31: Transmission of One Peak for various sugar concentrations and the Change of resonant 

peak location vs. sugar concentration for the DC-coupled RAMZI with wire waveguides . The 

difference in arm length is    = 12.05 m. 
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5.2.4 Bulk Index Sensing using DC- and MMI-coupled slot waveguides 

The bulk index sensing of the MRR designs with slot waveguides with the DC 

and MMI couplers can be seen in Figure 33 and Figure 34 respectively. The sensitivity of 

the DC-coupled MRR with slot waveguides is 297.5±11.4nm/RIU with a detection limit 

of 1.4 x 10
-5

RIU. The sensitivity of the MMI-coupled MRR, on the other hand, is 

66.2±3.5nm/RIU, with a corresponding detection limit in the magnitude again in the 

range of 4.3 x 10
-4

RIU. The result of the DC device can be compared to that of the result 

presented in the literature. Our devices operates with a similar sensitivity (298nm/RIU) as 

reported in [28]. This confirms that the experimental setup employed in this thesis 

produces valid results although this controls are not as thorough as those described in the 

literature. We can see that the DC-coupled device performs significantly better than that 

of the MMI coupler device. This is due to the DC-coupler being a better design to operate 

at the concentrations examined.  

 

Figure 32: Transmission of One Peak for various sugar concentrations and the Change of resonant 

peak location vs. sugar concentration for the MMI-coupled RAMZI with wire waveguides. The 

difference in arm length is   =13.14 m 
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The bulk index sensing of the RAMZI designs with slot waveguides with the DC 

and MMI couplers can be seen in Figure 35 and Figure 36 respectively. The sensitivity of 

the DC-coupled RAMZI with slot waveguides is 217.6±7.4nm/RIU with a detection limit 

in the magnitude of 6.0 x 10
-5

RIU; while the sensitivity of the MMI-coupled RAMZI is 

176.0±12.8nm/RIU with a detection limit in the magnitude again in the range of 5.1 x 10
-

 

Figure 34: Transmission of One Peak for various sugar concentrations and the Change of resonant 

peak location vs. sugar concentration for the MMI-coupled MRR with slot waveguides 

 

Figure 33: Transmission of One Peak for various sugar concentrations and the Change of resonant 

peak location vs. sugar concentration for the DC-coupled MRR with slot waveguides 
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5
RIU. Again we see the DC-coupled device has a higher sensitivity than MMI-coupled 

device. This is due to the reason previously stated for the MRR devices. 

The inconsistencies in the sensitivity enhancement from the RAMZI devices 

could be attributed to the coupling regimes for each device. The MRR based sensor 

operating in the overcoupled regime will have a reduced sensitivity and for maximum 

sensitivity the undercoupled regime is ideal [68]. The a ring-coupled MZI device 

achieves higher sensitivity enhancement when operating in the overcoupled regime [69]. 

Although our RAMZI device design is not the same as the device in [69], the theory 

presented in that reference agrees with our findings. The DC-coupled devices would be 

operating in the undercoupled regime which would result in the single MRR operating 

with optimal sensitivity and the MZI/RAMZI having reduced sensitivity. And MMI-

coupled devices would operate in the overcoupled regime, which would cause an MRR 

device to have low sensitivity and the RAMZI devices to see a sensitivity enhancement. 

If we consider the results presented in section 4.2 we actually see that the DC with the 

slot waveguide has a coupling coefficient similar to that of the MMI couplers. The 

coupling coefficient would not be the cause of the inconsistencies. However I do not 

think the presented simulations reflect the coupler that was fabricated. As previous stated, 

during testing no resonance was seen for the device with air cladding. This indicates that 

no coupling was occurring whereas in simulation we see the strong coupling occurring. 

The inconsistencies in the sensitivity enhancement the RAMZI device is could be the 

subject for further investigation. 
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The summarized results on all the sensors tested are listed in Table 5. In our bulk 

index sensing experiments, the slot waveguides offer an increased sensitivity by a factor 

of between 1.07 and 2.2, with an exception of one outlier (the MMI-coupled MRR). We 

 

Figure 36: Transmission of One Peak for various sugar concentrations and the Change of resonant 

peak location vs sugar concentration for the MMI-coupled RAMZI with slot waveguides. The 

difference in arm length is   =13.14 m 

 

Figure 35: Transmission of One Peak for various sugar concentrations and the Change of resonant 

peak location vs sugar concentration for the DC-coupled RAMZI with slot waveguides. The 

difference in arm length is    = 13.08   
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also find the detection limit increases on average by an order of magnitude. The bulk 

index sensing ranges for all the configurations are also summarized in Table 5. The MRR 

with slot waveguides has the high sensitivity and small FSR; which results in a maximum 

change refractive index of 0.016RIU between two measurements for them to remain 

distinguishable. The RAMZI device with wire waveguides however demonstrated the 

largest sensing range; due its lower sensitivity and high FSR. It gives a maximum 

refractive index shift of 0.366RIU for two measurements to remain distinguishable.  Both 

the RAMZI slot waveguides show good performance in both sensitivity and measurement 

range; with the DC based device having a sensing range of 0.119RIU and 0.248RIU for 

the MMI based device. 

Table 5: Device Sensitivities and Detection Limits 

Device Sensitivity(nm/RIU) Detection 

limit (RIU) 

Sensing 

Range (RIU) Waveguide Device 

Wire 

Waveguide 

 

MRR 

DC 

170.8±12.4 5.8 x 10
-5 0.064 

 

MRR 

MMI 

 

213.6±13.1 4.4 x 10
-4 0.044 

 

RAMZI 

DC 

 

176.0±7.9 8.0 x 10
-5 0.193 

 

RAMZI 

MMI 

 

73.95±3.14 5 x 10
-4 0.366 

Slot 

Waveguide 

 

MRR 

DC 

 

297.3±11.4 1.4 x 10
-5 0.016 

 

MRR MMI 

66.18±3.51 4.3 x 10
-4 0.062 
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RAMZI 

DC 

217.6±7.4 6.0 x 10
-5 0.111 

 

RAMZI 

MMI 

 

176.0±12.8 5.1 x 10
-5 0.248 
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6    Chapter: Conclusion 

This thesis covers the design and testing of SOI micro ring resonators (MRRs) 

and ring assisted Mach-Zehnder interferometer (RAMZI) designs for the use as 

biological and chemical sensors. The effects of coupler design on sensing performance 

were also observed comparing the directional coupler (DC) and multimode interference 

(MMI) coupler. Finally the sensitivity enhancement of the slot waveguide when 

compared to the wire waveguide was observed. Both the implementation of RAMZI 

device with slot waveguide and the effects of coupler design on sensing performance 

have not previously been demonstrated.  

The RAMZI performed as expected by increasing the FSR by a factor of 3 to 10 

times depending on the coupler and waveguides used. However this was at the cost of a 

reduction of the Q-factor, with the RAMZI device reducing the Q-factors by 1.3 to 3.3 

times. Further investigation into the design parameters in the couplers could find a 

method to mitigate the reduction in Q-factor. An increase in Q-factor was witnessed in 

the DC-coupled slot waveguide design, indicating the potential of the RAMZI devices.  It 

was also seen that the DC-coupled devices achieve a higher Q-factors but are more 

sensitive to wavelength variations6 than the MMI-coupled devices. Because of this the 

DC-coupled devices would be ideal for application where high sensitivity is required and 

MMI-coupled devices would be ideal for applications where a large range of 

measurement are required. 

The bulk index sensing capabilities of the MRR and RAMZI devices were 

measured using a sucrose solution. The concentration of the solution was varied from 0% 

to 6%, resulting in a linear index of refraction change from 1.3330 to 1.3418. The DC-



 66 

coupled devices were found to have superior sensitivity and the MMI-coupled devices 

were found to be less susceptible to fabrication variations, and less wavelength dependent 

than the DC-coupled devices. The RAMZI implementation increased the index of 

refraction detection range, with comparable sensitivities. The slot waveguides were found 

to increase the sensitivity by 1.07 to 2.28 times that of the wire waveguide designs. The 

optimal configuration for sensing was found to be DC-coupled MRR with slot 

waveguide; with a sensitivity of 297.3nm/RIU and a detection limit of 1.5 x 10
-5 

RIU.  

6.1 Future Work 

In this thesis we demonstrate the advantages of the RAMZI over the conventional 

MRR design, however there is further work that could be done to improve the 

performance of the MRR and RAMZI devices. The length and gap between the 

waveguides of the DC couplers used for the wire waveguides and slot waveguides were 

identical. The coupling strengths for the two waveguide geometries were different. The 

difference caused the absence of the resonant peaks in the output from the slot devices 

with air cladding. While the devices with wire waveguides all performed well with air 

cladding, when liquid was introduced to the surface, the resultant resonant peaks had a 

significantly lower Q-factor. Further investigation in the optimization of the couplers 

designs for both waveguide geometries would improve the device performance for both 

slot and wire waveguides. 

Moreover, the consistency of the measurements was difficult to achieve with the 

current setup. Improvements to the testing setup could result in significant improvement 

with accuracy as well as a reduction in the time required to make the measurements. For 

example, currently a reference measurement is performed each time before measurements 
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to account for the thermal drift of the MRR and RAMZI device, If a thermoelectric 

heater/cooler were to be used the effect of thermal drift could be significantly reduced 

and the reference measurement would no longer be needed. Another improvement to the 

experimental setup would be to have a flow cell placed onto the top of the sensor chip 

such as done in [28]. The authors of [28] use 7mm
2
 closed channel to introduce the liquid 

to the surface. Currently the liquid is placed onto the surface of the device and the 

measurement was taken as quickly as possible to avoid the effects of evaporation on the 

solution concentration. A flow cell would allow for better control of the concentration of 

the sensing liquid and allow for an easier switching between different solutions for 

measurements. A flow cell would also allow for the devices to be exposed to the liquid 

being sensed for a greater period of time which would increase the probability of the slot 

in the slot waveguides being filled. 

Finally, the thesis project can be extended to provide the sensing of surface 

binding of proteins. The most commonly used protein used to test surface sensing is that 

of the avidin binding to biotin receptor molecules, such as demonstrated by [28]. Surface 

morphology study will be necessary to confirm the receptor attachment to the device 

surface. 
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