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ABSTRACT This thesis presents the design, fabrication and testing on a Silicon-on-Insulator (SOI) 
͞laď oŶ a Đhip͟ immunosensors based on interferometer technology capable of label-free, real time, parallel detection and identification of multiple analytes with extremely high sensitivity.  The basic principles for the biosensor device are evanescent wave sensing and interferometry. Light is guided through a high index contrast photonic wire by total internal reflection. The high index contrast core-cladding photonic wires supporting a vector TM-like mode can be designed to have extremely high sensing sensitivity for low analyte volumes. The optical field decays rapidly from the surface of the waveguide, penetrating into a test solution by ≈178nm. When a chemical, biochemical or biological reaction takes place in the sensing area, i.e. in the region of the decaying field near the surface, the light propagating through the sensing channel will experience a change in its effective refractive index causing a phase change per unit propagation length.  With a reference channel built-in on chip, the resulting phase difference between the sensing and reference channels can be detected with a very high sensitivity of detection.  The first sensor studied consists of Mach-Zehnder interferometers (MZIs) fabricated with silicon photonic wires. For a MZI with a seŶsiŶg leŶgth of ϭϬϬϬμŵ the theoretical sensitivity is 3.1 × 10-7 Refractive Index Units (RIUs). Sensitivity is further increased by incorporating spiral waveguides to increase the length of the interferometer arms within a given wafer footprint. A spiral of four turns gives a sensing arm length of 
ϯϭϰϱμŵ, which takes up an area of 0.06mm2 and gives a theoretical MZI sensitivity of 9.9 × 10-8 RIUs. The sensitivity of detection of the biosensors developed is at least 10-100 times more sensitive than that of current commercial products. Parallel detection is achieved by exciting multiple sensors in parallel using a 1xN Multimode interferometer (MMI) where N≤20.  
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The second sensor considered is a label-free self-aligned Plasmonic Interferometer (PI). The interfering plasmonic modes are excited on either side of a thin gold layer embedded into a silicon photonic wire. Only the mode on the upper surface interacts with the analyte. The resonant wavelength is thus sensitive to the analyte index. The PI designed for this project is ϭϯμŵ iŶ leŶgth and gives a predicted system wavelength shift responsivity of 500nm/RIU. To guide the way towards the successful design of these sensors commercial software is used to perform detailed simulation evaluations of straight and curved waveguides, Mach Zehnder Interferometers (MZIs), Plasmonic Interferometers (PIs), Multimode interferometers (MMIs), Directional Couplers (DCs), Y-junction splitters and Spot size converters.  So that the proposed biosensors can operate as an immunosensor, two methods of selective surface functionalisation are developed to immobilise the antibodies on to the sensor waveguides. The first method attached a non-uniform layer of amine functional group to surface of silicon via a hydrosilylation process. The second method attached a uniform layer of amine functional group to the surface of silicon dioxide via a hydroxylation and silanisation process. Attaching a fluorescent tag to the amine functional groups allowed the imaging and assessment of the surface modification and selectivity. Four sets of biosensor devices were fabricated and tested showing promising results.    



 

vi  

PUBLICATIONS [1] N. Najeeb, Y. Zhang, C.J. Mellor, D. FurŶiss, P O’Shea, J. RiĐheŶs, E.Y.B. PuŶ, P.W.H. Wong, J.E. Moses, K.J. Powell, T.M. Benson, "Optical interferometric techniques for parallel bio-sensing," in Biosensors 2014, Melbourne Australia, 25-31 May 2014. [2] N. Najeeb, Y. Zhang, C. Mellor, and T. Benson, "Photonic biosensor chip for early-stage cancer diagnosis," in Transparent Optical Networks (ICTON), 2015 17th International Conference on, 2015, pp. 1-4. [3] N. Najeeb, Y. Zhang, C. Mellor, and T. Benson, "Design, Fabrication and Demonstration of a 1x20 Multimode Interference Splitter for Parallel Biosensing Applications," in Journal of Physics: Conference Series, 2016, p. 012027. ORAL PRESENTATIONS (BY THE AUTHOR) [4] "Label-Free Silicon-on-IŶsulator ͞Laď oŶ a Đhip͟ OptiĐal BioseŶsors ďased oŶ Interferometers," in Lab-on-a-Chip Asia, 20-21 November 2014, 20-21 November 2014. [5] "Design, Fabrication and Demonstration of a 1x20 Multimode Interference Splitter," in IEEE 8th International Conference on Advanced Infocomm Technology (ICAIT 2015), Hangzhou, China, 25-27 October 2015. [1-3] [4] [5]    



 

vii  

TABLE OF CONTENTS 1 Introduction ................................................................................................. 1 1.1 Optical biosensor ........................................................................................ 2  Surface plasmon resonance (SPR) sensor ..................................... 3  Evanescent field sensors ............................................................... 3  Photonic crystal sensor ................................................................. 4  Performance of optical biosensors ............................................... 5 1.2 Why optical biosensors? ............................................................................. 6 1.3 Aim and thesis overview ............................................................................. 8 References .......................................................................................................... 11  2 Waveguide design concept and principles ................................................... 13 2.1 Introduction to planar dielectric waveguide theory ................................. 13 2.2 Electromagnetic theory ............................................................................. 17 2.3 Types of waveguides ................................................................................. 22 2.4 Modes in dielectric optical waveguides .................................................... 23 2.5 Power and confinement factor ................................................................. 26 2.6 Evanescent wave sensor ........................................................................... 28 2.7 Waveguide materials ................................................................................ 32 2.8 Waveguide geometry ................................................................................ 33 2.8.1 Modes and cut-off heights of SOI ............................................... 33 2.8.2 Calculating sensitivity of an SOI slab waveguide ........................ 35 2.8.3 Exploring the mid-infrared. ......................................................... 38 2.8.4 Asymmetry factor ....................................................................... 41 2.9 Coupling light into the waveguide ............................................................ 43 



 

viii  

2.9.1 Butt coupling and end-fire coupling ........................................... 43 2.9.2 Grating coupling .......................................................................... 44 2.10 Chapter summary ....................................................................................... 45 References .......................................................................................................... 46  3 Design .......................................................................................................... 49 3.1 Modelling waveguides .............................................................................. 49 3.1.1 Beam propagation (BPM) method .............................................. 49 3.1.2 Eigenmode expansion (EME) method ........................................ 50 3.1.3 Finding optimum height ............................................................. 50 3.1.4 Finding optimum width .............................................................. 53 3.1.5. Evanescent field and heterogeneous sensing ............................ 55 3.1.6. Slot waveguides .......................................................................... 58 3.1.7. Propagation loss.......................................................................... 67 3.1.8. Curvature loss ............................................................................. 69 3.1.9. S-bends and S-function waveguides ........................................... 72 3.2. Mach-Zehnder interferometers ................................................................ 78 3.2.1 Design.......................................................................................... 79 3.2.2 MZI with spirals ........................................................................... 84 3.2.3 Simulated results ........................................................................ 88 3.3 Plasmonic interferometers ....................................................................... 93 3.3.1 Plasmonic waveguide theory ...................................................... 93 3.3.2 Design.......................................................................................... 94 3.4 Multimode interference (MMI) coupler ................................................... 96 3.4.1 Design of MMI couplers .............................................................. 97 3.4.2 Simulation evaluation ............................................................... 101 



 

ix  

3.4.2.1 Polarisation dependence ................................................. 101 3.4.2.2 Insertion loss and uniformity .......................................... 102 3.4.2.3 Optical bandwidth and fabrication tolerance for 1xN MMIs ......................................................................................... 103 3.4.2.4 Wafer core thickness and tolerance ............................... 104 3.4.3 MMI with single mode input/output waveguide ..................... 105 3.4.3.1 Simulation evaluation for MMI with single mode input/output waveguides using RSoft BeamProp ........... 106 3.4.2.2 Simulation evaluation for MMI with single mode input/output waveguides using FIMMPROP ................... 107 3.4.4 Tapered MMI ............................................................................ 109 3.4.4.3 Designing tapered MMI with FIMMWAVE ...................... 110 3.4.4.2. Simulation evaluation of tapered MMIs with FIMMWAVE ......................................................................................... 111 3.4.5 Y-junction splitters and directional couplers (DCs) .................. 112 3.1.4.1 Comparing directional couplers to Y-junction splitters .. 112 3.1.4.2 Comparing MMI to cascaded Y-junction splitters ........... 117 3.4.4 Adaptable MMI designs for the future ..................................... 120 3.5 Coupling light in and out of waveguides. ................................................ 123 3.5.1 Butt coupling and end fire coupling ......................................... 123 3.5.2 Grating coupling ........................................................................ 126 3.6 Chapter summary .................................................................................... 128 References ........................................................................................................ 135  4 Fabrication ................................................................................................. 143 4.1 Mask layout ............................................................................................. 144 4.2 Waveguide and device fabrication ......................................................... 145 



 

x  

4.3 Sample cleaning ...................................................................................... 146 4.4 Photolithography .................................................................................... 146  Photolithography using mask aligner at The University of Nottingham ............................................................................... 146  Photolithography using e-beam at The University of Southampton .................................................................................................. 147 4.4 Plasma etching at The University of Nottingham ................................... 148 4.5 SU-8 taper fabrication ............................................................................. 150 4.5.1 SU-8 photolithography at The University of Nottingham ........ 152 4.6 Cleaving ................................................................................................... 157 4.7 Fabrication of plasmonic interferometer (PI) - set 2 .............................. 158 4.7.1 Waveguide fabrication .............................................................. 158 4.7.2 Embedding a thin gold layer ..................................................... 159 4.8 Polydimethylsiloxane (PDMS) bonding to SU-8 ...................................... 160 4.8.1 Polydimethylsiloxane (PDMS) ................................................... 161 4.8.2 Preparing the PDMS .................................................................. 162 4.8.3 Preparing the SU-8 2050 ........................................................... 162 4.8.4 Bonding PDMS to SU-8 ............................................................. 164 4.9 Chapter summary .................................................................................... 166 References ........................................................................................................ 167  5 Bioreceptors ............................................................................................... 168 5.1 Label-free detection ................................................................................ 169 5.2 Surface functionalisation ........................................................................ 170 5.3 Surface functionalisation by hydrosilylation........................................... 173 5.3.1 Surface passivation of H-terminated silicon .................................. 173 



 

xi  

5.3.2 Amino termination on H-terminated silicon surface ..................... 174 5.3.3 Experiment 1 ............................................................................. 176 5.3.4 Experiment 2 ............................................................................. 178 5.3.5 Experiment 3 ............................................................................. 179 5.3.6 Section summary ...................................................................... 181 5.4 Surface functionalisation by silanisation ................................................ 182 5.4.1 Surface passivation of OH-terminated silicon layer ................. 182 5.4.2 Amino termination of OH-terminated silicon surface .............. 182 5.4.3 Experiment 4 ............................................................................. 184 5.4.4 Experiment 5 ............................................................................. 186 5.4.5 Experiment 6 ............................................................................. 189 5.4.6 Section summary ...................................................................... 190 5.5 Chapter summary .................................................................................... 190 References ........................................................................................................ 191  6 Physical and optical characterisation .......................................................... 194 6.1 Set 1-Biosensors devices fabricated at The University of Nottingham .. 194 6.1.1 Experimental set-up .................................................................. 196 6.1.2 Results ....................................................................................... 198 6.2 Set 2-Plasmonic interferometers fabricated at The University of Nottingham ............................................................................................. 199 6.2.1 Results ....................................................................................... 200 6.3 Set 3-Biosensor Devices Fabricated at The University of Southampton 202 6.3.1 Experimental set-up .................................................................. 203 6.3.2 Results ....................................................................................... 204 



 

xii  

6.4 Set 4-Biosensor devices fabricated at Zhejiang University, City University of Hong Kong and the University of Glasgow ......................................... 206 6.4.1 Experimental set-up .................................................................. 208 6.4.2 Results ....................................................................................... 209 6.5 Chapter summary .................................................................................... 213  7 Conclusions and potential future work........................................................ 214 7.1 Conclusions ............................................................................................. 214 7.2 Potential future work .............................................................................. 219 7.2.1 MMIs and grating couplers ....................................................... 219 7.2.2 The mid-infrared ....................................................................... 219 7.2.3 WorkiŶg towards a ͞Laď oŶ a Chip͟ device .............................. 220 References ........................................................................................................ 222  Appendix A ................................................................................................................. 224 Appendix B ................................................................................................................. 225 Appendix C ................................................................................................................. 226 Appendix D ................................................................................................................. 227 Appendix E ................................................................................................................. 229 Appendix F ................................................................................................................. 233 Appendix G ................................................................................................................. 235 Appendix H ................................................................................................................. 238 Appendix I .................................................................................................................. 239 Appendix J .................................................................................................................. 242  



 

xiii  

NOMENCLATURE ROMAN SYMBOLS A An oscillating wave a Asymmetry factor B Magnetic flux density c Velocity of light in free space d Edge to edge distance between two ridge waveguides in a directional coupler D Electric flux density dp Penetration depth of evanescent field E Electric field amplitude Ei Incident light ray Er Reflected ray of light Et Transmitted ray of light g Egde to egde gap between two ridge waveguides in a slot waveguide h Planck’s ĐoŶstaŶt H Magnetic field amplitude h Height of waveguide j Imaginary number k0 Free space vector kp wavevector of the plasmon mode L Length Lc Length of directional coupler for complete power transfer LMMI Length of multimode interferometer cavity m Mode number N Number of outputs of a multimode interferometer n1 Refractive index of upper cladding n2 Refractive index of propergating medium or core n3 Refractive index of lower cladding nc Cover/upper cladding index ne Even supermode effective refractive index 



 

xiv  

Neff Effective index no Odd supermode effective refractive index P Position on the S-function curve P Poynting vector Plhs Left hand side offset from the z-axis Prhs Right hand side offset from the z-axis R Radius of curvature Rmin Minimum radius of curvature S Sensitivity t Thickness of adsorbed layer t Time TL Taper length Tw Taper width V Normalised frequency of waveguide w width of ridge waveguide WMMI Width of multimode interferometer cavity Z Length along the z-axis zin Initial z value in the z-axis GREEK SYMBOLS 
β Propagation constant 
ȳ Confinement factor 
ȴ Change/difference 
ε Permittivity 
ε0 Permittivity in a vacuum 
εd Complex dielectric constant of a dielectric 
εm Complex dielectric constant of a metal film 
εr Relative permittivity 
θ Angle 
θ1 Angle of transmission 
θ2 Angle of reflection 
θc Critical angle 
ʄ0 Wavelength of light in free space 
ʄUV Wavelength of ultraviolet lamp 



 

xv  

ʅ Permeability 
ʅ0 Permeability in a vacuum 
ʅr Relative permeability 
ʋ Pi ≈ ϯ.ϭϰϭϰϮ 
ʌ Distance between output waveguides 
φ Phase of light 
ω Angular frequency ACRONYMS/ABBREVIATIONS APTES (3-Aminopropyl)triethoxysilane   BPM Beam Propagation Method CAD Computer aided design Chalc Chalcogenide COOH Carboxyl EF Evanescent field EM Electromagnetic EME Eigenmode expansion FD-BPM Finite-difference beam propagation method FE-BPM Finite element beam propagation method FEM Finite element method FFT-BPM Fast Fourier transform beam propagation method FIR Far infra-red FITC Fluorescein isothiocyanate GDS Graphic database system H Hydrogen H2O2 Hydrogen peroxide H2SO4 Sulphuric acid HCl Hydrochloric acid HF Hydrofluoric ICP Inductively coupled plasma LED Light emitting diode MIR Mid infra-red MMI Multimode interferometer  MZI Mach-Zehnder interferometer 



 

xvi  

NH2 Amine NIR Near infra-red OH Hydroxide PBS Phosphate buffer solution PDMS Polydimethylsiloxane PEB Post-exposure bake POC Point-of-care RIE Reactive ion etching RIU Refractive index units RT Room temperature SAM Self-assembled monolayer SEM Scanning electron microscope Si3N4 Silicon nitride SiH4 Silane SiO2 Silicon dioxide SOI Silicon-on-Insulator SP Surface plasmon SPP Surface plasmon polaritons SPR Surface plasmon resonance SU-8 Glycidyl-ether-bisphenol-A t-BOC t-Butyoxycarbonyl TE Transverse electric TFA Trifluoroacetic acid TIR Total internal reflection TM Transverse magnetic UV Ultraviolet VLSI Very large-scale integration MATHEMATICAL OPERATORS AND SYMBOLS 
δ Partial differential ∇∙ Divergence operator ∇× Curl operator ∇2 Laplacian operator ⫠ Transverse 



Chapter 1: Introduction 

1  

Chapter 1 1 INTRODUCTION In 1956 Leland C Clark Jnr. published a definitive paper on the oxygen electrode known as the Clark electrode [1.1]. This was a visual oxygen sensor that later evolved into an amperometric enzyme electrode for glucose in 1962 [1.2].  An amperometric biosensor measures the motion of electrons (current) during a chemical reaction to determine the approximate concentration of a certain molecule in an analyte such as the concentration of glucose in blood. This simple device founded the field of biosensors which has now brought together research communities from various fields such as VLSI, physics, chemistry and materials science to develop more sophisticated, reliable and mature biosensing devices that make measurements in complex matrices.  This rapidly evolving and expanding global market is expected to reach USD 21.17 billion by the year 2020 and forecasts are that optical biosensors will be the most lucrative technology in the global biosensor market [1.3]. Figure 1.1 displays the global biosensor market segmented by application, technology and end-use.  
 Figure 1.1: Global biosensor market segmented by application, technology and end-use [1.3]. 

Biosensor MarketTechnologyOptical BiosensorsElectrochemical BiosensorsPiezoelectric BiosensorsThermal Biosensors
ApplicationMedical ApplicationFood Toxicity DetectionIndustrial Process Control (Bioreactor)AgricultureEnvironmentOther

End-userPoint of Care TestingHome healthcare DiagnosticsResearch LaboratorySecurityBio-defence
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A biosensor is a sensor that converts a chemical or biochemical interaction into a signal that can be displayed or read. Figure 1.2 shows a schematic illustration of the main components of a biosensor. Electrical SignalAnalyte Biosensing means Signal transducerBiosensor  Figure 1.2: Schematic illustration of the main components of a biosensor. The analyte is a substance that consists of a chemical or pathogen that will be undergoing analysis, such as a blood sample or a contaminated sample of water. The analyte is inserted to the bioreceptor or bioelement layer of the biosensor which can be an enzyme, antibody, nucleic acid, tissue, microbial or polysaccharides. The transducer is the sensor element that detects the interaction between the biorecepter layer and the analyte in the form of a change in electric potential, current, conductance, impedance, intensity and phase change of electromagnetic (EM) radiation, mass, temperature or viscosity. Biosensors can be classified according to the bioreceptor and transducing system used. A sensor that uses antibodies as a bioreceptor is called an immunosensor and a transducer that measures a change in the propagation of optical radiation is known as an optical biosensor. This project is based on the design and fabrication of an optical Immunosensor where the components of an analyte combine with the antibody and this results in a change in an optical signal. This is explained in more detail below.  1.1 OPTICAL BIOSENSOR Optical biosensors can be defined as sensor devices which make use of optical principles for the transduction of a biochemical interaction into a suitable output signal. A substantial number of measurements can be made based on emission, absorption, fluorescence, refractometry and polarimetry. Based on the 
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measurements taken optical biosensors can be conveniently categorised into three types; Surface plasmon resonance (SPR), Evanescent Field and Photonic Crystal. 
 Surface plasmon resonance (SPR) sensor SPR was first demonstrated by Otto in 1968 [1.4] and modified by Kretschmann [1.5]. The first SPR immunosensors were published in 1983 by Liedberg et al. [1.6] and it has been the most common and commercialised optical biosensor since 1990 when it was first commercialised by Biacore [1.7]. SPR occurs when the frequency of an incident wave matches the natural frequency of the oscillating electron on the surface (Surface plasmon waves) of a metal (typically gold or silver) causing a resonance condition. Any molecules on the surface will cause a change in the local refractive index which shifts the resonant condition of the Surface plasmon waves as shown in Figure 1.3 [1.7]. Shift in theresonantconditionupon surfaceabsorption  Figure 1.3: Schematic illustration of an SPR measurement system [1.7]. 
 Evanescent field sensors The evanescent field is the light that decays exponentially outwards from the sensor chip surface as will be explained in Chapter 2. Evanescent field sensors usually operate in interferometry based systems and one of the most common interferometers is the Mach-Zehnder interferometer (MZI) [1.8] whose operation will be explained in more detail in Chapter 2. Other evanescent field based sensors are Young interferometers [1.9, 10] and ring resonators [1.11]. The sensor measures a change in refractive index caused by the interaction of the analyte with the biorecepetor layer. The change in 
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refractive index causes a phase change in the light and a subsequent change in the light intensity measured by a photodetector.  Figure 1.4a shows a MZI with spiral waveguides and Figure 1.4b shows a ring resonator with spiral waveguides. Figure 1.4c is an illustration of the sensor window of an evanescent field sensor showing the target molecules binding to the receptor molecules causing a change in the refractive index of the waveguide surface resulting in a phase shift in the propagating light. 
c

 Figure 1.4: a) Infrared image of a MZI with 2mm long spiral waveguides taken while guiding 1550nm light, b) electron microscope (SEM) image of a ring resonator with 1.3mm long spiral waveguides and c) schematic illustration of a sensor window of an evanescent field sensor [1.12]. 
 Photonic crystal sensor A photonic crystal has periodic microstructures that create photonic band gaps which prevent light travelling through the structure at certain frequencies [1.13]. By introducing defects to the periodic structure certain frequencies of light become resonantly confined within the defects. A change in refractive index caused by the analyte induces a change in the resonant frequency which is then used to analyse the 



Chapter 1: Introduction 

5  

analyte. Figure 1.5 shows a scanning electron microscopy (SEM) image of a typical photonic crystal device, [1.14]  
 Figure 1.5: Image of a typical Photonic crystal device [1.14]. 

 Performance of optical biosensors Sensitivity, assay sensitivity and resolution are some of the methods used to compare the performance of optical biosensors.  Sensitivity for optical biosensors is the measure of how efficiently the electromagnetic field couples and changes to biomolecules in contact with the sensor surface [1.15]. For a waveguide based evanescent field sensor, the transducer sensitivity is given in terms of change in effective refractive index (ΔNeff) of the waveguide per change in cover index (Δnc). ΔNeff/Δnc represents the sensitivity of the waveguide and is not dependent on the target molecule binding with the antibody or the sensitivity of the detection instruments.  Assay sensitivity is defined at the minimum detectable concentration of an analyte and is defined in units of moles/volume or mass/volume [1.15]. Assay sensitivity depends on the waveguide sensitivity as well as efficient binding of the target molecules with the antibodies.  
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Resolution or limit of detection refers to the smallest change in Δnc that can be measured and is expressed as Refractive Index Units (RIUs). To determine the resolution of the sensor, the phase resolution of the detection instrumentation must also be considered which in this project is assumed to be 2π × 10-4 rads [1.16].  The best resolutions for SPR, MZI and photonic crystal sensors in the literature are 1x10-8 RIU [1.17], 1x10-7 RIU [1.16] and 7x10-5 RIU [1.18] respectively.  In addition to sensitivity, assay sensitivity and resolution, factors such as ease of use, sensor cost, detection instrumentation and throughput must also be considered when designing a packaged commercial optical biosensor [1.15].  1.2 WHY OPTICAL BIOSENSORS? Although the most commercially successful biosensors are the amperometric glucose biosensors due to their abundant market, biosensors are used for a large number of applications ranging from biomedical, pharmaceutical, environmental, security to food analysis.  Rapid detection and identification of microorganisms is a pressing issue in fields ranging from clinical diagnostics and the monitoring of food-borne pathogens to the detection of biological warfare agents [1.19]. As the potential threat of bio-terrorism increases, there is a need for a device that can quickly, reliably, and accurately detect contaminants in the atmosphere [1.20]. Current methods used to monitor antimicrobials in animals produced for human consumption are simple and inexpensive, but slow for real-time measurements and is crucial to have quick and accurate tests [1.21]. Point-of-care (POC) diagnostics would greatly benefit from faster, more accurate, low-cost and portable devices [1.22].  Furthermore, biosensors need to provide real-time measurements, a high degree of automation, and improved throughput and sensitivity. They should be less expensive than sophisticated physical-chemical instrumentation, require less time for analysis, and be capable of being used by semi-skilled people.  
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Optical biosensors are preferred due to their potential sensitivity, portability, wider bandwidth, real time and remote sensing, immunity to electromagnetic interference and because they can provide parallel detection and identification within a single device. The technology of integrated optics allows the integration of many passive and active optical components such as fibres, emitters, detectors and waveguides allowing the development of ͞Lab on a Chip͟ devices. 
͞Lab on a Chip͟ usually refers to a device that integrates one or several laboratory functions on a single chip and generally varies in size from micrometres to millimetres as shown in Figure 1.6 [1.23]  a) b)

 Figure 1.6: a) Biacore S200 biosensor based on Surface plasmon Resonance Technology [1.7] and b) SOI ͚Lab on a 
Chip͛ biosensor packaged with PDMS microfluidics [1.23]. Despite the growing focus on research and development and the large amounts of literature available, very few commercial implementations have been demonstrated. This may be the result of developing and improving individual aspects of the sensor rather than the sensor as a whole as it is an interdisciplinary research project. Another reason may be the difficulty in producing low-cost, sensitive and portable detection systems.   
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1.3 AIM AND THESIS OVERVIEW The Aim of this project is the research and development of next generation optical biosensors which are capable of label-free, real time, parallel detection and the identification of multiple analytes in multiple samples with extremely high detection sensitivity. Chapter 2 presents a brief introduction to electromagnetic theory and the concept of evanescent field sensors. The material and waveguide height of a slab waveguide are optimised for maximum sensitivity while considering biocompatibility, fabrication and integration.   In Chapter 3, commercial software based on the Beam propagation method (BPM) and the Eigenmode expansion (EME) method are used to design and simulate the components of an evanescent field biosensor. At first the waveguide height and width are optimized for maximum sensitivity. Then the propagation loss and curvature loss are evaluated. Finally, the components of the biosensor are designed and optimized. Figure 1.7 shows a schematic diagram of the proposed biosensor layout which is realised in a Silicon-on-Insulator (SOI) wafer and is made of an input coupler, a 1xN splitter (where N is the number of outputs), bent guide separators, sensors, output couplers and the microfluidics layer.   Light is not directly coupled in to the silicon waveguide as the waveguide has a cross-section much smaller than that of the input beam and therefore the coupling loss will be high. The light may be efficiently coupled through a spot size converter such as an SU-8 taper (SU-8 is a polymer with good transmission properties and low insertion loss [1.24-26] as explained in section 4.5) or by using a grating coupler which is more compact but is associated with a high insertion loss. The same method is used to couple light out of the waveguide as well. A 1xN multimode interferometer (MMI) is used to split the input light into many outputs by the self-imaging principle as explained in section 3.4. Other methods of splitting light by cascading Y-junction splitters and cascading directional couplers (DCs) are also presented in section 3.4.5.
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SU-8 taper SU-8 tapersReference armsInput
Outputs

Sensing arms
Microfluidic channelsMicrofluidic layer

Input coupler Splitter1xN MMI S-bendsSpacers
MZIs

Sensors Output couplers

 Figure 1.7:  Schematic diagram of the proposed biosensor layout which is made of an input coupler, a 1xN splitter (where N is the number of outputs), separators, sensors, output couplers and the microfluidics layer.  
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Each MMI output connects to a Mach-Zehnder interferometer (MZI) via a spacer. A spacer is made of an S-bend or S-function waveguide and is used to space the MZIs on the chip. Each MZI has a sensing arm and a reference arm that superimposes the light at the output of the MZI as explained in more detail in section 3.2. The use of multiple MZIs enables parallel detection.  Chapter 4 presents in detail the processing techniques used for the fabrication of the biosensor including the microfluidics layer. The microfluidics’ layer controls the flow of the analyte by transporting them in and out of the sensing and reference arms via micrometre scaled channels.  For the biosensor to work as a heterogenous sensor, a bioreceptor layer must be developed on the sensing arm of the MZI. Chapter 5 presents an introduction to the bioreceptor layer and some preliminary results on the surface functionalisation of silicon and silicon dioxide for the attachment of antibodies on the silicon waveguides.  Chapter 6 evaluates the fabricated devices optically. Results presented show successful realisation of waveguides, power splitters, spot size converters, grating couplers, MZIs and PIs.  Chapter 7 summarises the conclusions of the work undertaken for this PhD and suggests possible future work.     
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Chapter 2 2 WAVEGUIDE DESIGN CONCEPT AND PRINCIPLES In this chapter, a brief introduction to basic electromagnetic theory and evanescent field sensors is presented. Methods of quantifying the sensitivity of the sensors and optimising the waveguides to obtain maximum sensitivity are shown.   2.1 INTRODUCTION TO PLANAR DIELECTRIC WAVEGUIDE THEORY To explain propagation of light in a waveguide a ray optics model is explained first as shown in Figure 2.1.  An incident light ray, Ei, propagating in a medium of refractive index, n2, at an angle of θ2 towards the interface between the two media will in general partially transmit a ray of light, Et at angle θ1 in a medium of refractive index n1 and partially reflect a ray of light, Er at an angle of θ2 in the medium of refractive index n2 where n2>n1 as shown in Figure 2.1a.  
n1

n2Ei Er

n1

n2Ei

Etθ1θ2 θ2 θ2
a) b)

θ2  Figure 2.1: a) Light rays refracted and reflected and the interface of two media and b) total internal reflection at two interfaces when θ2 exceeds the critical angle. The relationship between the angles and refractive indices is giǀeŶ ďǇ SŶell͛s laǁ: 
݊ଵ݊݅ݏ𝜃ଵ = ݊ଶ݊݅ݏ𝜃ଶ                                                 ሺʹ.ͳሻ As θ2 increases, θ1 will reach 90˚ and sinθ1 becomes 1. At this point θ2 is known as the critical angle, θc, aŶd SŶell͛s laǁ ďeĐoŵes:  
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𝜃ଶ݊݅ݏ =  ݊ଵ݊ଶ                                                          ሺʹ.ʹሻ If θ2 becomes larger than the critical angle then no light is transmitted; instead it is all reflected as shown in Figure 2.1b. This is known as total internal reflection (TIR). A dielectric optical waveguide is a physical structure that confines and guides electromagnetic waves by total internal reflection (TIR) as shown in Figure 2.2.  In the simplest form, it consists of three layers of refractive indices n1, n2 and n3 where n2>n3≥n1. In the present work Silicon-on-Insulator (SOI) structures will be considered with n3>n1. If the refractive index contrast is sufficiently large, and the waveguide dimensions are suitably chosen, light at a given wavelength will be guided through the core by total internal reflection [2.1]. Upper CladdingLower CladdingCore n1n2n3
y zx  Figure 2.2: Light guided and confined by total internal reflection. One such guided mode is represented as a vector diagram as shown in Figure 2.3, in which the geometric relationship of the propagation constant, β, which is used to characterize waveguide modes is explained.  
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θ

y zkykz=β  Figure 2.3: Vector diagram for wave propagation constant. In Figure 2.3 the plane wave (ray) propagation constant is ݇݊ଶ where k0 is known as the free space wavevector given by k0=2π/ʄ0 and ʄ0 is the wavelength of light in free space. Therefore, the corresponding propagation constants along the y and z directions are: 
݇௬ = ݇݊ଶܿݏ𝜃                                                        ሺʹ.͵ሻ 
݇௭ = ݇݊ଶ݊݅ݏ𝜃 = 𝛽                                                ሺʹ.Ͷሻ It is useful to describe the z-directed propagation of a guided wave in an optical waveguide in terms of an effective refractive index [2.2]. From equation 2.4 the effective refractive index, Neff can be written as: 

ܰ = ݊ଶ݊݅ݏ𝜃                                                       ሺʹ.ͷሻ and it follows that 
𝛽 = ݇ ܰ                                                          ሺʹ.ሻ Since the highest value for θ will be 90˚ ;ďǇ SŶell͛s laǁͿ, 𝛽  ݇݊ଶ.  Since it is assumed that n3>n1, it follows from equation 2.2 that the critical angle is  ݊݅ݏ𝜃 =  ݊ଷ݊ଶ                                                          ሺʹ.ሻ 
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Substituting this into equation 2.5 shows that 
ܰ  ݊ଶ ∙ ݊ଷ݊ଶ = ݊ଷ                                                  ሺʹ.ͺሻ Hence 
݇݊ଷ  𝛽  ݇݊ଶ                                                    ሺʹ.ͻሻ and, 
݊ଷ  ܰ  ݊ଶ                                                   ሺʹ.ͳͲሻ A slab waveguide can support Transverse Electric (TE) and Transverse Magnetic (TM) modes. TE polarisation is where the electric field E of the wave is tangential to the interface as shown in Figure 2.4a. TM polarisation is where the magnetic field of the wave is tangential to the interface as shown in Figure 2.4b. This will be discussed further in section 2.4. n1n2n1n2TE mode

θExa) b)
θ θ θ

TM modeHxHy, Hz Ey, Ez  Figure 2.4: a) TE mode and b) TM mode wave propagation in the z direction. Light guided through an optical fibre or waveguide can be described as a set of guided electromagnetic waves with time varying electric, E, and magnetic, H, fields. A loss free wave propagating along the z direction can be represented using the equations below: 
,ݔሺܧ ,ݕ ,ݖ ሻݐ = ,ݔሺܧ  ሻ݁𝑗ሺఠ௧−𝛽௭ሻ                                    ሺʹ.ͳͳሻݕ
𝐻ሺݔ, ,ݕ ,ݖ ሻݐ = 𝐻ሺݔ,  :ሻ݁𝑗ሺఠ௧−𝛽௭ሻ                                 ሺʹ.ͳʹሻ where the angular frequency, ω is defined asݕ
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߱ = ʹ𝜋ܿߣ                                                         ሺʹ.ͳ͵ሻ and c is the velocity of light in free space.  Light will propagate when the frequency is above the cut off frequency of the lowest order mode, see section 2.2, and a finite number or discrete set of guided modes will be present at a given frequency. The cut off frequency is the lowest frequency for which a given mode will propagate. The cut-off condition will be discussed in more detail in section 2.8. 2.2 ELECTROMAGNETIC THEORY Light propagation may also be described starting from Maǆǁell͛s equations as shown below: 
∇ × ܧ = ݐܤ߲߲−                                                    ሺʹ.ͳͶሻ 
∇ × 𝐻 = ݐܦ߲߲                                                        ሺʹ.ͳͷሻ 
∇ ∙ ܤ = Ͳ                                                           ሺʹ.ͳሻ 
∇ ∙ ܦ = Ͳ                                                           ሺʹ.ͳሻ where ܧ , 𝐻 ܦ ,ܤ ,  and ݐ  are the electric field amplitude, magnetic field amplitude, magnetic flux density, electric flux density and time respectively. In a linear isotropic medium, the following equations are true: 
ܦ = 𝜀ܧ                                                           ሺʹ.ͳͺሻ 
ܤ =  :are the permittivity and permeability which are defined as the following ߤ 𝐻                                                           ሺʹ.ͳͻሻ Here 𝜀 andߤ
𝜀 = 𝜀𝜀𝑟                                                         ሺʹ.ʹͲሻ ߤ =  𝑟                                                        ሺʹ.ʹͳሻߤߤ
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where 𝜀 and ߤ are the permittivity and permeability in a vacuum and 𝜀𝑟 and ߤ𝑟 are the relative permittivity and permeability of the material. In this project ߤ𝑟 is assumed to be 1 as only non-magnetic materials are used.  As previously shown light propagating in the z direction can also be expressed by equations 2.11 and 2.12. If an oscillating wave is expressed by equation 2.22 then a partial differentiation with respect to time can be expressed by equation 2.23:  
,ݔሺܣ ,ݕ ,ݖ ሻݐ = ,ݔሺܣ ,ݕ ݐܣ߲߲ ሻ݁ሺ𝑗ఠ௧ሻ                                        ሺʹ.ʹʹሻݖ =  :ሺʹ.ʹ͵ሻ and Maǆǁell͛s eƋuatioŶs Ϯ.ϭϰ-2.17 can be rewritten as equations 2.24-2.27                                                         ܣ݆߱

∇ × ܧ = ݐܤ߲߲− = ܤ݆߱− =  𝐻               ሺʹ.ʹͶሻߤ݆߱−
∇ × 𝐻 = ܦ݆߱ = ݆߱𝜀ܧ                                        ሺʹ.ʹͷሻ 
∇ ∙ 𝐻 = Ͳ                                                              ሺʹ.ʹሻ 

∇ ∙ ሺ𝜀𝑟ܧሻ = Ͳ                                                              ሺʹ.ʹሻ Applying the curl operator, ∇ ×, to equation 2.24 and substituting from equation 2.25 yields: 
∇ ∙ ሺ∇ × ሻܧ = ∇ߤ݆߱− × 𝐻 = ܧ݆߱𝜀ߤ݆߱− =  :ሺʹ.ʹͺሻ Any vector satisfies the following equation                    ܧ𝜀߱ଶߤ

∇ ∙ ሺ∇ × ሻܧ = ∇(∇ ∙ (ܧ − ∇ଶܧ                                   ሺʹ.ʹͻሻ where the Laplacian, ∇ଶ, is expressed in Cartesian coordinates as: 
∇ଶ= ߲ଶ߲ݔଶ + ߲ଶ߲ݕଶ + ߲ଶ߲ݖଶ                               ሺʹ.͵Ͳሻ For the case where 𝜀𝑟 is a function of position, equation 2.27 can be rewritten as: 
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∇ ∙ (𝜀𝑟ܧ) = ∇𝜀𝑟 ∙ ܧ + 𝜀𝑟∇ ∙ ܧ = Ͳ                                   ሺʹ.͵ͳሻ giving 
∇ ∙ ܧ = −∇𝜀𝑟𝜀𝑟 ∙  :ሺʹ.͵ʹሻ Substituting equations 2.28 and 2.32 into equation 2.29 gives                                                         ܧ

∇ଶܧ + ∇ (∇𝜀𝑟𝜀𝑟 ∙ (ܧ + ܧ𝜀߱ଶߤ = Ͳ                                   ሺʹ.͵͵ሻ The wave vector ݇ is defined as:  
݇ =  :𝜀                                                             ሺʹ.͵Ͷሻ such that substituting equation 2.34 into equation 2.33 gives the wave equation for the electric fieldߤ√߱

∇ଶܧ + ∇(∇𝜀𝑟𝜀𝑟 ∙ (ܧ + ݇ଶܧ = Ͳ                                   ሺʹ.͵ͷሻ When 𝜀𝑟 is constant in a medium, equation 2.35 can be reduced to give the Helmholtz equation: 
∇ଶܧ + ݇ଶܧ = Ͳ                                                    ሺʹ.͵ሻ and equation 2.32 reduces to  

∇ ∙ ܧ = Ͳ                                                          ሺʹ.͵ሻ The wave equation for the magnetic field can be derived similarly to give: 
∇ଶ𝐻 + ݇ଶ𝐻 = Ͳ                                              ሺʹ.͵ͺሻ where it is noted from equation 2.26 that ∇ ∙ 𝐻 = Ͳ.  
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When the waveguide structure is uniform in the z direction, the derivative of the electromagnetic field with respect to the z coordinate is constant. In a loss free medium, the following equation is true from equations 2.11 and 2.12 ߲߲ݖ = −݆𝛽                                                    ሺʹ.͵ͻሻ where 𝛽 is the phase constant in the z direction as given by equation 2.6. When 𝜀𝑟 is constant the Helmholtz equations 2.36 and 2.38 can be rewritten as: 
 ∇⫠ଶܧ + ሺ݇ଶ − 𝛽ଶሻܧ = Ͳ                                         ሺʹ.ͶͲሻ 
∇⫠ଶ𝐻 + ሺ݇ଶ − 𝛽ଶሻ𝐻 = Ͳ                                         ሺʹ.Ͷͳሻ where  ∇⫠ଶ= డ2డ௫2 + డ2డ௬2  For waveguides uniform in the z direction: ߲𝜀𝑟߲ݖ = Ͳ                                                          ሺʹ.Ͷʹሻ Therefore, the second term in equation 2.35 can be rewritten as: 

∇ (∇𝜀𝑟𝜀𝑟 ∙ (ܧ = ∇( ͳ𝜀𝑟 ߲𝜀𝑟߲ݔ ∙ ௫ܧ + ͳ𝜀𝑟 ߲𝜀𝑟߲ݕ ∙  .௬ components as equations 2.44 and 2.45 respectivelyܧ ௫ andܧ ௬)            ሺʹ.Ͷ͵ሻ Substituting equation 2.43 into equation 2.33 gives the vector wave equations for theܧ
߲ଶܧ௫߲ݕଶ + ݔ∂∂ (ͳ𝜀𝑟 ߲𝜀𝑟߲ݔ ∙ (௫ܧ + ݔ∂∂ (ͳ𝜀𝑟 ߲𝜀𝑟߲ݕ ∙ (௬ܧ + ሺ݇ଶ𝜀𝑟 − 𝛽ଶሻܧ௫ = Ͳ           ሺʹ.ͶͶሻ 
߲ଶܧ௬߲ݔଶ + ݕ∂∂ ( ͳ𝜀𝑟 ߲𝜀𝑟߲ݕ ∙ (௬ܧ + ݕ∂∂ (ͳ𝜀𝑟 ߲𝜀𝑟߲ݔ ∙ (௫ܧ + ሺ݇ଶ𝜀𝑟 − 𝛽ଶሻܧ௬ = Ͳ           ሺʹ.Ͷͷሻ Similarly, the vector wave equations for the 𝐻௫ and 𝐻௬ components can be derived as equation 2.46 and 2.47 respectively. 
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߲ଶ𝐻௫߲ݕଶ + ݔ∂∂ ( ͳ𝜀𝑟 ߲𝜀𝑟߲ݔ ∙ 𝐻௫) + ݔ∂∂ (ͳ𝜀𝑟 ߲𝜀𝑟߲ݕ ∙ 𝐻௬) + ሺ݇ଶ𝜀𝑟 − 𝛽ଶሻ𝐻௫ = Ͳ           ሺʹ.Ͷሻ 
߲ଶ𝐻௬߲ݔଶ + ݕ∂∂ (ͳ𝜀𝑟 ߲𝜀𝑟߲ݕ ∙ 𝐻௬) + ݕ∂∂ (ͳ𝜀𝑟 ߲𝜀𝑟߲ݔ ∙ 𝐻௫) + ሺ݇ଶ𝜀𝑟 − 𝛽ଶሻ𝐻௬ = Ͳ           ሺʹ.Ͷሻ The terms ∂∂௫ ቀ ଵ𝜀𝑟 డ𝜀𝑟డ௬ ∙ ௬ቁ and  ∂∂௬ܧ ቀ ଵ𝜀𝑟 డ𝜀𝑟డ௫ ∙  .௬ components as equations 2.48 and 2.49 respectivelyܧ ௫ andܧ ௫ቁ in equations 2.44 and 2.45 respectively are often small and ignoring them gives the semi-vector equations for theܧ

߲ଶܧ௫߲ݕଶ + ݔ∂∂ (ͳ𝜀𝑟 ߲𝜀𝑟߲ݔ ∙ (௫ܧ + ሺ݇ଶ𝜀𝑟 − 𝛽ଶሻܧ௫ = Ͳ                       ሺʹ.Ͷͺሻ 
߲ଶܧ௬߲ݔଶ + ݕ∂∂ ( ͳ𝜀𝑟 ߲𝜀𝑟߲ݕ ∙ (௬ܧ + ሺ݇ଶ𝜀𝑟 − 𝛽ଶሻܧ௬ = Ͳ                       ሺʹ.Ͷͻሻ Similarly, the semi-vector equations for 𝐻௫ and 𝐻௬ components can be derived from equations 2.46 and 2.47 as equations 2.50 and 2.51. 
߲ଶ𝐻௫߲ݕଶ + ݔ∂∂ (ͳ𝜀𝑟 ߲𝜀𝑟߲ݔ ∙ 𝐻௫) + ሺ݇ଶ𝜀𝑟 − 𝛽ଶሻ𝐻௫ = Ͳ                      ሺʹ.ͷͲሻ 

߲ଶ𝐻௬߲ݔଶ + ݕ∂∂ (ͳ𝜀𝑟 ߲𝜀𝑟߲ݕ ∙ 𝐻௬) + +ሺ݇ଶ𝜀𝑟 − 𝛽ଶሻ𝐻௬ = Ͳ                     ሺʹ.ͷͳሻ       
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2.3 TYPES OF WAVEGUIDES Optical waveguides were originally developed for applications in the telecommunication field due to their mechanical stability, flexible geometry, noise immunity and efficient light-conducting over long distances. Depending on the use, waveguides have different architecture. The common forms of optical waveguides are slab waveguides (as discussed in section 2.1), optical fibres, buried waveguides, rib waveguides, ridge and slot waveguides as illustrated in Figure 2.5. They are fabricated with dielectric materials such as semiconductors [2.3, 4], glasses [2.5, 6], and polymers [2.7-9].  
CladdingCore

a) b) c)d) Core
CladdingCore CladdingCoreCladdingCladdingCladdingCore CoreCladdinge) f) Corez xy

 Figure 2.5: Cross-section of waveguide geometry: a) slab waveguide; b) optical fibre; c) buried waveguide; d) Rib waveguide; e) Ridge waveguide and f) slot waveguides. In this project, the ridge waveguide structure of Figure 2.5e is used as it reduces the steps in fabrication and because the surface of the core needs to remain open to the environment for biological attachments. Slot waveguide designs are also examined in section 3.1.6. The following section will show how guided waves propagate in slab waveguides and ridge waveguides. This chapter concentrates on slab waveguides and optimises the core height of the slab waveguide to give maximum sensor sensitivity. This gives an idea of the wafer dimensions needed for the simulations of a ridge waveguide structure shown in chapter 3.  
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2.4 MODES IN DIELECTRIC OPTICAL WAVEGUIDES In section 2.2, vector and semi-vector equations were derived for the electric and magnetic fields. In this section TE and TM guided modes supported by slab waveguide and the TE-like or quasi-TE and the TM-like or quasi-TM modes of a ridge waveguide are explained.  In free space, the electric and magnetic field exist at 90˚ to each other and the direction of propagation as shown in Figure 2.6; the wave can be described as polarised and transverse electromagnetic. Hyy zxEx Hxy zxEya) b)  Figure 2.6: Sinusoidal plane wave showing the electric and magnetic fields in free space for a) x-polarisation b) y-polarisation. 
Maǆǁell͛s eƋuatioŶs 2.14 and 2.15 are repeated as: 

∇ × ܧ = ߤ− ߲�߲�ݐ                                                    ሺʹ.ͷʹሻ 
∇ × 𝐻 = ݐܧ߲߲                                                          ሺʹ.ͷ͵ሻ Equation 2.52 and 2.53 can be expanded and manipulated to describe ܧ  and 𝐻  in terms of the longitudinal components ܧ௭ and 𝐻௭ to get equations 2.54-2.57 [2.10]: 

𝐻௫ = ݆݇ଶ ߤ߱) ݕ௭߲ܧ߲ − 𝛽 ߲𝐻௭߲ݔ )                                              ሺʹ.ͷͶሻ 
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𝐻௬ = − ݆݇ଶ ߤ߱) ݔ௭߲ܧ߲ − 𝛽 ߲𝐻௭߲ݕ )                                          ሺʹ.ͷͷሻ 
௫ܧ = − ݆݇ଶ (𝛽 ݔ௭߲ܧ߲ + ߤ߱ ߲𝐻௭߲ݕ )                                          ሺʹ.ͷሻ 
௬ܧ = ݆݇ଶ (−𝛽 ݕ௭߲ܧ߲ + ߤ߱ ߲𝐻௭߲ݔ )                                           ሺʹ.ͷሻ where ݇ଶ = ݇ଶ − 𝛽ଶ. For a planar slab waveguide the waveguide is uniform in the z and y directions. Therefore డ𝜀𝑟డ௭ = Ͳ and డడ௬ = Ͳ, and in the lossless case డడ௭ = −݆𝛽. Equations 2.54-2.57 are reduced to equations 2.58-2.61: 

𝐻௫ = ݆݇ଶ ߤ߱) ݕ௭߲ܧ߲ )                                               ሺʹ.ͷͺሻ 
𝐻௬ = ݆݇ଶ (𝛽 ߲𝐻௭߲ݕ )                                                 ሺʹ.ͷͻሻ 
௫ܧ = ݆݇ଶ ߤ߱) ߲𝐻௭߲ݕ )                                              ሺʹ.Ͳሻ 
௬ܧ = ݆݇ଶ (−𝛽 ݕ௭߲ܧ߲ )                                              ሺʹ.ͳሻ For the TE modes Ez=0, Hz≠0 and it follows that  ܧ௬ = 𝐻௫ = Ͳ. For the TM modes Hz=0, Ez≠0 and it follows that 𝐻௬ = ௫ܧ = Ͳ. Three levels of approximation can be made when evaluating the modes of a dielectric optical waveguide invariant in the z (propagation direction) but confining in the x and y directions. They are vector mode (no approximation mode), semi-vector mode and scalar mode [2.10].  The vector mode considers all six electromagnetic field components.  Calculations are performed using either the E field or H field. Vector TE-like mode is a notation given 
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when the dominant E field component is horizontal in Figure 2.5a; this would be the TE mode of the slab waveguide formed if the core width were infinite in extent. A vector TM-like mode is annotation given when the principal H field is assumed to be horizontal in Figure 2.5b by similar reasoning. For narrower ridge waveguides, all six electromagnetic field components must be considered, even though the categorisation is TE-like and TM-like vector modes.  In the semi-vector mode approximation [2.10] one of the transverse components of either the E field or the H field is assumed to have a negligible magnitude. Referring to Figure 2.5, for semi-vector TE-like mode the ܧ௫ (and 𝐻௬) components are non-zero and for semi-vector TM-like mode the ܧ௬ (and 𝐻௫) are non-zero.  The scalar mode is also known as the Transverse Electric and Magnetic (TEM) mode and it assumes E and H field continuity at all dielectric interfaces. The solution can be obtained from the scalar Helmholtz equations: 
ቆ ߲ଶ߲ݔଶ + ߲ଶ߲ݕଶ + ߲ଶ߲ݖଶቇܧ + ݇ଶܧ = Ͳ                                ሺʹ.ʹܽሻ 
ቆ ߲ଶ߲ݔଶ + ߲ଶ߲ݕଶ + ߲ଶ߲ݖଶቇ𝐻 + ݇ଶ𝐻 = Ͳ                                ሺʹ.ʹܾሻ In this project, vector TE-like and vector TM-like modes are used for all simulations as they provide the most accurate result.  The planar slab waveguide equations 2.62a and b, can have one or more guided solutions depending on the values of n1, n2, n3 and the operating wavelength. The first three TE modes of a symmetric slab waveguide (i.e. one for which n1=n3) are illustrated graphically in Figure 2.7. The lowest mode is known as the fundamental mode (m=0). The fundamental mode has one maxima and in the symmetric waveguide case (n1=n3), has its maximum intensity at the centre of the waveguide. The iŶtegeƌ ͚m͛ ideŶtifies the ŵode aŶd (m+1) indicates the number of field maxima in the y direction. 
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CladdingCladdingCoren3n2n3 m=0m=1m=2 y Ex(y)h/2-h/2  Figure 2.7: Electric field amplitude distributions over the transverse plane for the first three TE modes in a symmetric slab guide (n1=n3). In higher order modes, the electric and magnetic fields are distributed more towards the outer edges of the core and penetrate further into the cladding as seen in Figure 2.7. To ensure a well-defined phase constant and field profile, structures supporting only a single (fundamental) TE and TM mode are preferred.  The guided-mode fields in a slab waveguide do not reach zero at the core-cladding boundaries but decay exponentially above and below the slab; these are known as evanescent fields and are explained in more detail in section 2.5 because of the relevance to the sensing applications explored in the present project. 2.5 POWER AND CONFINEMENT FACTOR  The power of a propagating wave is described by the Poynting vector, P, measured in W/m2. For a guided TE mode in a planar slab waveguide [2.11], 
𝑃 = 𝛽ʹ߱ߤ ∫ ∞ݕ௫ଶ݀ܧ

−∞                                             ሺʹ.͵ܽሻ where P is the power carried by the mode, Ex is the electric field, ω is the angular frequency and ߤ is the permeability of the waveguide. Here, ߤ =    .𝑟 is assumed to be 1 as mentioned previously in section 2.2ߤ  asߤ
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For a guided TM mode the equivalent expression is [2.11], 
𝑃 = 𝛽ʹ߱𝜀 ∫ ͳ݊ଶሺݕሻ𝐻௫ଶ݀ݕ∞

−∞                                       ሺʹ.͵ܾሻ where n(y) is the refractive index and ε0 is the permittivity of free space. In the previous section, it was illustrated that not all of the power propagating in a waveguide mode is confined to the core of the waveguide. The confinement can be quantified by the confinement factor, 𝛤, as defined below for a TE mode: 
𝛤 = ∫ ℎݕሻ݀ݕ௫ଶሺܧ ଶ⁄−ℎ ଶ⁄∫ ∞−∞ݕሻ݀ݕ௫ଶሺܧ                                                  ሺʹ.Ͷሻ An equivalent expression with Hx replacing Ex holds for a TM mode. The field outside the core is known as the evanescent field and is used for biosensing in this project as will be explained in more detail in the next section.          
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2.6 EVANESCENT WAVE SENSOR By definition eǀaŶesĐeŶĐe is ͚the eǀeŶt of fadiŶg aŶd gƌaduallǇ ǀaŶishiŶg fƌoŵ sight͛ [2.12]. Light is guided in a high core-cladding refractive index optical waveguide by total internal reflection. During this some of the light travels in the cladding of the waveguide with an amplitude that decays exponentially outwards from the core. Previously in Figure 2.7, the fundamental TE mode (Ex field) in a symmetric slab waveguide was graphically illustrated where the field has maximum intensity at the centre and some of the field penetrates the upper and lower cladding regions. The field that penetrates into the upper cladding is the evanescent field that is the basis on which the device operates as a biosensor as illustrated in Figure 2.8. CladdingCladdingCore n1n2n3
dp Evanescent field CladdingCladdingCore n1n2n3Film n4dp Evanescent fielda) b)  Figure 2.8: TE Evanescent field in waveguide: a) Homogenous or bulk EF sensor and b) Surface or adsorbed molecule layer EF sensor. In Figure 2.8a the evanescent field is exposed to the upper cladding which can be a solution of refractive index n1 and this type of sensing is referred to as homogenous sensing or bulk sensing. In Figure 2.8b the evanescent field is exposed to a thin film also known as the adsorbed layer attached to the surface of the waveguide with a refractive index n4. This thin film can be composed of antibodies and/or chemical linkers that attach the antibody to the surface of the waveguide. This type of sensing is referred to heterogeneous sensing or surface sensing and is used when the target molecules bind to the antibodies by a chemical reaction as explained in more detail in Chapter 5.  
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The sensitivity of an Evanescent Field (EF) sensor is defined as the change in effective index of the waveguide mode (ΔNeff), relative to ambient refractive index change (in homogenous sensing) or relative to the index change of an adsorbed layer (in heterogeneous sensing) [2.13].  Homogenous sensing considers the whole evanescent tail whereas in heterogeneous sensing the evanescent field could penetrate beyond the thickness of the adsorbed layer.  If the adsorbed layer is thick enough to almost cover the EF tail then the thickness of the adsorbed layer will no longer affect the sensitivity and therefore any unbounded molecules above this surface will also not affect the sensitivity of the device. The EF tail or the penetration depth, dp, for the homogenous case can be found using the following equation: 
ܨܧ = ݁−௬ௗ𝑝ܧ                                                    ሺʹ.ͷሻ where dp is the penetration depth and y is the distance from the surface. In the case of heterogeneous sensing, the decay rate is different in the thin film and the upper cladding. The extent of the evanescent field extending into the sample can be optimised by the material and structure of the waveguide. Later in section 3.1.5 it is calculated that according the specification of this project, a minimum adsorbed layer thickness of 0.4μm and 0.7μm for the vector TE-like and vector TM-like modes respectively will make a ridge waveguide sensor based on Silicon-on-Insulator material to start behaving like a homogenous sensor. This project will consider heterogenous sensing, and assume that the adsorbed layer is thick enough to act like a homogenous sensor and that other unbounded free molecules in the analyte will not affect the sensitivity of the device. Figure 2.9 shows the proposed side view of a sensing channel in an evanescent field biosensor. 
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Y  Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y YY Analyte/Target moleculeFluidic port SU-8 50µmAntibodyLight outLight inSU-8 50µmEvanescent field Microfluidic channelPDMS
Si waveguide coreSiO2 lower cladding ȋ2μmȌSi substrate  Figure 2.9: Schematic diagram showing the side of sensor window showing target molecules that binds with antibodies coated on the waveguide causing a change in refractive index on the surface of the waveguide. At the sensing window of the sensor the waveguide surface is functionalised with antibodies that are specific to the binding of the target molecule. When an analyte is inserted to the cladding at the sensor window, target molecules bind with the receptor molecules changing the refractive index on the surface of the waveguide in the cladding. This result in a change in the effective index of the waveguide (ΔNeff) causing a phase change in the propagating light due to the presence of an evanescent field.  The phase change in propagating distance L is,                                                              Δφ = ∆ ܰ ∙ ݇ ∙  ሺʹ.ሻ where k0 is the phase constant (Ϯπ/ʄ0). This is the fundamental principle upon which the evanescent field sensor is based. This is explained in more detail in section 3.2.  Note that the sensor shown in Figure 2.9 supports a TM-polarised wave. Because the silicon waveguide core has a much higher refractive index (n≈3.5) than the surrounding regions, this enhances the amplitude of the evanescent optical electric field at the surface since the boundary condition requires the tangential component                                            ܮ
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of Displacement (𝜀݊ଶܧ) to be continuous. This is discussed further in sections 3.1.3 and 3.1.4. Figure 2.9 also illustrates a microfluidic channel. Microfluidics refers to mechanical flow control devices on the sub-millimetre scale and consists of components such as channels, pipes, valves, membranes and reservoirs. As microfluidic structures become miniaturised, fluid control becomes more dependent on diffusion, surface tension and viscosity and less dependent on gravity or inertia [2.14]. The precise control of fluids therefore can be achieved by pressure gradients, electrokinetics, magnetic fields, capillarity, rotation, sound and many more techniques and is a vast research area in itself that has ŵade the ͞Laď oŶ a Chip͟ concept possible [2.15].  In this project, simple microfluidic channels and reservoirs were successfully made of SU-8 by photolithography and sealed with polydimethylsiloxane (PDMS) as will be explained in section 4.8.          
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2.7 WAVEGUIDE MATERIALS  When deciding on the waveguide materials many factors such as the sensitivity of the biosensor, biocompatibility of the material, the ability to create nano-structures (fabrication limitations) and to integrate with existing technology for mass production need to be considered.  To obtain high sensitivity of detection a high ΔNeff is required for a small change in index in the cladding (ΔŶ1). Therefore, the sensitivity of the waveguide can be expressed as: 
ܵ = ∆ ܰ∆݊ଵ                                                           ሺʹ.ሻ To increase the evanescent field, and hence ΔNeff, the waveguide core thickness must be suitably chosen and high index contrast (HIC) waveguides supporting a TM polarised mode should be used. This is explained and shown with simulations in the following subsections and in chapter 3. HIC is when the refractive index difference between the core and the cladding is high, such as in SOI (Silicon-on-Insulator) waveguides where the silicon core refractive index is around 3.5 [2.16] and the SiO2 cladding refractive index is around 1.45 [2.17] at a ǁaǀeleŶgth of ϭ.ϱϱμŵ. In the following design sections, it will be shown that SOI slab waveguides operating with a TM mode provide the highest sensitivity and allow better scaling, resulting in a smaller chip area. Silicon based waveguides have been widely researched for biocompatibility and biomedical applications [2.18-20] and this is described in more detail in chapter 5. The present focus is on optical waveguiding properties.  SOI also has well established fabrication procedures and provides easy integration with different materials and with CMOS (complementary metal-oxide semiconductor) technology designed for the telecom wavelength of 1.ϱϱμŵ [2.21, 22]. Considering all these factors, SOI proves to be the logical choice of material for the fabrication of an optical biosensor. 
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2.8 WAVEGUIDE GEOMETRY In section 2.3 it was indicated that the ridge waveguide structure is a suitable candidate waveguide type because the surface of the core is open to the environment and because it would have one waveguide fabrication step. From section 2.7, SOI is a good material in terms of sensitivity, biocompatibility, fabrication and integration.  In this section, a SOI planar slab waveguide is optimised for maximum sensitivity and compared with other materials. The optimum silicon core height is found for a SOI slab waveguide structure. In chapter 3, detailed simulations will be performed to optimise the height (section 3.1.3) and width (section 3.1.4) of an SOI ridge waveguide structure for the vector TE-like and vector TM-like modes.  2.8.1 Modes and cut-off heights of SOI The first step in the design stage is to determine the height of the core that will only allow the propagation of the fundamental mode. Although higher order modes have a greater evanescent field, as illustrated in Figure 2.7, single mode waveguides are preferred due to their lower losses and because higher modes will interact with the external medium with different penetration depths resulting in different effective refractive indices. The cut-off height is the smallest height at which a mode will propagate. The cut-off height for the mth TE mode of a SOI slab waveguide was calculated using [2.10]: 
tanሺݍଶℎ௨௧ − ݉𝜋ሻ = ଶݍଵ                                            ሺʹ.ͺሻ and the cut-off height for the mth TM mode was calculated using: 
tanሺݍଶℎ௨௧ − ݉𝜋ሻ = ݊ଶଶ݊ଵଶ ∙ ଶݍଵ                                    ሺʹ.ͻሻ where ℎ௨௧ is the cut-off height, m is the mode number and q2 and p1 are: 
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ଶݍ = √݇ଶሺ݊ଶଶ − ݊ଷଶሻ                                           ሺʹ.Ͳሻ 
ଵ = √݇ଶሺ݊ଷଶ − ݊ଵଶሻ                                           ሺʹ.ͳሻ Figure 2.10 shows the cut-off heights of an SOI waveguide for TE and TM modes at a 

ǁaǀeleŶgth of ϭ.ϱϱμŵ. The uppeƌ ĐladdiŶg is ǁateƌ iŶ this Đase aŶd this has a refractive index, n1 of 1.33 [2.23]. n2 and n3 are taken to be 3.5 and 1.45 respectively. 

 Figure 2.10: Cut-off heights of an SOI slab waveguide for TE and TM ŵodes at a ǁaǀeleŶgth of ϭ.55ʅŵ. From Figure 2.10, to maintain fundamental mode propagation the height of the waveguide should be between 0.013μŵ aŶd 0.257μŵ foƌ the TE mode and 0.07μŵ and 0.312μŵ foƌ the TM ŵode at ϭ.ϱϱμŵ ǁaǀeleŶgth. As the height of the slab waveguide increases, more guided modes will propagate. SOI waveguides can be designed to operate towards mid-infrared wavelengths [2.24]. However, the absorption of the buried oxide layer provides a limiting factor. Equations 2.68 and 2.69 were also used to calculate the minimum and maximum silicon core 
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height for exclusively fundamental mode propagation for the TE and TM mode at wavelengths ranging from 1-ϭϬμŵ as shoǁŶ iŶ Figure 2.11. It is assumed for this illustrative calculation that the refractive indices of silicon and silicon dioxide are not dispersive which is not the case in practice [2.16]. 

 Figure 2.11: Slab waveguide height range for fundamental mode propagation in an SOI slab waveguide for wavelengths 1-ϭϬʅŵ. From Figure 2.11, as the wavelength increases the height range of the slab waveguide required for fundamental mode propagation increases. The area of overlap shows the slab waveguide heights at which fundamental mode propagation for both TE and TM modes will be possible.  In this project, the operating wavelength was fiǆed at ϭ.ϱϱμŵ. 2.8.2 Calculating sensitivity of an SOI slab waveguide In this section, the sensitivity of an SOI slab waveguide is calculated for varying silicon core heights. In section 3.1.3 the same will be done with silicon ridge waveguides using commercial software.  
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As mentioned in sections 2.5 and 2.7 the sensitivity of the waveguide is governed by the change in the effective index (Neff) relative to the change in the index of the upper cladding (n1). This was expressed by equation 2.67 reproduced here as equation 2.72: 
ܵ = ∆ ܰ∆݊ଵ                                                        ሺʹ.ʹሻ The Neff was introduced in section 2.1 expressed by equation 2.5 reproduced here as equation 2.73: 

ܰ = ݊ଶ݊݅ݏ𝜃                                                    ሺʹ.͵ሻ For the asymmetric TE slab mode the following equation was used [2.2]: 
݇݊ଶℎܿݏ𝜃 − ݉𝜋

= ଵ−݊ܽݐ [  
ଶ𝜃݊݅ݏ√  − (݊ଷ ݊ଶ⁄ )ଶܿݏ𝜃 ]  

 + ଵ−݊ܽݐ [  
ଶ𝜃݊݅ݏ√  − ሺ݊ଵ ݊ଶ⁄ ሻଶܿݏ𝜃 ]  

   ሺʹ.Ͷሻ For the asymmetric TM slab mode the following equation was used: 
݇݊ଶℎܿݏ𝜃 − ݉𝜋

= ଵ−݊ܽݐ [  
 √(݊ଷ ݊ଶ⁄ )ଶ݊݅ݏଶ𝜃 − ͳ(݊ଷ ݊ଶ⁄ 𝜃ݏܿ( ]  

 
+ ଵ−݊ܽݐ [  

 √(݊ଵ ݊ଶ⁄ )ଶ݊݅ݏଶ𝜃 − ͳሺ݊ଵ ݊ଶ⁄ ሻܿݏ𝜃 ]  
                                                          ሺʹ.ͷሻ where h is the height of the core and m is equal to zero. Solving equations 2.74 and 2.75 gives the value for θ. Once θ is known, Neff can be calculated using equation 2.73. Based on the equations above, a 1-D multilayer waveguide slab solver that is accessible online [2.25] was used to find the Neff of TE and TM modes of the SOI slab 
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waveguide. Neff was found for TE and TM mode slab waveguides for varying core heights for n1=1.33 and 1.32 (ΔŶ1 of 0.01) and then the sensitivity was calculated using equation 2.72 as is illustrated in Figure 2.12. n2 and n3 were fixed at 3.5 and 1.45 respectively. The ǁaǀeleŶgth used foƌ the ĐalĐulatioŶ ǁas ϭ.ϱϱμŵ. 

 Figure 2.12: TE and TM mode sensitivity of an SOI slab waveguide calculated for varying silicon core heights.  From Figure 2.12 the TM mode is observed to be more sensitive towards a change in the index in the upper cladding, suggesting that the waveguides in the biosensor should operate in the TM mode. This is because the electric field is normal to the sensing surface as later illustrated in sections 3.1.3 and 3.1.4 for silicon ridge waveguides. Therefore, the rest of the simulation results in this chapter will be shown for the TM mode only. Although from Figure 2.12 it is apparent that the optimum silicon core height is 
Ϭ.ϭϴμŵ, iŶ this pƌojeĐt siliĐoŶ Đoƌe heights of Ϭ.ϮϮμŵ, Ϭ.Ϯϱμŵ aŶd Ϭ.ϯϮμŵ are used due to the availability of wafers. Standard industrial silicon wafers haǀe Ϭ.ϮϮμŵ siliĐoŶ 

Đoƌe aŶd Ϯμŵ oǆide thickness on top of a silicon substrate [2.22]. 
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A similar analysis was undertaken by Densmore et al. [2.26] where the ΔNeff of slab waveguides was quantitatively evaluated with SOI, silicon nitride (Si3N4), polymer and silica cores (with index contrast of 2.03, 0.54, 0.05 and 0.01 respectively) to a ΔŶ1 of 0.01 for varying core thickness and a fixed oxide substrate (n3=ns=1.444) at wavelength of 1.55µm. Results from [2.26] are shown in Figure 2.13.  
 Figure 2.13: ChaŶge iŶ effectiǀe iŶdex (ΔNeff) of the TM mode for a change in 0.01 index in the cladding (ΔŶc) for varying core thickness of SOI, Si3N4, polymer and silica [2.26] Figure 2.13 shows that SOI has the highest sensitivity compared to Si3N4, polymer and silica concluding that a high index contrast material is crucial for obtaining a high sensitivity. Figure 2.13 also shows that as the index contrast decreases the core thickness at which highest sensitivity occurs increases.  2.8.3 Exploring the mid-infrared. According to the ISO 20473 standard [2.27], the iŶfƌaƌed ǁaǀeleŶgths Ϭ.ϳμŵ-ϭϬϬϬμŵ can be subdivided as shown in Table 2.1. Table 2.1: Spectral band designation for the infrared. Designation of the radiation WaǀeleŶgth ;μŵͿ Near infra-red (NIR) 0.78-3 Mid infra-red (MIR) 3-50 Far infra-red (FIR) 50-1000 
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Even though the 1.53-ϭ.ϱϲμŵ ƌaŶge is designated to the NIR, it is known as the telecom wavelength as it is used for long-distance communication. This project uses the waveleŶgth ϭ.ϱϱμŵ as SOI devices are designed for this operating wavelength. Silicon is transparent up to ϴμŵ ďut SiO2 absorbs heavily at wavelengths greater than 
ϯ.ϳμŵ [2.28] limiting the use of SOI at these longer wavelengths. Analyte species are generally organic and absorb ǁith distiŶĐt speĐtƌal ͞fiŶgeƌpƌiŶts͟ in the mid-infrared [2.6, 29] and therefore, sensing in the mid-infrared would not require surface functionalisation.  Chalcogenide glasses are amorphous semiconductors containing one or more of the following elements; sulfur (S), selenium (Se) and tellurium (Te) covalently bonded to elements such as arsenic (As), germanium (Ge), antimony (Sb) or gallium (Ga) [2.6]. Depending on the glass composition the refractive index of the glass would vary. Chalcogenide glasses have a wide transmission window of 0.4-ϮϬμŵ [2.6] and have been explored for evanescent wave sensing in the mid-infrared [2.30].  In this project, the sensitivity of evanescent sensors based on chalcogenide glasses is explored using the method introduced in section 2.8.2. A similar analysis to Figure 2.13 is performed for SOI and chalcogenide glass-based waveguides for the various refractive indices and wavelengths shown in Table 2.2. The sensitivity for varying core heights is illustrated in Figure 2.14. The upper cladding, n1, is water in this case with a refractive index of around 1.33 [2.23]. The chalcogenide glass indices are for the molecular structures Ge15As15Se11Te59 and Ge17As18Se62S3 and their corresponding indices are 3.359 and 
Ϯ.ϱϯϮϴϮ at a ǁaǀeleŶgth of Ϯ.ϭμŵ [2.31]. Refractive index dispersion [2.32], though important for many applications, has been ignored in the present illustrative calculations.   
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Table 2.2: Values used for the sensitivity calculation of SOI and chalcogenide at varying wavelengths. Material n1 n2 n3 Wavelength 
;μŵͿ SOI 1.33 3.5 1.45 1.55 SOI 1.33 3.5 1.45 3.8 Chalcogenide 1.33 3.359 2.53282 3 Chalcogenide 1.33 3.359 2.53282 6 Chalcogenide 1.33 3.359 2.53282 10  

 Figure 2.14: TM mode sensitivity for SOI and chalcogenide slab waveguide structures for varying core height at near and mid infrared wavelengths. From Figure 2.14 sensitivity is higher for high index contrast material and vice versa regardless of the wavelength. As the wavelength increases the core height at which maximum sensitivity occurs increases. Note from Figure 2.14 that all eight curves are similar in shape. In the next subsection, a method to normalise with regards to wavelength, refractive index and material thickness is described.  
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2.8.4 Asymmetry factor In an attempt to present the results shown in Figure 2.14 on a universal sensitivity curve, a normalised film thickness, refractive index and frequency was considered. First, the frequency and heights of the upper cladding, core, lower cladding with refractive index n1, n2 and n3 respectively were normalized using the following equation [2.33, 34]: 
𝑉 = ݇ℎ√ሺ݊ଶଶ − ݊ଷଶሻ                                               ሺʹ.ሻ where ݇ = ʹ𝜋 ⁄ߣ . V is defined as normalised frequency in the literature [2.33, 34] but in reality, equation 2.76 normalises both the frequency and the height of the waveguide. The plots in Figure 2.14 can be replotted using V as shown in Figure 2.15. 

 Figure 2.15: Normalised frequency and height vs sensitivity for various structures and wavelengths.  From Figure 2.15 slab waveguides with the same refractive index contrast follow the same curve. Slab waveguides with higher index contrast are more sensitive than the slab waveguides with smaller index contrast. So, it can be concluded that if the index 
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contrast is known the sensitivity of the waveguide structure can be found using Figure 2.15. To facilitate this the refractive index of the slab can be normalised by the asymmetry factor, a, [2.33, 34]. The asymmetry factor for a TE mode in a slab waveguide is given by: 
ܽሺܶܧሻ = ሺ݊ଷଶ − ݊ଵଶሻሺ݊ଶଶ − ݊ଷଶሻ                                                  ሺʹ.ሻ and for TM mode it is given by: ܽ
ሺܶܯሻ = ݊ଶସ݊ଵସ ∙ ሺ݊ଷଶ − ݊ଵଶሻሺ݊ଶଶ − ݊ଷଶሻ                                          ሺʹ.ͺሻ Table 2.3 shows the TE mode and TM mode asymmetry factor calculated for the slab waveguide structures discussed in section 2.8.3. Slab waveguides with a lower a have a higher sensitivity. Therefore, if a is known for a slab waveguide then the sensitivity can be found using Figure 2.15. Table 2.3: TE mode and TM mode asymmetry factor for SOI and chalcogenide slab waveguide structure. Material n1 n2 n3 a (TE) a (TM) SOI 1.33 3.5 1.45 0.032875092 1.576640199 Chalcogenide 1.33 3.359 2.53282 0.954511059 38.83420473 The normalised plot of Figure 2.15 suggests that a chalcogenide-glass based slab waveguide structure with n2=3.359 and n1=1.457 would be comparable to the SOI slab waveguide structure in terms of sensitivity. Whilst waveguides comprised of a chalcogenide glass (AsSe) guiding layer deposited on a silicon dioxide layer have been demonstrated in [2.35] the absorption of the oxide layer would again restrict operation to the NIR. Nevertheless given that the molecular species exhibit absorption bands at higher wavelengths in the mid-infrared range [2.29], the use of chalcogenide waveguides is worth exploring in future work. In spite of this, given the scope of this project, the rest of the thesis will focus on SOI waveguides at an operating wavelength 

of ϭ.ϱϱμŵ.  
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2.9 COUPLING LIGHT INTO THE WAVEGUIDE In chapter 3, ridge waveguide dimensions will be reduced to 500nm × 220nm to enhance the performance of the sensor and increase packaging density. This makes coupling light in and out of the circuit difficult. Coupling light from a laser to the waveguide and coupling light out of the waveguide to a power meter or camera is an important function of the device that must be incorporated into the design. In chapter 4, light from a tunable laser is coupled into the circuit through a tapered fibre and at the output the light is imaged by an infrared sensitive camera. Light from a tapered fibre can be coupled to the waveguide by one of the methods explained below. In this project both butt coupling and grating coupling were used. The theory is discussed in this section; numerical simulation and fabrication will be discussed in sections 3.5 and 4.5 respectively. 2.9.1 Butt coupling and end-fire coupling Butt coupling and end-fire coupling techniques are quite similar in that light is incident on the end facet of the waveguide. In butt coupling the light is focused on to the waveguide using a tapered fibre and for end-fire coupling the light is focused using a lens as illustrated in figures 2.17a and 2.17b respectively.   
CladdingWaveguidePolymera) Spot diameter=2μmStripped tapered fibreFibre Coating

Cladding WaveguidePolymerb) lens  Figure 2.16: Illustration of a) Butt coupling and b) End-fire coupling. 
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The cross-section of the waveguide is too small to efficiently couple light directly. Therefore, in both cases, a tapered structure was fabricated above the waveguide using a polymer to enlarge the cross-section of the input waveguide to enable better coupling. The light travels through the polymer and couples into the waveguide. This will be explained in more detail in section 3.5.1. 2.9.2 Grating coupling This method is gaining popularity rapidly as aligning the input beam to the waveguide is easier compared to the previous method, even though the input must be at a certain angle as shown in Figure 2.17. Another advantage is that only a specific mode can be excited which is a requirement for this project. 
Cladding Waveguideθ

Λ

n1n2n3  Figure 2.17: Illustration of grating coupling. In order to couple light into the waveguide the phase matching condition must be met. This means the propagation constant in the z direction must be the same. This is given by the equation below: 
𝛽 = ݇௭ = ݇݊ଵ݊݅ݏ𝜃                                             ሺʹ.ͻሻ Since 𝛽  ݇݊ଵ, gratings are required to couple light into the waveguide. The period, 

Λ, of the grating is given by the following equation [2.2]: 
𝛬 =  .𝜃                                                ሺʹ.ͺͲሻ More details on the design and coupling efficiency of a grating coupler will be presented in section 3.5.2݊݅ݏܰ݊ଵߣ



Chapter 2: Waveguide design concept and principles 

45  

2.10 CHAPTER SUMMARY This chapter introduced basic waveguide theory and the concept on which the optical sensor is based. Material and height of the base planar slab waveguide was optimized. In Chapter 3, these waveguides will be used to design a Mach-Zehnder interferometer (MZI) which is the sensing element of the biosensor. Commercial software based on Beam propagation method (BPM) and Eigenmode expansion (EME) method numerical analysis will be used for the design and simulations as will be explained in chapter 3. 
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Chapter 3 3 DESIGN In Chapter 2 an introduction to electromagnetic theory and the principles of an evanescent field sensor was presented. Furthermore, the waveguide material and geometry used in the sensor work described in this thesis were discussed. In this chapter, commercial software is used to investigate waveguide geometry to give maximum sensitivity while keeping ease and cost of fabrication in mind. Subsequently the components of the sensor (straight waveguide, curved waveguide, Y-splitters, Mach-Zehnder interferometer, plasmonic interferometer, multimode interferometer, tapers and grating couplers) will be modelled, compared with literature and then designed individually. 3.1 MODELLING WAVEGUIDES Mainly two commercial software were used in the modelling of this project; RSoft BeamPROP and FIMMPROP which rely on the numerical methods Beam propagation method (BPM) and Eigenmode expansion (EME) method respectively for simulating propagation in optical waveguides. FIMMPROP is an integrated propagation module in the software FIMMWAVE which is a fully vectorial mode solver for 2D+Z waveguides. A brief introduction to BPM and EME is given below and subsequently the waveguides are designed and characterised. 3.1.1 Beam propagation (BPM) method The Beam propagation method (BPM) is the most widely used technique for modelling light propagation in integrated and fibre-optic waveguide devices and circuits [3.1]. It was developed for the analysis of light propagation in slowly varying non-uniform guiding structures such as tapers, bends and couplers. BPM can solve in scalar, semi-vector or vector form (as mentioned in section 2.4), solve for paraxial or wide-angle 
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beams [3.2], include different numerical implementations (such as the finite-difference FD-BPM [3.3], fast Fourier transform FFT-BPM [3.4] and the finite-element FE-BPM) and boundary conditions, handle reflections and perform mode solving. The BPM method is straightforward, efficient and flexible which allows for a large range of applications [3.5]. In the FFT-BPM the electromagnetic field is calculated by a superposition of plane waves propagating in a homogenous medium. The electromagnetic field propagating in an inhomogeneous waveguide configuration is calculated by integrating the fields in the spectral domain and applying phase correction in the spatial domain at each Δz [3.6].  3.1.2 Eigenmode expansion (EME) method The Eigenmode expansion (EME) method computes in the frequency domain. As shown in section 2.3 a typical waveguide has a few guided modes and an infinite 
Ŷuŵďeƌ of ƌadiatioŶ ŵodes ǁhiĐh ĐaŶ ďe ĐalĐulated usiŶg Maǆǁell͛s eƋuatioŶs. The decomposition of a general excitation into a summation of these modes at each cross-section gives the Eigenmode expansion of the field supported by the device at each 
Δz.  In theory, an exact solution can be obtain using an infinite number of modes but in practice the number of modes is limited and can be solved by considering a modest number of them. The EME propagation algorithm is bi-directional, solves for wide angle, can solve in semi-vector and vector forms and uses a scattering matrix (S-matrix) technique to join different sections of a device [3.7].  3.1.3 Finding optimum height In section 2.8.2 the effective index method was used to estimate the sensing performance of a Silicon-on-Insulator (SOI) slab waveguide as a function of core height. The sensitivity is calculated by the following equation as stated in section 2.7: 

ܵ = ∆𝑁∆݊ଵ                                                                   ሺ͵.ͳሻ where Neff and n1 are the effective index and cover index respectively. 
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In this section, the sensitivity is found for a waveguide of 2D cross-section (longitudinally invariant). The core height was varied for ridge waveguides of widths 
Ϭ.ϱμŵ aŶd ϭμŵ as illustrated in Figure 3.1. A ǁidth of Ϭ.ϱμŵ ǁas used as the waveguide is single mode at this width which is a common width used in literature [3.8]. Additionally, the sensitivity does not change much for widths in the range of 0.25-Ϭ.ϲμŵ, as shown in section 3.1.4 where it is concluded that a ǁidth of Ϭ.ϱμŵ should be used to reduce fabrication errors. A ǁidth of ϭμŵ is used so that the waveguide can be compared to a laterally multi-mode slab waveguide structure as in section 2.8.2. A Ϯμŵ oǆide (SiO2) thickness was used for this project due to wafer availability as mentioned in section 2.8.2. The standard industrial oxide thickness is between 1-ϯμŵ [3.9] and in section 3.1.6 it is shown that an oxide thickness in this range presents low substrate leakage at aŶ opeƌatiŶg ǁaǀeleŶgth aƌouŶd ϭ.ϱϱμŵ resulting in an acceptably low propagation loss.  SolventSiSiO2Si0.5Ɋm Core heightn1=1.32-1.33n3=1.45n2=3.5 SolventSiSiO2Si1Ɋm Core heighta) b)2Ɋm 2ɊmFigure 3.1: Ridge ǁaǀeguide ǁith ǁidth a) Ϭ.ϱʅŵ aŶd ď) ϭʅŵ for varying core heights. The core height was varied from 0.14-Ϭ.ϯϰμŵ to eŶsuƌe the ǁaǀeguide is ǀeƌtiĐallǇ single mode. The change in cover index, Δn1, is 1.32-1.33 which assumes the solvent is water based [3.10]. The sensitivity was calculated for an operating wavelength of 
ϭ.ϱϱμŵ usiŶg the softǁaƌe FIMMWAVE ŵode solǀeƌ [3.11] for vectorial and semi-vectorial TE-like and TM-like fundamental modes. Results are presented in Figure 3.2. 
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 Figure 3.2: Silicon ridge waveguide sensitivity for Vector and Semi-vector TE-like and TM-like modes for varying core heights. From Figure 3.2 it is shown that the sensitivity obtained for a SOI ridge waveguide is like that of SOI slab waveguide, as was shown in figure 2.12. Although in both figure 2.12 and Figure 3.2 the highest sensitivity is obtained when the core height is in the range of 0.18-0.22μŵ, a Đoƌe height of Ϭ.ϮϮμŵ is pƌefeƌƌed iŶ oƌdeƌ to take adǀaŶtage of standard industrial SOI fabrication processes [3.9].  Figure 3.3 illustrates the fundamental vector TM-like mode distribution (Ey 
ĐoŵpoŶeŶtͿ at aŶ opeƌatiŶg ǁaǀeleŶgth of ϭ.ϱϱμŵ in a 0.ϱμŵ ǁide ǁaǀeguide foƌ varying core heights. In Figure 3.3a the Đoƌe height is Ϭ.ϭϰμŵ ǁheƌe the silicon core is weakly guiding and most of the model field resides in the silicon dioxide substrate. In Figure 3.3ď aŶd Đ the Đoƌe height is Ϭ.ϭϴμŵ aŶd Ϭ.ϮϮμŵ ƌespeĐtiǀelǇ aŶd the ŵode can be seen to penetrate significantly into the upper cladding region which is a solution of refractive index 1.33 in this case. In Figure 3.3d the core height is Ϭ.ϯϮμŵ and at this core height the mode is well confined to the core.  
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z xy a) b)
c) d)

 Figure 3.3: Distribution of the principal electric field component (Ey) for the fundamental Vector TM-like mode in a 
siliĐoŶ ridge ǁaǀeguide of ǁidth ϱʅŵ aŶd Đore height a) Ϭ.ϭϰʅŵ, ď) Ϭ.ϭ8ʅŵ, Đ) Ϭ.ϮϮʅŵ aŶd d) Ϭ.ϯϮʅŵ. 3.1.4 Finding optimum width In the previous section the optimum core height was found to be in the range of 0.18-

Ϭ.ϮϮμŵ.  In this section, the core width ǁas ǀaƌied foƌ a fiǆed Đoƌe height of Ϭ.ϮϮμŵ as illustrated in Figure 3.4. SolventSiSiO2Si 0.22ɊmCore widthn1=1.32-1.33n3=1.45n2=3.5 a)2Ɋm  Figure 3.4: Ridge waveguide ǁith Đore height Ϭ.ϮϮʅŵ for ǀaryiŶg Đore ǁidths. The core width was varied from 0.16-Ϭ.ϲϬμŵ foƌ ǀeĐtoƌ TE-like mode and 0.25-0.60 for the vector TM-like mode to ensure single mode operation of the waveguide. As previously discussed the change in cover index, Δn1, is 1.32-1.33. As in the previous sub-seĐtioŶ, the seŶsitiǀitǇ ǁas ĐalĐulated foƌ aŶ opeƌatiŶg ǁaǀeleŶgth of ϭ.ϱϱμŵ 
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using the software FIMMWAVE mode solver [3.11] for vectorial and semi-vectorial TE-like and TM-like fundamental modes. Results are presented in Figure 3.5. 

 Figure 3.5: Silicon ridge waveguide sensitivity for Vector TE-like and Vector TM-like fundamental modes for varying waveguide widths. In Figure 3.5, when the width of the waveguide is varied the sensitivity of the waveguide changes significantly for the vector TE-like mode whereas the sensitivity is not affected considerably for the vector TM-like mode. Keeping ease, cost and tolerance of fabrication in mind the waveguides in this project will have a fixed core 
height of Ϭ.ϮϮμŵ aŶd a ǁidth of Ϭ.ϱμŵ aŶd ǁill opeƌate iŶ the vector TM-like mode 
ǁith a high seŶsitiǀitǇ of ≈Ϭ.ϱ.   
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3.1.5. Evanescent field and heterogeneous sensing In section 2.3 it was shown that the guided-mode fields in a slab waveguide decay exponentially above and below the slab and this field is known as the evanescent field (EF). The same is true for the guided-mode fields in (2D) ridge waveguides. Figure 3.6 and Figure 3.7 show the fundamental vector TE-like and vector TM-like field distribution in a 0.5 × 0.22μŵ SOI ǁaǀeguide respectively. a) b)
c) d)Abs(E x)[V/m] Abs(Ex) [V/m]

dp

 Figure 3.6: a) Contour graph, b) vertical cross-section of principal Ex field component, c) horizontal cross-section of principle Ex field component and d) axis properties at which Ex field distribution is imaged for a vector TE-like field distribution in a 0.5 × 0.22ʅŵ SOI ǁaǀeguide at a ǁaǀeleŶgth of ϭ.ϱϱʅŵ.  a) b)
c) d)Abs(E y)[V/m] Abs(Ey) [V/m]

dp

 Figure 3.7: a) Contour graph, b) vertical cross-section of principal Ey field component, c) horizontal cross-section of principle Ey field component and d) axis properties at which Ey field distribution is imaged for a vector TM-like field distribution in a 0.5 × Ϭ.ϮϮʅŵ SOI ǁaǀeguide at a ǁaǀeleŶgth of ϭ.ϱϱʅŵ. 
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From Figure 3.6 and Figure 3.7 both vector TE-like and TM-like modes have evanescent fields that decay exponentially outwards from the silicon surfaces of the waveguide. For the vector TE-like mode the evanescent field is stronger on either side of the waveguide whereas for the vector TM-like mode the evanescent field is stronger on top and below the waveguide. The height of the evanescent field tail which interacts with the solvent is known as the penetration depth, dp as illustrated in Figure 3.6b and Figure 3.7b.  The penetration depth can be found using equation 3.2: 
ܨܧ = ݁−௬ௗ𝑝ܧ                                                          ሺ͵.ʹሻ Where dp is the penetration depth and y is the distance from the silicon core surface as explained in section 2.5. Using equation 3.2 the dp for the vector TE-like and vector TM-like mode in Figure 3.6 and Figure 3.7 are calculated to be Ϭ.ϭϬϰμŵ aŶd Ϭ.ϭϳϴμŵ respectively. From this it can be concluded that dp is 58% greater for TM-like mode compared to the TE-like mode. It is worth mentioning that dp from equation 3.2 does not consider the complete EF as illustrated in Figure 3.6b and Figure 3.7b. As explained in section 2.5, homogeneous sensing is when the entire upper cladding (n1) index changes, causing an effective index change (ΔNeff) in the waveguide. In an immunosensor the waveguides in the sensing window are covered in antibodies which bind to receptor molecules changing the refractive index at the surface of the waveguide. The region that undergoes a change in refractive index is known as the adsorbed layer or adlayer and is illustrated in Figure 3.8. 
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WaterSiO2Si 0.22Ɋm0.5Ɋmn1=1.33n3=1.45n2=3.5 2Ɋm Sitt Adsorbed layernadlayer=1.33-1.32  Figure 3.8: Ridge waveguide with adsorbed layer of thickness, t. The thickness, t of the adsorbed layer was varied from 0 to 1μm and the sensitivity at 
a ǁaǀeleŶgth of ϭ.ϱϱμŵ was calculated using equation 3.1 as illustrated in Figure 3.9. 

 Figure 3.9: Sensitivity as a function of adsorbed layer thickness for vector TE-like and TM-like modes for a silicon 
ǁaǀeguide of height Ϭ.ϮϮʅŵ, ǁidth Ϭ.ϱʅŵ aŶd an operating wavelength of ϭ.ϱϱʅŵ.  From Figure 3.9 it is shown that the sensitivity has no change when the adsorbed layer thickness is zero. As the thickness increases the sensitivity increases until it reaches its maximum sensitivity of 0.149 and 0.5 for the fundamental vector TE-like and TM-like modes respectively. The thickness of adsorbed layer at maximum sensitivity is 0.4μm and 0.7μm respectively which means after this point the waveguide would behave like a homogenous sensor.  
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3.1.6. Slot waveguides Slot waveguides, as illustrated schematically in Figure 3.10, were introduced by Almeida et al. [3.12] and experimentally demonstrated by Xu et al. [3.13] in 2004. Light is guided and strongly confined inside a nano-metre scale region of low refractive index. It is caused by the large discontinuity of the electric field at high index contrast (HIC) interfaces and guided by external reflection and therefore the modes in this structure are inherently leaky modes [3.12].  While slot waveguides have been mainly used in microring resonators for biosensing applications [3.14, 15] more recently they have also been explored as planar slot waveguides for fluorescence or absorption based optical sensing [3.16-18] and 
FƌaŶĐesĐo Dell͛Olio aŶd Vittoƌio M. N. Passaƌo [3.17] perfomed a detailed analysis of this. In this section the results published in [3.17] for slot waveguides and silicon wires are reproduced with FIMMWAVE in order to compare of the two approaches and to validate the simulation data used in this project. The published paper investigated modal behaviour by a full-vectorial 2D finite element method FEM using the commercial software COSMOL Multiphysics [3.19] whereas in this project a full-vectorial 2D FEM is used by FIMMWAVE mode solver.  Figure 3.10 illustrates the slot waveguide structure and the key parameters used. The 
ǁaǀeleŶgth is fiǆed at ϭ.ϱϰϱμŵ as in [3.17]. The cover medium index, nc is varied from 1.333 to 1.335 to calculate sensitivity from equation 3.1. The refractive index of silicon is not specified in the published paper therefore an index of 3.476 is used as pre-defined by FIMMWAVE. The siliĐoŶ Đoƌe height is Ϭ.Ϯϱμŵ and the index of silicon dioxide is taken as 1.444 as stated in the paper.  
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SolventSi SiO2Siwidth 0.25Ɋmnsolution=1.333-1.335nSiO2=1.444nSi=3.476ɉ=ͳ.ͷͶͷɊm 2Ɋm widthgap Sigap=100,200nm  Figure 3.10: Schematic illustration of an SOI slot waveguide structure and parameters. The slot waveguide sensitivity dependence on Si-wire width, w has been investigated for a gap width g of 100nm and 200nm for the fundamental vector TE-like and TM-like modes (also referred to as quasi-TE and quasi-TM modes respectively) as illustrated in Figure 3.11. In Figure 3.11 the width was varied fƌoŵ Ϭ.ϭϲμŵ-Ϭ.Ϯϴμŵ to alloǁ easier comparison with results published in [3.17], and to view the sensitivity dependence over a wider width; also see Figure 3.16 and Figure 3.18 where a larger range of widths is considered. 
 Figure 3.11: SOI slot waveguide dependence on waveguide width for g=100nm and g=200nm simulated with FIMMWAVE for an operating ǁaǀeleŶgth of ϭ.ϱϰϱʅŵ. In Figure 3.11, the quasi TE sensitivity increases first and then decreases as w increases for both g=100 and 200nm. Quasi-TM sensitivity decreases as w increases for both g values. Both trends are in general agreement with results published in [3.17]. Convergence has been checked by varying mesh size. Changing the wavelength slightly or changing the refractive index of silicon slightly does not affect the sensitivity graph 
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significantly. Changing the silicon core height from 250nm to 220nm reduces the sensitivity slightly but the general trend with waveguide width stays the same. From both graphs in Figure 3.11, the quasi-TE mode has a higher sensitivity than quasi-TM mode to a change in refractive index of the cover medium. This is because of the strong optical confinement in the cover medium of the quasi-TE mode compared to the quasi-TM mode as visualised in Figure 3.12 for slot waveguides of g=100nm and w=Ϭ.ϮϮμŵ at aŶ opeƌatiŶg ǁaǀeleŶgth of ϭ.ϱϰϱμŵ.  
z xy a) b)

 Figure 3.12: a) Principal electric field distribution for the fundamental Quasi-TE and b) Quasi-TM mode for SOI slot waveguide structure of g=100nm and w=0.2Ϯʅŵ at ǁaǀeleŶgth of ϭ.ϱϱʅŵ. 
Note that the optiĐal ĐoŶfiŶeŵeŶt foƌ opeƌatiŶg ǁaǀeleŶgth of ϭ.ϱϱμŵ looks the saŵe 

as the optiĐal ĐoŶfiŶeŵeŶt foƌ opeƌatiŶg ǁaǀeleŶgth of ϭ.ϱϰϱμŵ as seeŶ iŶ Figure 3.12. Figure 3.13 is a schematic illustration of SOI rib and ridge (also referred to as a photonic wire) waveguide and used in [3.17].  w w
 Figure 3.13: Schematic illustration of SOI a) rib and b) wire/ridge waveguide structure as given in [3.17]. For comparison with sensitivity of slot waveguides, the sensitivity of a Si-wire and a silicon rib waveguide was investigated as a function of width as presented in Figure 
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3.14 taken from [3.17]. Figure 3.14 was reproduced as shown in Figure 3.15 using FIMMWAVE to compare the two approaches and validate the simulation data. The core height of the Si-ǁiƌe is fiǆed at Ϭ.Ϯϱμŵ aŶd all other parameters are fixed at the same values as for the slot waveguide. The paper [3.17] also investigates rib waveguides but in Figure 3.14 it is evident that rib waveguides have a lower sensitivity compared to Si-wires. They also add an extra step in the fabrication process and therefore are not investigated further in this thesis.  
 Figure 3.14: SOI rib waveguide and Si-wire waveguide sensitivity as a function of waveguide width for quasi-TE and quasi-TM published in [3.17] at a ǁaǀeleŶgth of ϭ.ϱϰϱʅŵ. 
 Figure 3.15: SOI Si-wire waveguide sensitivity as a function of waveguide width for quasi-TE and quasi-TM simulated with FIMMWAVE at a ǁaǀeleŶgth of ϭ.ϱϰϱʅŵ. The data in Figure 3.15 are very similar to the data reported in Figure 3.14. In both Figure 3.14 and Figure 3.15 the sensitivity decreases as waveguide width increases for both the quasi-TE and quasi-TM modes. The quasi-TM mode is more sensitive than the quasi-TE mode only for w>320nm.  
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The two w ranges investigated for the sensitivity of the slot waveguide and Si-wire are from 0.16-Ϭ.Ϯϴμŵ aŶd Ϭ.ϯϬ-Ϭ.ϰϮμŵ ƌespeĐtiǀelǇ. To faĐilitate a ŵoƌe pƌeĐise comparison the Si-wire and slot waveguides sensitivity dependence was studied for a width range of 0.16-0.4Ϯμŵ aŶd is presented in Figure 3.16. 

 Figure 3.16: SOI Si-wire and slot waveguide (g=100nm and g=200nm) sensitivity as a function of waveguide width for fundamental quasi-TE and quasi-TM modes simulated with FIMMWAVE at a ǁaǀeleŶgth of ϭ.ϱϰϱʅŵ. From Figure 3.16 the sensitivity for the quasi-TE modes in a Si wire and both slot waveguides increases and then decreases as width increases whereas for the quasi-TM mode Si-wire and both slot waveguides the sensitivity decreases as w increases. The Si-wire for the quasi-TM mode is more sensitive when w<Ϭ.ϮϮμŵ oƌ ǁheŶ w>0.ϯϮμŵ ǁheƌeas the quasi-TM mode slot waveguides are more sensitive than the quasi-TE mode when w>Ϭ.ϯϰμŵ. IŶ geŶeƌal slot ǁaǀeguides aƌe ŵoƌe seŶsitiǀe thaŶ Si-wires for the quasi-TE mode of propagation whereas the opposite is true for the quasi-TM mode. To achieve the highest sensitivity of 0.82 the device would need to operate in a quasi-TE mode with a slot waveguide of g=100nm and w=Ϭ.ϮϮμŵ. 
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The above investigation was repeated, this time with the parameters that are chosen for use in this project, as illustrated in Figure 3.17. The core height was changed from 
Ϭ.Ϯϱμŵ to Ϭ.ϮϮμŵ aŶd the Đoǀeƌ iŶdeǆ, nc was varied from 1.32-1.33 instead of 1.332-1.333. The operating wavelength was changed from 1.545μŵ to ϭ.ϱϱμŵ.  SolventSi SiO2Siwidth 0.22Ɋmnsolution=1.32-1.33nSiO2=1.444nSi=3.476ɉ=ͳ.ͷͷɊm 2Ɋm widthgap Sigap=100nm  Figure 3.17: SOI slot waveguide structure and parameters. The range of w examined was from 0.16-Ϭ.ϲϬμŵ to eŶsuƌe a ǁide ƌaŶge was explored while ensuring single mode operation for each polarisation in the waveguides. The results are illustrated in Figure 3.18. 

 Figure 3.18: SOI Si-wire and slot waveguide (g=100nm) sensitivity as a function of waveguide width for quasi-TE and quasi-TM simulated with FIMMWAVE at a ǁaǀeleŶgth of ϭ.ϱϱʅŵ. 
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The data in Figure 3.18 are very similar to the data in Figure 3.16. The quasi-TM Si-wire is more sensitive than the quasi-TE Si-wire when w>Ϭ.ϯϭμŵ aŶd the quasi-TM slot waveguide is more sensitive than the quasi-TE slot waveguide when w>Ϭ.ϯϯμŵ. Slot waveguide is more sensitive than the Si-wire for the quasi-TE mode but less sensitive for the quasi-TM mode. To achieve the highest sensitivity of 0.77 the device would have to be designed with slot waveguides with g=100nm aŶd ǁ=Ϭ.Ϯϯμŵ and operate in the quasi-TE mode. However, the slot waveguides must be integrated into the ridge waveguide system to make use of its highly sensitivity in the quasi TE-mode. The problem of coupling light into a slot waveguide is addressed in the literature [3.20-23] by designing efficient strip-slot mode couplers/converters for SOI devices. Figure 3.19-Figure 3.22 show some of the structures designed to couple light from a silicon wire to a slot waveguide with high efficiency [3.20-23]. 
 Figure 3.19: Schematic illustration of a Strip-slot coupler for the fundamental TE-like mode [3.20]. 

 Figure 3.20: Schematic illustration of a Strip-slot coupler for the fundamental TE-like mode [3.21]. 
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 Figure 3.21: Schematic illustration of a Strip-slot coupler for the fundamental TE-like mode based on logarithmic tapers [3.22] 

 Figure 3.22: Schematic illustration of a Strip-slot coupler the for fundamental TE-like and TM-like modes based on multimode interferometer (MMI) [3.23].  Table 3.1 is a summary of the operating wavelength, dimensions of strip and slot waveguides and the efficiency of the strip-slot couplers presented above.       
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Table 3.1: Summary of strip to slot coupler efficiencies. Strip-slot coupler Operating wavelength (nm) Strip waveguide height × width (nm) Slot waveguide height × width (nm) Gap (nm) Efficiency for fundamental TE-like mode (%) Figure 3.18 [3.20] 1550 220 × 510 220 × 220 120 ≈100 Figure 3.19 [3.21] 1200-1800 250 × 400 250 × 260 100 ≈100 Figure 3.20 [3.22] 1480-1580 220 × 450 220 × 240 100 ≈100 Figure 3.21 [3.23] 1550 250 × 400 250 × 260 100 94.9 (94.6 for TM-like mode)  The optimum strip and slot waveguide height and width for this project would be 220 × 500 nm and 220 × 230 nm respectively for the fundamental TE-like mode at operating wavelength of 1550nm. The dimensions presented in Table 3.1 are almost similar to the dimensions needed for this project. Therefore, in theory a strip-slot coupler can be designed with near 100% efficiency which would allow an increase in sensitivity by 48% for the fundamental TE-like mode, but experimentally there would be some loss caused by strip-slot coupler. Incorporating slot waveguides would not only require an addition strip to slot coupler but polarisation sensitive components such as the MMI coupler would have to be redesigned and optimised for the TE-like mode. Long and narrow waveguides slot waveguides would require more sophisticated and expensive fabrication techniques. Therefore, considering mass production and high reproducibility, working with silicon wire waveguides is preferable.   
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3.1.7. Propagation loss As light propagates through the waveguide some loss would be caused even though SOI wires have good confinement. This loss is called the propagation loss and is caused by substrate leakage, scattering at sidewall roughness and material absorption. Figure 3.23 presented by Pieter Dumon et al. [3.24], shows the substrate leakage of a SOI Si-wire as a function of buffer thickness (silicon dioxide) for varying core widths, w for the vector TE-like mode only. The core height and operating wavelength are fixed 
at Ϭ.ϮϮμŵ aŶd ϭ.ϱϱμŵ ƌespeĐtiǀelǇ. The loss was modelled using the eigen mode expansion (EME) method implemented in an in-house built software [3.25].  

 Figure 3.23: Substrate leakage of SOI waveguides for varying oxide thickness, for several widths, for vector TE-like mode. Image reproduced from [3.24]. Figure 3.23 shows that substrate leakage decreases exponentially with increasing oxide thickness. It is also shown that the loss decreases as the core width (w) increases. Figure 3.24 shows a similar plot to Figure 3.23 and was reproduced using FIMMWAVE, which uses the EME method to calculate the substrate leakage loss of a silicon wire waveguide for the fundamental vector TE-like and TM-like modes as a function of buffer thickness. The core width was fixed at 500nm and the operating wavelength is 
ϭ.ϱϱμŵ. 
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 Figure 3.24: Substrate leakage loss as a function of buffer (SiO2) thickness for the fundamental vector TE-like and TM-like modes at aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. From Figure 3.24 it can be observed that the substrate leakage is larger for the vector TM-like mode and for both modes the loss decreases with buffer thickness.   Comparing results with literature is difficult as losses depend strongly on the cross-section of the waveguide core and the operating wavelength. Pieter Dumon et al. [3.24] measured a propagation loss of 2.4dB/cm for a 500×220nm SOI ridge waveguide 
ǁith aŶ oǆide thiĐkŶess of ϭμŵ foƌ the vector TE-like mode at wavelength of 1550nm. Yurii Vlasov et al. [3.26] measured a 3.6±0.1dB/cm propagation loss for a 445×220nm 
SOI ǁaǀeguide ǁith Ϯμŵ oǆide laǇeƌ foƌ the vector TE-like mode at a wavelength of 1500nm.  Sidewall roughness can be greatly reduced by improving the fabrication process. Kevin Lee et al. [3.27] showed that by reducing the surface roughness from 10nm to 5 nm the propagation loss for a 300nm square core SOI strip waveguide for a vector TE-like mode at a wavelength of 1550nm can be reduced from 60dB/cm to 13dB/cm. Tai Tsuchizawa et al. [3.28] have further reduced the surface roughness to less than 2nm to obtain a very low propagation loss of 7.8dB/cm for a 300nm square core SOI strip waveguide and 2.8dB/cm for a 400×200nm core.  
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3.1.8. Curvature loss As shown in the device layout in Figure 1.7 of chapter 1, the proposed biosensor device consists of S-bends1, Y-splitters and S-function1 waveguides all of which require bent waveguides with the smallest possible radius of curvature to achieve a compact device. Light propagating in a bend will be subject to radiation loss [3.26, 28, 29] and therefore it is important to determine bending loss as a function of bend radius and hence define the minimum allowable bending radius.  Figure 3.25 and Figure 3.26 show the bending loss of a Si-wire as a function of bend radius for the fundamental vector TE and TM-like modes respectively. Results were obtained from the FIMMWAVE 3D mode solver for when the Si-wire is exposed to air and solution.   

 Figure 3.25: Vector-TE mode bending loss as a function of bend radius, R for when a 500×220nm waveguide is exposed to air and solution of refractive index of 1.33 at aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ.                                                         1 The distinction between S-bends and S-function waveguides is made in section 3.1.9. 
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 Figure 3.26: Vector TM-like mode bending loss as a function of bend radius, R for when a 500×220nm waveguide is exposed to air and solution of refractive index of 1.33 at aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. From Figure 3.25 and Figure 3.26 for the vector TE-like mode the bending loss increases as the index of the cover increases from 1 to 1.33 whereas the opposite is true for the vector TM-like mode. For both vector TE and TM-like modes the bending loss decreases exponentially as the bend radius increases. For the quasi-TE mode, at 
R=ϱμŵ the ďeŶdiŶg loss is Ϭ.ϬϮϰdB/Đŵ aŶd Ϭ.ϭϰϮdB/Đŵ foƌ nc=1 and nc=1.33 respectively which is well below the straight waveguide propagation losses discussed in section 3.1.7. The curved waveguides in this project will have a cover index of nc=1.33 or greater and from Figure 3.26 foƌ ďeŶd ƌadius gƌeateƌ thaŶ ϭϭμŵ the loss is negligibly small when nc=1.33.  Therefore, for the vector TM-like mode operation, the miŶiŵuŵ ďeŶd ƌadius ǁas fiǆed at ϭϱμŵ.  In the literature the minimum bend radius for an SOI waveguide at 1550nm for the quasi-TE ŵode is said to ďe Ϯμŵ ǁheƌe the loss is 0.15dB for a core of 400×200nm core and 0.6dB for a 300nm square core and there is no bend related loss when the 
ƌadius is ϱμŵ oƌ ŵoƌe [3.28]. Yurii Vlasov et al. [3.26] and Zhen Shen et al. [3.29] studied the bending loss for the vector TE and TM-like modes for a wavelength ranging 
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from 1200nm to 1700nm for radii of 1, 2 and 5μŵ as shoǁŶ iŶ Figure 3.27 and Figure 3.28. 

 Figure 3.27: Bending loss for a) TE mode and b) TM mode SOI waveguides of core 445×220nm for radius 1, 2 and 
ϱʅŵ for ǀaryiŶg ǁaǀeleŶgths. Iŵage reproduĐed froŵ [3.26]. 

 Figure 3.28: Bending loss for TE and TM ŵode for differeŶt Đore ǁidths aŶd radius ϭ aŶd Ϯʅŵ aŶd ǀaryiŶg wavelengths. Image reproduced from [3.29]. 
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In Figure 3.27a ǁheŶ R=ϱμŵ, the ďeŶd loss is ≈ϬdB/tuƌŶ at a wavelength of 1550nm which is similar to the 0.02dB/cm obtained in Figure 3.25 for the vector TE-like mode. In Figure 3.27b and Figure 3.28c and d the losses for the vector TM-like mode are not recorded for a wavelength greater than 1450nm as the loss increases exponentially for such narrow radii as also shown in Figure 3.26. Figure 3.29 graphically illustrates the spatial distribution of the principal electric field component Ey for the fundamental vector TM-like mode supported by a 500×220nm waveguide at a ǁaǀeleŶgth of ϭ.ϱϱμŵ foƌ radii, R of a) ϱμŵ aŶd b) ϭϱμŵ. Foƌ ďoth radii the mode is slightly shifted to the right which is the outer edge of the curve but is still confined to the core. The smaller the radius the more the mode would shift to the edge as is seen in Figure 3.29a foƌ R=ϱμŵ ǁheƌe the ŵode is shifted to right more than in Figure 3.29ď foƌ R=ϭϱμŵ. 
z xy b)a)

 Figure 3.29: Spatial distribution of the principal electric field Ey component for the fundamental quasi-TM mode in a Si-ǁire of Đore height=Ϭ.ϮϮʅŵ aŶd ǁidth=Ϭ.ϱʅŵ for a) R=ϱʅŵ aŶd ď) R=ϭϱʅŵ. Based on these results the minimum radius of curvature used in the design of silicon-wire-ďased ĐoŵpoŶeŶts foƌ the pƌeseŶt pƌojeĐt is fiǆed at ϭϱμŵ.  3.1.9.  S-bends and S-function waveguides In the first set of devices fabricated the outputs of the multimode interferometers (MMIsͿ ǁeƌe spaĐed ϭϱμŵ apaƌt aŶd the MaĐh-Zehnder interferometers (MZIs) were 
spaĐed ϮϱϬμŵ apaƌt, as will be explained in more detail in sections 3.2 and 3.4. In order to connect these two devices a curved waveguide such as an S-bend or S-function waveguide is utilised as shown in Figure 1.7 in the device layout in chapter 1. 
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S-bends are constructed of two arcs designed in RSoft BeamProp. Figure 3.30 shows the RSoft CAD layout of the S-bends designed for a 1×8 MMI splitter.  To avoid bend related loss the S-bend were designed such that the radius R of both arcs are above the minimum bend radius. The minimum and maximum R for the layout shown in Figure 3.30 are 1724μŵ aŶd ϭϮϬϲϵμŵ ƌespeĐtiǀelǇ aŶd the bend has a footprint of ϲϴϬϬμŵ × ϭϳϱϬμŵ.   

 Figure 3.30: RSoft CAD layout of S-bends for separating the 8 outputs from a 1x8 MMI splitter. 
IŶ the fiŶal desigŶ the deǀiĐe ĐoŶtaiŶs MMIs ǁith outputs spaĐed ϱμŵ apaƌt aŶd the MZIs spaced by 127μŵ aŶd these ǁeƌe siŵulated iŶ FIMMPROP as shoǁŶ iŶ seĐtioŶs 3.2 and 3.4. RSoft BeamPROP uses S-bends to construct the MZI whereas in FIMMPROP an S-Function is used as shown in Figure 3.31 and expressed in equation 3.2. 

1750µm From MMI 250µm 15µm To MZI 
6800µm 
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+x z Plhs Prhsz P(Z)-xy Lzin  Figure 3.31:FIMMPROP CAD layout of a S-function waveguide. As shown in Figure 3.31 the software lets the user input Plhs and Prhs may be the left-hand side and right-hand side offset from the z axis. Then the user can input the length, L of the waveguide structure. The path of the S-function curve is defined by equation 3.2 [3.30]: 
𝑃ሺܼሻ = 𝑃ℎ௦ (ͳ − 𝑖݊ଶݏ ቀ𝜋ଶ ቁ) + 𝑃ℎ௦ݏ𝑖݊ଶ ቀ𝜋ଶ ቁ                           ሺ͵.ʹሻ   where  ܼ = ሺݖ − 𝑖ሻݖ 𝐿⁄  ; zin is the initial z position. However, from equation 3.2 it is not possible to directly calculate the radius of curvature and therefore equation 3.3 [3.31] was used to calculate the radius of curvature at each position along of the curve. 

ܴ = [ͳ + ቀ݀𝑃݀ݖቁଶ]ଷଶ
(݀ଶ𝑃݀ݖଶ )                                                     ሺ͵.͵ሻ where  ݀𝑃݀ݖ = ሺ𝑃ℎ௦ − 𝑃ℎ௦ሻ 𝐿ߨʹ sin ቀݖߨ𝐿 ቁ                                       ሺ͵.Ͷሻ 

݀ଶ𝑃݀ݖଶ = ሺ𝑃ℎ௦ − 𝑃ℎ௦ሻ ଶʹ𝐿ଶߨ cos ቀݖߨ𝐿 ቁ                                    ሺ͵.ͷሻ Figure 3.32 shows an S-function curve plotted on MATLAB using equation 3.2. The corresponding radius of curvature, R was plotted using equations 3.3-5 on MATLAB as 
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shown in figure 3.32. Plhs and Prhs were fixed at 0 and 5um respectively. L was fixed at 20μm. See Appendix A for the MATLAB code. 

 Figure 3.32: S-function waveguide plotted on MATLAB.  

 Figure 3.33: Radius of curvature for S-function waveguide of L=20ʅm, Plhs=0 and Prhs=5. From Figure 3.32 an S-function curve can be seen that starts at x=0 (Z=0 and L=0μm at this point) and ends at x=5. Figure 3.33 shows the corresponding radius at each L of 
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the curve. The radius of curvature increases exponentially up to halfway through the curve and then reduces exponentially. At the centre of the S-function the curve changes direction and so the radius of curvature tends to infinity as expected.    At Z=0 the minimum radius of curvature can be obtained which is 16.2μm and above the required 15μm minimum bend radius for TM mode SOI waveguides exposed to air as demonstrated in section 3.1.8. The S-function designed in this section will be exposed to SU-8 of refractive index 1.575 and so according to Figure 3.26 a bend radius lower ϭϱμŵ Đould iŶ theoƌǇ ďe used, but to standardise the design parameters the minimum radius of curvature is fixed at 15μm. If Plhs and Prhs were fixed then R and L are variable. The minimum radius of curvature, Rmin can be expressed by equation 3.6: 
ܴ𝑖 = ʹ𝐿ଶߨଶሺ𝑃ℎ௦ − 𝑃ℎ௦ሻ                                                    ሺ͵.ሻ This is useful as when Plhs, Prhs and L become larger the simulation window becomes larger making it time consuming, and sometimes impossible, to simulate the transmission loss in the bend using the software. Therefore, using equation 3.6 the minimum length, Lmin can be calculated to give ܴ𝑖 = ͳͷ݉ߤ. Figure 3.34 shows the FIMMPROP CAD layout of S-function bends designed for the outputs of a 1x8 MMI coupler. The waveguides on the left are spaced 5μm apart and on the right 127μm apart. To obtain an ܴ𝑖 = ͳͷ݉ߤ  for the outer S-function bends a Lmin of 177.8μm is required. So, the length of the 8 S-function bends was set to 180μm which gives Rmin of 15.4μm, 21.5μm, 35.9μm and 107.6μm from the outer to inner S-function bends respectively. S-bends designed for a 1x20 MMI with ܴ𝑖 =ͳͷ݉ߤ  correspond to 𝐿𝑖 = ʹͻ͵݉ߤ. 
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x z
ϭϮϳμŵ

L=ϭϳϴμŵ

ϴϴϵμŵ

 Figure 3.34: FIMMPROP CAD layout of S-bends for separating the 8 outputs from a 1x8 MMI splitter.   
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3.2. MACH-ZEHNDER INTERFEROMETERS Evanescent field sensors based on effective refractive index changes generally operate in interference based systems such as Mach-Zehnder interferometers [3.32], Young interferometers [3.33, 34] and ring resonators [3.35]. These devices use different techniques of superposition to extract information about the propagating waves. Grating couplers [3.36] and photonic crystal [3.37] waveguide sensors also operate on refractive index based sensing but are not interference based systems.  The most commonly used interference sensor is the Mach Zehnder interferometer (MZI) which is used in this project and is schematically illustrated in Figure 3.35. Interaction length (L)Light in Light outY  Y  Y  Y  Y  Y  Y  Y  Y  Y   Sensing armReference armSi waveguide SiO2 lower cladding ȋʹɊmȌSi substrate  Figure 3.35: Schematic illustration of a Mach-Zehnder interferometer (MZI). The incident light is divided into two equal parts that propagate to the sensing arm and the reference branch respectively. As explained in section 2.5, a change in the effective index of the waveguide (ΔNeff) at the sensing window, caused by the binding of the target molecule to the antibody, gives a phase change Δφ in the interaction length, L, as expressed in equation 3.7. 
Δφ = ∆𝑁 ∙ ݇ ∙ 𝐿                                                    ሺ͵.ሻ where k0 is the free space wave number or the phase constant (Ϯʋ/ʄ0).   The reference branch is used to reduce ambiguity due to external factors such as input power fluctuations, temperature changes in the environment and non-specific adsorption. Non-specific adsorption is when other molecules that are not the target molecule bind with the antibody and cause a phase change. But for this the reference 
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arm should also be functionalised with the same antibody as the sensing arm and a similar analyte without the target molecule will have to flow over the reference arm. When the light from the sensing and reference arms recombines, constructive or destructive interference occurs which in turn modulates the light intensity at a single mode output. Therefore, the phase change can be calculated using equation 3.8 [3.38].  
𝐼 = ͳʹ 𝐼[ͳ + cos ሺ𝛥𝜑ሻ]                                                ሺ͵.ͺሻ where I0 is the input intensity. The cosinusoidal variation of the interference pattern can be directly related to the concentration of the analyte to be measured via the change in effective refractive index as described in equation 3.1. The simulated results are presented in section 3.2.3.   3.2.1  Design Initial MZI structures for this project were designed using RSoft BeamPROP CAD software [3.39]. Due to wafer availability and fabrication limitations the first set of devices was desigŶed foƌ a siliĐoŶ Đoƌe height of Ϭ.ϯϮμŵ aŶd a waveguide width of 

ϰμŵ. EǀeŶ though iŶ seĐtioŶ ϯ.ϭ.ϰ the ǁaǀeguide ǁidth ǁas fiǆed at Ϭ.ϱμŵ, a 

ǁaǀeguide ǁidth of Ϭ.ϴμŵ ǁas used foƌ the seĐoŶd set of deǀiĐes as it pƌoǀed less difficult to simulate with RSoft BeamPROP while maintaining single mode operation. Figure 3.36a and Figure 3.37a show the CAD layout of MZI devices with a 0.32µm x 4µm Si wire, which is multi moded, and 0.25µm x 0.8µm, which is single moded respectively. The MZI is constructed with two Y-junctions joined via two straight waveguides as shown in Figure 3.36a. Each Y-junction is made from two S-bends. Figure 3.36b and Figure 3.37b show the BPM simulation of the waveguide power of the respective MZI devices for a vector TM-like mode at an operating wavelength of 
ϭ.ϱϱμŵ. Since the TM-like mode gives the higher sensor sensitivity, as shown in sections 3.1.3-3.1.5, all simulations shown are for the vector TM-like mode. 
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 Figure 3.36: a) MZI layout for 0.32µm x 4µm Si wire (Multi mode waveguide) and b) Waveguide power in sensing and reference arm for 0.32µm x 4µm Si wire MZI. From Figure 3.36b it can be seen that the light does not split evenly at the Y-junction. This is because in the presence of higher order modes the input field is not distributed symmetrically at the start of the Y-junction as illustrated previously in Figure 2.6. Figure 3.36b serves to show that the input and output waveguides must be single mode to function properly as an MZI. Figure 3.37a and 3.37b show a single mode MZI device where the power of the waveguide splits evenly into the two branches and recombines at the end.  
 Figure 3.37: a) MZI layout for 0.25µm x 0.8µm Si wire (Single mode waveguide) and b) Waveguide power in sensing and reference arm for 0.25µm x 0.8µm Si wire MZI. Even though the 0.32µm x 4µm Si wire MZI will not function properly it was fabricated (for varying interaction lengths) with the first set of test devices and tested as will be 

Y-junction Straight Waveguide Y-junction a) b) 

a) b) 
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described in Chapter 6. The first set of fabricated devices enabled initial experimental data to be obtained, albeit with the MZI not functioning as intended.  As discussed in section 3.1.3 and 3.1.4 the height and the width of the silicon core were fixed at 220nm and 500nm respectively. The accuracy decreases when simulating narrower high index contrast waveguides in RSoft BeamPROP as demonstrated in section 3.4.3, therefore the following simulations were performed 
ǁith PhotoŶ DesigŶ͛s FIMMPROP softǁaƌe ǁhiĐh uses the Eigenmode expansion (EME) method for simulating optical waveguides in 2D and 3D. As discussed earlier in this section RSoft BeamPROP uses S-bends to construct the Y-junction, whereas as discussed in section 3.1.8, FIMMPROP uses an S-Function to design curved waveguides. Two S-function waveguides are used to construct a Y-splitter.  The Y-junction must be optimised for minimum insertion loss and non-uniformity. The minimum length was calculated using equation 3.6 for a minimum radius of curvature 
of ϭϱμŵ. Taďle 3.2 shows the distance between the two outputs of the Y-splitter,  which is twice the Prhs, length, insertion loss and non-uniformity of the optimised Y-junction splitters. Table 3.2: Insertion loss and non-uniformity of optimised Y-junction splitters. 

ʌ ;μŵͿ LeŶgth ;μŵͿ Insertion loss (dB) Non-uniformity (dB) 5 14 0.26 0.00 10 20 0.31 0.00 20 28 0.44 0.00 From Table 3.2 the length and insertion loss increases as ʌ is iŶĐƌeased. NoŶ-uniformity remains at 0.00dB.  The results in table 3.2 were confirmed by simulating the Y-junctions as a function of length. Figure 3.38 shows the insertion loss of Y-junctions for =5, 10 and 20μŵ ǁheŶ their length is varied from 1-ϭϬϬμŵ.   
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 Figure 3.38: Insertion loss in Y-juŶĐtioŶs of output separatioŶ ϱʅŵ, ϭϬʅŵ, ϮϬʅŵ aŶd Ϯϱʅŵ as a fuŶĐtioŶ of leŶgth in the propagating direction. 
ʌ=Ϯϱμŵ is Ŷot shoǁŶ as the ĐoŵputatioŶal ŵeŵoƌǇ available for the simulation was insufficient. In FIMMPROP the bend is modelled as a series of straight sections. When the length of the Y-junction is too small the bend angle is very large. Figure 3.38 shows initially a transient region where loss is increasing inversely to length squared. As the length increases the transmission increases and then oscillates [3.30]. These oscillations are due to the reflections off the boundary. Plotting Figure 3.38 indicates the minimum length required to obtain a valid insertion loss of the Y-junction splitter.  From Table 3.2 and Figure 3.38 it is clear that ʌ=ϱμŵ at leŶgth=ϭϰμŵ should ďe used but this would pose a fabrication challenge for the microfluidic channel layer which needs to be aligned on top of the sensing arm of the MZI. To make aligning of the microfluidics channel easier the outputs of the Y-junction are instead fixed to be Ϯϱμŵ apart at a leŶgth of ϯϭμŵ. Figure 3.39 shows the vector TM-like mode simulation of the optimised Y-junction using FIMMPROP. 
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 Figure 3.39: Optimised Y-junction splitter for TM-like ŵode at ʌ=Ϯϱʅŵ aŶd Z=ϱϯʅŵ. Once the Y-junction is designed using two S-function waveguides as shown above, the MZI was designed next. Figure 3.40 shows the FIMMPROP CAD layout of a MZI for a 220nm × 500nm Si-wire.  
 Figure 3.40: CAD layout for a MZI for 220nm × 500nm Si-wire. In Figure 3.40 the MZI is constructed from left to right in this order: a straight waveguide, a Y-junction, two straight waveguides, an inverted Y-junction and finally another straight waveguide. The length of the sensing and reference arms is 100μŵ in this case and each waveguide is opeŶ to a Ϯμŵ fluid ĐhaŶŶel.    
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In this section, the MZI designed uses straight waveguides for the sensing and reference arm and in the next section the two straight waveguides are replaced with spiral waveguides. Further simulation results, for MZIs with straight waveguides and spiral waveguides, will be presented in section 3.2.3.  3.2.2 MZI with spirals As presented in equation 3.3 the sensitivity increases as the sensing length increases but in the configuration shown in Figure 3.40 as the length increases the overall length of the device increases. To counter this problem spiral waveguides are used. Spiral waveguides are increasingly gaining popularity and have recently been used for many applications such as spectrometers [3.40, 41], ring resonators [3.42, 43], filters [3.42, 44], chirpers [3.45] and Bragg gratings [3.46]. The most common type of spiral used is the Archimedean spiral which can be expressed in parameteric form as equation 3.9 and 3.10. 
ݔ = ܴ. ݕ ሺ𝜃ሻ                                                       ሺ͵.ͻሻݏܿ = ܴ.  𝑖݊ሺ𝜃ሻ                                                     ሺ͵.ͳͲሻ where R and θ are the radius and angle respectively. In this project, R is set equal toݏ

θ, therefore equations 3.9 and 3.10 can be re-written as equations 3.11 and 3.12. 
ݔ = ܴ. ݕ ሺܴሻ                                                      ሺ͵.ͳͳሻݏܿ = ܴ.   .𝑖݊ሺܴሻ                                                      ሺ͵.ͳʹሻ The Archimedean spiral waveguide was designed in MATLAB as shown in Figure 3.41 before converting it to a format recognised by a mask design software. The mask design software used for this project is WaveMaker 5.004 BASIC which recognises files in GDS format. Therefore, MZIs designed on MATLAB were saved in CSV format and converted to GDS format using another software known as LayoutEditor. Figure 3.41a shows one Archimedean spiral with one complete turn designed on MATLAB. R and θ are both increased fƌoŵ Ϭ to Ϯʋ. Neǆt aŶ AƌĐhiŵedeaŶ spiƌal ǁith 6.5 turns was designed as shown in Figure 3.41b where R goes froŵ Ϭ to ϭϯʋ μŵݏ
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 Figure 3.41: Design of spiral waveguides on MATLAB. Then a second Archimedean spiral was added with a negative R as shown in Figure 3.41c. The second spiral is presented in red so the two spirals can be clearly identified. 

Noǁ the total Ŷuŵďeƌ of tuƌŶs is ϭϯ aŶd R goes fƌoŵ Ϭ to ϭϯʋ. The distaŶĐe ďetǁeeŶ eaĐh ǁaǀeguide is ʋ μŵ. 
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In section 3.1.7 the minimum radius of curvature for a vector TM-like mode for an 
opeƌatiŶg ǁaǀeleŶgth of ϭ.ϱϱμŵ ǁas fouŶd to ďe ϭϱμŵ. So, the ŵiŶiŵuŵ R was fixed 
to ϵ.ϱʋ ;≈ϯϬμŵͿ as shoǁŶ iŶ Figure 3.41d. Now the number of turns is 4. Next two 
seŵi ĐiƌĐles of ƌadius ϰ.ϳϱʋ ;≈ϭϱμŵͿ ǁeƌe desigŶed as shoǁŶ iŶ Figure 3.41e. Finally, the Archimedean spirals and the semi-circles were placed together to create a spiral waveguide as shown in Figure 3.41f. Two spiral waveguides connected to straight waveguides were used to construct the sensing and reference arms of a MZI as shown in Figure 3.42. The two arms are spaced apart by a vertical and horizontal offset. For the design in Figure 3.42 the vertical offset 
ǁas fiǆed at Ϯϱμŵ so that the Y-junction designed in the previous section can be used to connect the two arms to create a MZI. The minimum horizontal offset is set at 4 
tiŵes the ŵaǆiŵuŵ R ǁhiĐh iŶ this Đase is ϭϲϯμŵ, theƌefoƌe the hoƌizoŶtal offset ǁas 

fiǆed at ϭϳϱμŵ. 
 Figure 3.42: MATLAB design of the sensing and reference arm of the MZI designed with spiral waveguides where each spiral has 4 turns. The length of one spiral is given by the equation 3.13 [3.47]. 

݈ܽݎ𝑖ݏ ݂ ℎݐ݈݃݊݁ = ∫ √ቀௗ௫ௗ𝑅ቁଶ + ቀௗ௬ௗ𝑅ቁଶ𝑅𝑎𝑥𝑅𝑖                        ሺ͵.ͳ͵ሻ  The total length of one arm of the MZI shown in Figure 3.42 is ϭϭϳϰ.ϲμŵ. The leŶgth can be increased within the same footprint by increasing the number of turns. See appendix B for the complete MATLAB code used to construct Figure 3.42, save in CSV format and calculate the length of each arm of the MZI. 
Vertical offset Horizontal offset 
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Figure 3.43 shows the sensing and reference arms constructed with spirals of 10, 25 and 40 turns. 

 Figure 3.43: MATLAB design of the sensing and reference arm of the MZI designed with spiral waveguides where the number of turns in the spiral are a)10, b)25 and c)40. Table 3.3 presents the maximum radius, minimum horizontal offset, horizontal offset used, area of MZI and the length of each arm of spiral MZI for 4, 10, 25 and 40 turns. From Table 3.3 the footprint or area of the MZI is small compared to the length of each arm achieved thus enabling the device to be as compact as possible while 
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achieving the highest possible sensitivity which will be discussed in the following section. Table 3.3: Maximum radius, Minimum horizontal offset, horizontal offset used, area and length of arm of spiral MZI for turns=4, 10, 25 and 40. Turns Maximum Radius ;μŵͿ Minimum horizontal 
offset ;μŵͿ Horizontal offset used 

;μŵͿ Area (Length × width)  
;μŵ × μŵͿ Length of 

aƌŵ ;μŵͿ 4 40.84 163.3 175 0.03mm2  (338.4 × 81.7) 1 175 10 59.69 238.7 250 0.06mm2  (488.8 × 119.4) 3 145 25 106.81 427.3 450 0.19mm2  (877.2 × 213.6) 11 192 40 153.94 615.8 625 0.38mm2 (1,239.2 × 307.8) 23 655 3.2.3 Simulated results In this section, the sensitivity for a change in cover index was simulated using FIMMWAVE and the results for a perfect MZI are presented. For a perfect MZI it is assumed that the light is split equally into each arm and that there is no phase difference, both arms of exactly the same length and are are subjected to the same environment.  As explained previously in section 3.2, the binding of the target molecule with the antibody causes a change in the effective refractive index of the sensing arm which in turn causes a phase change, Δφ expressed by equation 3.7 over the interaction length, L. 
Δφ = ∆𝑁 ∙ ݇ ∙ 𝐿                                                   ሺ͵.ሻ where k0 is the free space wave number or the phase constant (Ϯʋ/ʄ0).   
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Figure 3.44 shows the Δφ when the cover index nc was varied from 1.32 to 1.34 over an SOI waveguide of cross-section 0.5 × 0.22 μm and L of 1000μm. From Figure 3.44 it can be seen that a Δnc of 0.0031 causes a 2ʋ phase change in the propagating light.   

 Figure 3.44: Phase change, Δφ for varying cover index, nc when L=1000ʅm. As explained in section 3.2 the sensing and reference arms recombine and the phase change translates to a change in intensity which can be calculated using equation 3.8. 
𝐼 = ͳʹ 𝐼[ͳ + cos ሺ𝛥𝜑ሻ]                                                ሺ͵.ͺሻ where I0 is the input intensity. The cosinusoidal variation of the simulated intensity is illustrated in Figure 3.45.  In a completed and working device it is the light intensity that is measured. Using the input and output light intensity and equations 3.7 and 3.8 the change in Δφ and ΔNeff can be calculated respectively. From Figure 3.5 a waveguide geometry operating in the vector TM-like mode for which ∆𝑁 ∆݊⁄ = Ͳ.ͷ , Δnc was chosen. For a 
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homogenous sensor (see section 2.6), the device needs to be calibrated to know how the Δnc corresponds to the change in concentration of the analyte solution. For a heterogeneous sensor (see section 2.6), the device needs to be calibrated to know how the Δnc corresponds to the concentration of receptor molecules binding to the antibodies on the surface of the waveguide. 

 Figure 3.45: Change in Intensity for varying cover index, nc when L=1000ʅm and its intrinsic problems. Figure 3.45 also illustrates three intrinsic problems related to the MZI principle.   
• The fringe order ambiguity – Occurs when Δφ could be mistaken for a point on another fringe.   
• Directional ambiguity – Occurs when Δφ could be mistaken for a point on the same fringe.   
• Sensitivity fading – Occurs when Δφ is at the top or bottom if the fringe and is at risk of becoming zero.  These intrinsic problems have been addressed by R.G.Heideman and P.V.Lambeck [3.38] by applying additional active phase modulation but it is not currently applied in the work described in this thesis.   
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Another way to avoid these three instrinsic problems is to design the MZI with unequal sensor and reference arm lengths in such a way that Δφ is always located on one arm of the fringe.  If L was increased then the Δnc needed to cause the same phase change will be smaller as given by equation 3.7 and illustrated in Figure 3.46 making the MZI more sensitive to a change in the cladding refractive index. 

 Figure 3.46: Sensitivity for varying L. L was varied from 1000 to 25,000μm and the Δnc needed for a 2ʋ phase change was calculated, as shown in Figure 3.46. This graph is useful as in section 3.2.2 spiral MZIs were designed where the L could be between 1 175 to 23 655μm as shown in Table 3.3. The sensitivity increases as length increases.  For L=1000μm the ∆݊ ⁄ߨʹ = Ͳ.ͲͲ͵ͳ rads-1 (assuming ∆𝑁 ∆݊⁄ = Ͳ.ͷ). If a phase resolution of 2ʋ × 10-4 rads is assumed [3.38] it gives the device a sensitivity of 3.1 × 10-7 RIUs. 
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Using spirals can increase the interaction length, L within a given device footprint. Table 3.4 shows the calculated sensitivity for each spiral MZI design proposed in Table 3.3. However, as the length of the arm increases the device becomes more vulnerable to fabrication errors. The increase in sensitivity must be weighed against the complexity and yield of fabrication.   Table 3.4: Sensitivity calculation for spiral MZIs based on the spiral geometries summarised in Table 3.3. Turns Length of 
aƌŵ ;μŵͿ Sensitivity (RIUs) 4 1 175 2.6 × 10-7 10 3 145 9.9 × 10-8 25 11 192 2.8 × 10-8 40 23 655 1.3 × 10-8 In the literature MZIs have been demonstrated with high sensitivity, down to 10-6 to 10-7 refractive index units (RIUs) [3.32, 38]. However, if the MZI is to be designed in a way that Δφ is always located on one arm of the fringe as illustrated in Figure 3.45, then increasing the sensitivity is not always optimal due to the intrinsic problems of a MZI.   
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3.3 PLASMONIC INTERFEROMETERS In addition to the MZI interferometer, another optical sensor considered based on Silicon-on-Insulator (SOI) material is a plasmonic interferometer. In this section, the plasmonic interferometer is discussed in detail. 3.3.1 Plasmonic waveguide theory 
Metals ĐaŶ ĐoŶĐeŶtƌate a ŵode͛s poǁeƌ at the suƌfaĐe of the waveguide to form Surface plasmon polaritons (SPP). A Surface plasmon (SP) is the quantum of oscillation at the surfaces of metals at optical frequencies. Surface plasmon polaritons (SPP) occur when the incident light (a photon) at infrared or visible frequency couples with the SP to create a self-sustaining and propagating electromagnetic wave at the surface of the plasmonic material. Plasmonic materials are metals or metal-like materials that exhibit negative real permittivity at a particular wavelength. A thin metal layer cannot be simply added on top of the waveguide as the phase matching condition must be met for the guided mode to excite the plasmon mode. The phase matching condition [3.48] can be expressed as ݇ = 𝛽 where 𝛽 is the propagation constant of the guided mode and ݇ is the wavevector of the plasmon mode given by [3.48] 

݇ = ݇ ∙ √ 𝜀 ∙ 𝜀ௗ𝜀 + 𝜀ௗ                                                ሺ͵.ͳͶሻ where ݇ is the free space vector, 𝜀 and 𝜀ௗ are complex dielectric constants of the metal film and dielectric. It is also worth noting that only the electric field components Ey and Ez light can excite the plasmon mode and therefore only TM polarised light can be used for plasmonic sensing [3.48]. For a high index contrast material system such as SOI the phase matching condition is difficult to meet as the wavevectors of the metal and the dielectric differ too much [3.49]. Therefore, the guided wave is coupled to the plasmonic mode with the use of Bragg gratings [3.50, 51] or by end-fire coupling into an embedded metal with TM polarised light and using the interference between the two surface plasmon modes as first explained by Debarckere et al. [3.52] and illustrated in Figure 3.47. 
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AntibodyY  Y Y Y Y Y Y Y Y Y Y Y YLight in Light outSiO2 lower cladding ȋʹɊmȌSi substrate
Embedded gold layerEvanescent field Si waveguidezxy

 Figure 3.47: Illustration of a plasmonic interferometer. At the embedded gold layer on the waveguide, the guided mode launches two plasmon modes, one above and one below the gold layer. These two plasmon modes will have different phase velocities depending on the refractive index of the dielectric above and below the gold layer respectively. At the end of the gold layer the plasmon modes will couple back to the guided mode with constructive or destructive interference (caused by the phase difference between the two plasmon modes) similar to an MZI. The intensity variation at the output can be used to find the change in refractive index of the sensing medium. From literature, a theoretical detection limit of 10-6 RIU has been presented [3.52] which is comparable to the sensitivities presented in section 3.2.3. 3.3.2 Design CAMFER, an Eigen mode solver [3.53] was used to simulate a plasmonic interferometer comprised of a 0.32µm x 4µm silicon photonic wire. The embedded gold thickness and length were optimised to get 0.23µm and 13µm respectively to obtain maximum sensitivity for the current silicon wire dimensions. The refractive index used for gold is 0.556 with an extinction coefficient of 9.936 [3.54]. A Δnc of 0.01 (1.34-1.33) shifts the resonant condition by 5nm as shown by the solid lines in Figure 3.48 giving a predicted system wavelength shift responsivity of 500nm/RIU.  
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 Figure 3.48: Simulated transmission (with and without a thin titanium layer) of the plasmonic interferometer as a function of wavelength. Due to the high insertion loss, detection is very difficult even with an isolated device. Although a plasmonic interferometer offers advantages of compactness, its high insertion loss mitigates against the desired parallel detection in the present project. Nevertheless, a plasmonic interferometer was fabricated as described in chapter 4 and some initial results are shown in chapter 6. A 5nm layer of titanium was deposited by thermal evaporation to improve adhesion between gold and silicon in practice. The dotted curves in Figure 3.48 shows that the 5nm thick titanium layer reduces the sensitivity to 250nm/RIU when the refractive index of titanium is 3.685 and the extinction coefficient is 4.618 [3.55]. In the experimental realisation of the structure (see section 4.3.4) a 5nm layer of titanium was deposited. See section 6.2 for optical results of the plasmonic interferometer fabricated.     
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3.4 MULTIMODE INTERFERENCE (MMI) COUPLER  In 1973 Olof Brynghal used Fresnel image planes as shown in Figure 3.49, and a pinhole array as shown in Figure 3.50 to demonstrate the formation of multiple images of an object based on self-imaging techniques [3.56]. In 1975 R. Ulrich reviewed this phenomenon on multimode planar dielectric slab waveguides [3.57, 58] which was explained in more detail by Heaton et al. [3.59] in 1992. In 1995 Soldano and Pennings [3.60] stated the pƌiŶĐiple as ͞Self-imaging is a property of multimode waveguides by which an input field profile is reproduced in single or multiple images at periodic intervals along the propagation direction of the guide͟. 
 Figure 3.49: Illustration of how Fresnel images are formed in a self-imaging situation [3.56]. 

 Figure 3.50: Schematic representation of the imaging system. Arrays of images of spatial incoherently illuminated object in O appear in several planes behind and in front of the pinhole array P [3.56]. Multimode Interference (MMI) devices are based this self-imaging principle where the input image is reproduced into multiple images at the output with high uniformity [3.60]. Compared to Y-branches, MMI couplers can be made very compact and sharply increase tolerance to fabrication errors as sharp edges near the branching points are avoided. MMI devices also have wide optical bandwidths (in the context of 
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telecommunication systems), low cross talk and polarisation independence and are widely used in integrated optics as power splitters [3.61, 62], modulators [3.63], multiplexers [3.64], switches [3.65] and in Mach-Zehnder interferometers [3.62].  For present purposes, a wide bandwidth is not required as the biosensor operates at 
a fiǆed ǁaǀeleŶgth of ϭ.ϱϱμŵ. However, for completeness the bandwidth is studied in section 3.4.2.3. On the other hand, polarisation dependence is important for the designed biosensor as the device needs to operate in a vector TM-like mode. In section 3.4.2.1 it is shown that the MMI couplers are polarisation sensitive.  1×N MMI couplers (where N is the number of outputs) have been theoretically and experimentally investigated widely especially for SOI based devices because of their compactness due to high index contrast, low losses and compatibility with silicon electronics and biological samples [3.66-71]. The highest number of outputs presented theoretically is 64 [3.72] and experimentally is 12 [3.68] whereas this project has experimentally achieved 20 outputs.  In this project, parallel sensing of biological fluid is achieved by connecting Mach-Zehnder interferometers (as explained in section 3.2) to the outputs of an MMI coupler. This chapter will focus on the theory, design and optimisation of the MMI couplers. 3.4.1 Design of MMI couplers Inside the MMI cavity the beam is split into numerous modes and the symmetric 
iŶteŶsitǇ patteƌŶ is ƌepeated peƌiodiĐallǇ at the iŶteƌǀals of Λ aloŶg the guide: 

𝛬 = ݊𝑊ெெ𝐼ଶߣ                                                ሺ͵.ͳͷሻ where neff is the effective refractive index of the MMI cavity, WMMI the width of the MMI cavity and ʄ0 is the operational wavelength [3.59]. Figure 3.51 shows the theoretical light intensity patterns of a self-imaging waveguide where the symmetric pattern is repeated periodically and N images of the input guide are formed in the plane ݖ = 𝛬/𝑁. 
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 Figure 3.51: Theoretical light intensity patterns in a 20µm wide self-imaging waveguide [3.59]. The N images formed are equally spaced across the multimode guide. The transverse distance between the iŵages is kŶoǁŶ as the ͚ PitĐh͛, ߩ = 𝑊ெெ𝐼/𝑁. In this section, the MMIs were designed for SOI core height 0.32μm due to the initial availability of wafer and the width of input and output waveguides was 4μm as illustrated in Figure 3.52. In section 3.4.3 the MMIs are redesigned for the preferred SOI waveguide dimension 
of Ϭ.ϮϮμŵ × Ϭ.ϱμŵ.  SolventSiO2Si 0.32Ɋmnsolution=1.485nSiO2=1.45nSi=3.5ɉ=ͳ.ͷͷɊm 2Ɋm ͶɊmSi  Figure 3.52: Schematic illustration of a cross-section of the Input/output waveguide for the MMI. The pitch was fixed at 15µm to prevent interference between the output waveguides. WMMI is determined by the number of output waveguides, N, where WMMI=Nʌ. Figure 3.53 is a schematic diagram of a 1x2 MMI with its design parameters shown.  

0.32µm2µm LMMI
Si SubstrateSiO2 ρ

ρ/ʹ

SiWMMIW/24µmzxy
 Figure 3.53: Schematic diagram of a 1x2 MMI structure. 
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Using these values the approximate MMI length, LMMI is calculated by Equation 3.16 [3.59]: 
𝐿ெெ𝐼 = 𝛬𝑁 = ݊𝑊ெெ𝐼ଶ𝑁ߣ                                         ሺ͵.ͳሻ Equation 3.16 gives only an approximate length as the modes are not strictly confined to the multimode MMI region [3.70] as is assumed in the derivation of the equation. Propagation in the structure was simulated using a 3D BPM (RSoft Beam Prop). Figure 3.54 shows the CAD layout for a 1x2 MMI coupler. Input and output waveguide width and height were kept at 4µm and 0.32µm respectively and the operating wavelength was 1.55µm.  

 Figure 3.54: CAD layout of a 1x2 MMI coupler and the power paths. The two grey strips in Figure 3.54 are inactive structures included to monitor the power in their pathways within the BPM as shown in Figure 3.55.  
 Figure 3.55:  Illustrating TE-like mode BPM simulation of a 1x2 MMI coupler for an operating wavelength of 

ϭ.ϱϱʅŵ and input/output waveguide cross-seĐtioŶ of Ϭ.ϯϮʅŵ × ϰʅŵ. 
Peak for both pathways is when the Length of the MMI cavity is 811.7µm 

1 
2 

3 
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Optimum cavity length is when the power of all the outputs is equal or almost the same. At optimum length, the device will have its lowest insertion loss and highest uniformity, which is discussed in more detail in section 3.4.2.2. The structure was simulated again with the optimum LMMI to confirm the MMI cavity length as shown in Figure 3.56. 
 Figure 3.56: Optimised 1x2 MMI splitter for the TE-like mode at aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ aŶd input/output waveguide cross-seĐtioŶ of Ϭ.ϯϮʅŵ × ϰʅŵ. The same technique was used to design a 1x20 MMI as illustrated in Figure 3.57. Point at which all 20 outputs have the highest and equal power a) b)

 Figure 3.57: Illustrating TE-like mode simulation for 1x2 MMI with a) longer cavity length and b) optimum cavity length for aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ and input/output waveguide cross-seĐtioŶ of Ϭ.ϯϮʅŵ × ϰʅŵ. 
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3.4.2 Simulation evaluation There are some key factors to consider when designing an MMI such as polarization dependence, insertion loss, non-uniformity, tolerance to wafer core thickness variations and fabrication tolerance. In the following subsections, the MMI devices are characterized to explore these conditions.  3.4.2.1 Polarisation dependence Table 3.5 shows the calculated width and length of the MMI cavity for 2, 3, 5, 8, 12, 15, and 20 outputs.  The simulated optimum length for vector TE-like and TM-like modes are presented for these MMI couplers.  Table 3.5: Optimum 1×N MMI cavity length for TE-like and TM-like modes for an operating wavelength of 
ϭ.ϱϱʅŵ and input/output waveguide cross-seĐtioŶ of Ϭ.ϯϮʅŵ × ϰʅŵ. N WMMI (µm) LMMI calculated (µm) LMMI Optimum (µm) TE-like mode TM-like mode 2 30 889.7 910.1 802.6 3 45 1334.5 1361.2 1200.4 5 75 2224.3 2269.7 2008.3 8 120 3558.9 3630.4 3205.1 12 180 5338.3 5443.4 4804.2 15 225 6672.9 6803.0 6006.2 20 300 8897.2 9063.5 8012.2 From the table, it can be observed that the optimum lengths for TM-like mode are significantly shorter than those for the TE-like mode making the device polarization sensitive. This is an advantage for evanescent field based biosensors which operate in a TM-like mode to obtain high sensitivity and for which only one light polarisation is required since the other polarisation is not efficiently coupled into the MZI sections. 
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3.4.2.2 Insertion loss and uniformity Insertion loss and uniformity are the two most commonly used Figures of Merits to compare the efficiency of MMI devices [3.73, 74]. Insertion loss is defined as: 
𝐿ݏݏ 𝑖݊ݐݎ݁ݏ𝑖݊ሺ݀𝐵ሻ =  −ͳͲ݈݃ଵ (∑ 𝑃𝑃𝑖

ே
=ଵ )                          ሺ͵.ͳሻ where Pin is the input power and Pn is the power of the nth port.   The Non-uniformity is defined as: 

𝑁݊– ሺ݀𝐵ሻݕݐ𝑖݉ݎ𝑖݂݊ݑ =  −ͳͲ݈݃ଵ (𝑃𝑖𝑃௫)                          ሺ͵.ͳͺሻ where Pmin and Pmax are the maximum and minimum power observed in the N ports.  Insertion loss and uniformity calculated for (1×N) MMI couplers up to 120 are presented in Table 3.6.  Table 3.6: Insertion loss and Non-uniformity for 1×N MMIs for aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ and input/output waveguide cross-seĐtioŶ of Ϭ.ϯϮʅŵ × ϰʅŵ. N Insertion Loss (dB) Non-uniformity (dB) TE-like mode TM-like mode TE-like mode TM-like mode 2 0.11 0.07 0.00 0.00 3 0.12 0.12 0.00 0.00 5 0.16 0.17 0.01 0.01 8 0.19 0.28 0.02 0.01 12 0.21 0.40 0.04 0.03 15 0.23 0.49 0.04 0.03 20 0.23 0.73 0.06 0.08 
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It is assumed in [3.59] that all guided waves are confined to the MMI cavity whereas in reality there will also be leaky modes and radiation modes present [3.59]. Therefore, losses increase as the MMI length increases when N increases [3.71]. 3.4.2.3 Optical bandwidth and fabrication tolerance for 1xN MMIs The wavelength dependence or optical bandwidth is evaluated on the basis of the cost of a maximum additional loss of 1dB. Theoretically the optical bandwidth is inversely proportional to the number of outputs [3.75]. Fabrication tolerance is defined as the 1N MMI cavity width (WMMI) variation that produces an additional loss of 1dB. Table 3.7 shows that the bandwidth reduces as the number of outputs increases, however, the fabrication tolerance stays the same. Table 3.7: Bandwidth and Fabrication Tolerance for 1xN MMIs for an operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ and input/output waveguide cross-seĐtioŶ of Ϭ.ϯϮʅŵ × ϰʅŵ. N Optical Bandwidth (nm) Fabrication Tolerance (µm) TE-like mode TM-like mode 2 81 63 ±1 3 60 41 ±1 5 36 26 ±1 8 23 16 ±1 12 15 12 ±1 15 12 9 ±1 20 9 8 ±1   
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3.4.2.4 Wafer core thickness and tolerance The core height of the SOI devices depends on the wafer purchased. The wafer used for initial experiments on MMI couplers had a standard deviation of 19.8 nm on a silicon core thickness of 320nm and a buried oxide of 2µm. Therefore, MMIs were designed to have +/- 20nm of silicon core height tolerance. Figure 3.58 presents the optimum cavity length for a +/- 20nm of silicon core height tolerance for the vector TM-like mode calculated from simulations using RSoft BeamPROP.  
 Figure 3.58: Optimum MMI cavity length for silicon core thiĐkŶess Ϭ.ϯϮʅŵ aŶd +/-20nm for 1xN MMI for the vector TM-like mode at aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ and input/output waveguide cross-seĐtioŶ of Ϭ.ϯϮʅŵ × ϰʅŵ. The results presented in Figure 3.58 show that the length of the MMI cavity increases linearly as the number of outputs increases. As the number of outputs increases, the tolerance to core thickness variation decreases.   
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3.4.3 MMI with single mode input/output waveguide The input and output waveguides in the MMI designs in section 3.4.2 are multimoded 
at a ǁaǀeleŶgth of ϭ.ϱϱμŵ as the width and height of waveguides aƌe ϰμŵ aŶd 

Ϭ.ϯϮμŵ ƌespeĐtiǀelǇ. As eǆplaiŶed iŶ seĐtioŶ ϯ.Ϯ.Ϯ the ǁaǀeguides must be single mode for the MZI to be functional as splitter with high uniformity. In this section, the MMI is further improved by reducing the height and width of the input and output waveguides to Ϭ.ϱμŵ aŶd Ϭ.ϮϮμŵ ƌespeĐtiǀely as illustrated in Figure 3.59. Further the pitch is reduced fƌoŵ ϭϱμŵ to 5μŵ thus greatly reducing the footprint of the MMI device.  SU-8SiSiO2Si0.5Ɋm 0.22Ɋmn1=nSU-8=1.575n3= nSiO2=1.444n2= nSi=3.475 50Ɋmɉ=ͳ.ͷͷɊm
 Figure 3.59: Cross-section of input/output waveguide The MMI will be covered with the polymer SU-8 therefore upper cladding index, n1 is set to 1.575 [3.76] and the core and lower cladding, n2 and n3 are set to 3.475 and 1.444 respectively as these are the default index values given in the FIMMWAVE software at the opeƌatiŶg ǁaǀeleŶgth of ϭ.ϱϱμŵ. These ǀalues aƌe used thƌoughout the remainder of these chapter; therefore, the simulations in section 3.4.3.1 and 3.4.3.2 are directly comparable.   
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3.4.3.1 Simulation evaluation for MMI with single mode input/output waveguides using RSoft BeamProp The 1x2 MMI described in the previous section was simulated using RSoft BeamProp software as shown in Figure 3.60 for a TM-like mode at an operating wavelength of 
ϭ.ϱϱμŵ. The ǁidth of the iŶput/output waveguides in Figure 3.60a is Ϯμŵ which is multi-moded and the input/output waveguides in Figure 3.60ď is Ϭ.ϱμŵ ǁhiĐh is single-moded. The width of the MMI ĐaǀitǇ ǁas fiǆed at ϭϬμŵ iŶ ďoth Đases. a) b)

 Figure 3.60: Optimised 1x2 MMI splitter for TM-like ŵode ǁith iŶput/output ǁaǀeguide ǁidth a) Ϯʅŵ aŶd ď) 
Ϭ.ϱʅŵ simulated with RSoft BeamPROP for aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ aŶd MMI Đaǀity ǁidth of ϭϬʅŵ. 

The leŶgth of the MMI ĐaǀitǇ is ϳϭ.Ϯμŵ aŶd ϳϭ.ϰμm for input/output waveguide width 0.5μm and 2μm respectively. From both simulations in figure 3.56 a sharp drop in power over the first 15nm of propagating can be seen and the power continues to fluctuate throughout the input waveguide and the output waveguide. As a result, it is impossible to calculate an accurate insertion loss for this device. The RSoft BeamProp software becomes unreliable when simulating vector TM-like mode propagation in these narrow high index contrast (HIC) structures. The same device was therefore simulated using another commercial software FIMMWAVE [3.11] using the Eigenmode expansion (EME) method as shown in the following subsections.   
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3.4.2.2 Simulation evaluation for MMI with single mode input/output waveguides using FIMMPROP The 1x2 MMIs from subsection 3.4.2.1, ǁith iŶput/output ǁidth of Ϭ.ϱμŵ and 2μŵ were simulated using FIMMPROP as shown in Figure 3.61.  a)b)  Figure 3.61: Optimised 1x2 MMI splitter for TM-like mode with iŶput/output ǁaǀeguide ǁidth a) Ϯʅŵ aŶd ď) 
Ϭ.ϱʅŵ simulated with FIMMPROP for aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ aŶd MMI Đaǀity ǁidth of ϭϬʅŵ. Compared to Figure 3.60 the power in the input and output waveguides are much more stable in Figure 3.61. The optimal length of the MMI cavity is found to be ϲϴμŵ and 69.3μm for input/output waveguide width 0.5μm and 2μm respectively. The optimum length of the MMI cavity obtained from RSoft Beam Prop was 71.2μm and 71.4μm respectively as compared in Table 3.8.  For the same wavelength and refractive indices, the two softwares give an LMMI with 

≈3μm difference. Since RSoft BeamPROP show unstable behaviour for narrow HIC waveguides the results obtained using FIMMPROP are viewed as more credible and therefore the rest of the MMIs presented in this chapter were designed using FIMMPROP.    
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Table 3.8: Comparison of LMMI for input/output waveguide width using RSoft BeamPROP and FIMMPROP for the vector TM-like mode at an operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. Input/output waveguide width 
;μŵͿ WMMI 

;μŵͿ RSoft BeamPROP TM-like mode LMMI ;μŵͿ FIMMWAVE TM-like mode LMMI ;μŵͿ 0.5 10 71.2 68.9 2.0 10 71.4 69.7 The optimum length of the MMI cavity studied in subsection 3.4.2.1 with the larger 
diŵeŶsioŶ ǁas ϴϬϮ.ϲμŵ. BǇ ƌeduĐiŶg the Đoƌe height fƌoŵ Ϭ.ϯϮμŵ to Ϭ.ϮϮμŵ, 

ŶaƌƌoǁiŶg the iŶput/output ǁaǀeguide ǁidth fƌoŵ ϰμŵ to Ϭ.ϱμŵ aŶd ƌeduĐiŶg the pitch fƌoŵ ϭϱμŵ to ϱμŵ the MMI Đaǀity length has been reduced by a factor of 12. Table 3.9 shows the insertion loss and non-uniformity, calculated from simulation results using equations 3.17 and 3.18 respectively, for varying widths of input/output waveguides for a 1x2 MMI. Simulations were undertaken using FIMMPROP for an operating wavelength of 1.5ϱμŵ aŶd WMMI of ϭϬμŵ. Table 3.9: Insertion loss and non-uniformity for 1x2 MMIs for varying input/output waveguide widths for an 
operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ aŶd WMMI of ϭϬʅŵ. Input/output 

ǁidth ;μŵͿ LMMI (μŵͿ Insertion loss (dB) Non-uniformity (dB) 0.5 68.9 3.003 0.000 1.0 68.4 1.275 0.000 1.5 68.0 0.455 0.000 2.0 69.7 0.146 0.000 Table 3.9 shows that as the input/output waveguide width increases the insertion loss decreases significantly. The non-uniformity remains 0dB as the simulated output in each waveguide is the same. From section 3.1.3 the waveguide widths were fixed at 0.5μm for optimum sensitivity whereas from Table 3.9 it is apparent that the width of the input and output waveguides should be 2μm to reduce the insertion loss. To overcome this a taper is introduced as described in the following sections.  
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Table 3.10 shows the insertion loss and non-uniformity calculated for MMI splitters up to 20. The width of the input and output waveguides ǁeƌe fiǆed at Ϭ.ϱμŵ. Insertion loss and non-uniformity were calculated from simulation results using equations 3.17 and 3.18 respectively. All simulations were undertaken for the vector TM-like mode at 
a ǁaǀeleŶgth of ϭ.ϱϱμŵ usiŶg FIMMPROP.  From Table 3.10 it can be seen that the LMMI, insertion loss and non-uniformity increases as the number of outputs, N increases.  Table 3.10: Insertion loss and non-uniformity for single mode waveguide MMI splitters the vector TM-like mode at 

a ǁaǀeleŶgth of ϭ.ϱϱʅŵ. N WMMI (μm) LMMI (μm) Insertion Loss (dB) Non-uniformity (dB) 2 10 68.9 1.35 0 4 20 134.5 1.66 0.01 8 40 268.0 2.30 1.11 12 60 401.8 2.91 1.01 16 80 537.4 2.97 1.70 3.4.4 Tapered MMI In this section techniques to reduce insertion loss observed to occur for narrow input/output waveguide widths in section 3.4.3 by tapering the input and output waveguides are discussed. Tapers are used to couple light into devices with different cross-sections and are also used as spot size converters to couple light in and out of fibres from waveguides as will be described in section 3.5.1. To couple light with high efficiency the taper structure must operate adiabatically where the fundamental mode of the waveguide should propagate through the taper while undergoing relatively little mode conversion to higher-order modes or radiation modes [3.77]. This is achieved by 
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changing the taper cross-section very slowly. The cross-section of the taper can be changed linearly [3.78], exponentially [3.79] or parabolically [3.78]. In this section, linear tapers combined with MMIs are considered. Robert Halir et al. [3.80], D. J. Thompson et al. [3.81] and Zhang Sheng et al. [3.82] have designed 1x2 MMIs with tapered input and output waveguides with insertion losses of 0.1dB, 1dB and 0.039dB respectively; their designs are illustrated in Figure 3.62. Note that these values cannot be directly compared to the MMI splitters designed in this chapter as the structure specifications are not the same but the literature designs provide suggested avenues for further study. a) b)c)  Figure 3.62: Tapered MMI structures designed by a) Robert Halir et al. [3.80], b) D. J. Thompson et al [3.81] and c) Zhang Sheng et al. [3.82].  3.4.4.3 Designing tapered MMI with FIMMWAVE In section 3.4.2.2 it was shown that for an MMI with input and output waveguide 
ǁidth of Ϭ.ϱμŵ the iŶseƌtioŶ loss is 3dB. In an attempt to reduce this loss effect of tapering the input and output waveguides is studied in this section, as illustrated in figure 3.64. The w and taper width, Tw is fixed at 0.5μm and 2μm respectively. The LMMI is optimised for input/output waveguide width of 2μm and a taper of optimum TL is designed separately and then combined to save computational time.  
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TL LMMI WMMI TLTW TWTWw wwz

x
y  Figure 3.63: Illustration of a 1x2 MMI with tapered input and output waveguides. In this section, a linear taper length, TL, of ϱϬμŵ is considered where the taper length is long enough to be adiabatic and the insertion loss caused by the taper is assumed negligible. 3.4.4.2. Simulation evaluation of tapered MMIs with FIMMWAVE In this section 1xN MMIs were simulated for input and output waveguide widths of 

Ϯμŵ ǁithout the taper structure to save computational time. Table 3.11 shows the LMMI, Insertion loss and non-uniformity of MMI splitters with input and output 
ǁaǀeguide ǁidth of Ϯμŵ.  Table 3.11: Insertion loss and non-uniforŵity for MMI splitters ǁith iŶput/output ǁaǀeguide ǁidth of Ϯʅŵ. N WMMI (μm) LMMI (μm) Insertion Loss (dB) Non-uniformity (dB) 2 10 69.7 0.076 0 4 20 136.5 0.19 0.06 8 40 270 0.44 0.44 12 60 405.6 0.57 0.12 From Table 3.11 the LMMI, insertion loss and non-uniformity increases as expected as the number of outputs, N increases. However, the insertion loss and non-uniformity has significantly reduced compared to Table 3.10 where MMIs were designed to have 
iŶput/output ǁaǀeguide of ǁidth Ϭ.ϱμŵ. 
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3.4.5 Y-junction splitters and Directional Couplers (DCs) Directional couplers (DCs) are constructed from two propagating waveguides set close enough together such that energy passing through one is coupled to the other [3.83]. A DC designed to split power equally between two waveguides is called a hybrid coupler. DCs are power dividers and when used in reverse they can be used as power combiners. Cascaded Y-splitters and directional couplers (DCs) can be used instead of MMIs to split light, and a DC can be used to replace the Y-splitters used in the MZI studied in section 3.2.1. In this section, optimum Y-splitters and DCs are designed to suit the design parameters of the MZI and MMIs. In section 3.2.1, Y-junctions for MZIs were designed where the output separation, ʌ was 5,10, 20 and 25μm.  3.1.4.1 Comparing directional couplers to Y-junction splitters In this section, optimum DCs were designed and compared with the equivalent Y-junction splitters in terms of insertion loss and length. Few detailed studies of DC designed with SOI waveguides have been reported in the literature [3.84, 85]. Figure 3.64 shows a DC designed for an SOI waveguide of cross-section 0.3μŵ × 0.3μŵ aŶd aŶ edge to edge ĐoupliŶg distaŶĐe, d, between the coupling (waveguide connected to light source) and isolated waveguides (waveguide not connected to light source) of Ϭ.ϯμŵ aŶd Ϭ.Ϯμŵ.  



Chapter 3: Design 

113  

c) b)a)
d)

Si SiO2cladding
Vector TE-like modeVector TM-like modeCoupled waveguide

Isolated waveguide  Figure 3.64: a) Top view of a directional coupler b) Cross-sectional views of the silicon wire waveguides, c) Vector TM-like mode profiles of directional coupler for d=0.3ʅm and d=0.2ʅm and d) Optical intensity profile for vector TM-like and TE-like modes [3.84]. From Figure 3.64 the coupling length for the vector TM-like mode is about 10μm and 
ϰ.ϵμŵ foƌ d=Ϭ.ϯμŵ aŶd d=Ϭ.Ϯμŵ ƌespeĐtiǀelǇ at aŶ opeƌatioŶal ǁaǀeleŶgth of ϭ.ϱϱμm [3.84].  DCs are sensitive to wavelength and polarization as the coupling length, Lc for complete power transfer is expressed by equation 3.19 [3.85].  

𝐿 = ሺ݊ߨ − ݊ሻ݇                                                ሺ͵.ͳͻሻ where ne and no are the effective refractive indices of the even and odd supermodes supported by the structure and ko is the free space wavevector. 𝐿/ʹ is the length required for a 3dB power splitting as needed for this project.  To suit the design parameters of the biosensor an SOI DC for vector TM-like mode was designed using FIMMWAVE. The SOI waveguide cross-section was kept at 0.5μŵ × 

Ϭ.ϮϮμŵ. Figure 3.65 shows the vector TM-like mode profile and Figure 3.66 shows the 
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optical intensity for a DC of length ϭϬϬϬμŵ aŶd d=Ϭ.Ϯμŵ at an operating wavelength 
of ϭ.ϱϱμŵ. 

 Figure 3.65: FIMMPROP simulation of the vector TM-ŵode profile of a DC of leŶgth ϭϬϬϬʅŵ aŶd d=Ϭ.Ϯʅŵ at aŶ 
operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. 

 Figure 3.66: Optical intensity of principal Ey field for vector TM-like mode directional coupler of length ϭϬϬϬʅŵ 
aŶd gap of Ϭ.Ϯʅŵ at aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. From Figure 3.65 and Figure 3.66, the TM-mode is coupled into the isolated waveguide and once the field is in theory completely transferred to the isolated waveguide the field is then transferred back to the coupling waveguide. This continues to happen if the waveguides are close enough to couple light and no loss occurs.  

Coupling waveguide 
Isolated waveguide 
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For this project, a hybrid DC coupler is sought which can replace the Y-junction designed in section 3.2.1. First the optimum coupling length for equal mode intensity was found as d was varied as shown in Figure 3.67a and the corresponding insertion loss was calculated as shown in Figure 3.67b. a) b)
 Figure 3.67: Vector TM-like mode (Ey) results for DC a) coupling length as d is varied and b) insertion loss as gap is varied for aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. From Figure 3.67a the length increases logarithmically as the edge to edge coupling distance, d, between the coupling and isolated waveguide is increased. Therefore, to obtain a shorter device a smaller d is preferred. From Figure 3.67b the insertion loss reduces to ≈0 dB as d ≥ Ϭ.ϰμŵ. Therefore, d was fixed to 0.45μm and the coupling length was fixed at 12.46μm for the following simulations.  For the DC to be compared to a Y-junction splitter, S-function waveguides were added to the end of the DC as illustrated in Figure 3.68 in order to physically separate the outputs of the DC. Lc/2=12.46μm L=13μm

ʌ=5μmd=0.45μm  Figure 3.68: FIMMPROP CAD layout of a directional coupler with S-function waveguides. 
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The distance between the output waveguides, ʌ in Figure 3.68 was fixed at 5μm. The length of the S-function was calculated by equation 3.6 to maintain a radius of curvature below 15μm.  Once the S-function waveguides are included, 𝐿 ʹ⁄  reduces as light continues to couple to a short distance through the two S-function waveguides as well. Therefore, 𝐿 ʹ⁄  must be optimised again along with the S-function waveguides present. Figure 3.69 shows a FIMMPROP vector TM-like mode simulation of an optimised DC for 
ʌ=ϱμŵ. 

 Figure 3.69: DC coupler designed for the vector TM-like ŵode ǁhere d=Ϭ.ϰϱʅŵ, ĐoupliŶg leŶgth=ϭϭ.ϰʅŵ, ʌ=ϱʅŵ, length of S-fuŶĐtioŶ ǁaǀeguides=ϭϯʅŵ aŶd the operatiŶg ǁaǀeleŶgth=ϭ.ϱϱʅŵ. Figure 3.69 shows a slightly shorter 𝐿 ʹ⁄  of 11.4μŵ ŵakiŶg the total length of the device 24.4μŵ. Table 3.12 compares the Y-junction splitters and Directional coupler splitters in terms of device length, insertion loss and non-uniformity for ʌ=ϱ, ϭϬ, 20 
aŶd Ϯϱμŵ. From Table 3.12 it can be seen that Y-junctions have a shorter length but have a significantly higher insertion loss compared to the DC+S-function waveguides. The non-uniformity remains 0dB for both cases. Considering the higher insertion loss and lower fabrication tolerances of Y-junctions (owing to the sharp splitting), DC+S-function waveguides are better for the replacement of MMIs.    
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Table 3.12: Comparison of Y-junction and DC splitters in terms of length, insertion loss and non-uniformity designed for the vector TM-like ŵode for aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. 
ʌ 
;μŵͿ Length ;μŵͿ Insertion Loss (dB) Non-uniformity (dB) Y-Junction DC+S-function waveguides Y-Junction DC+S-function waveguides Y-Junction DC+S-function waveguides 5 14 24.40 0.26 0.04 0.00 0.00 10 20 29.99 0.31 0.11 0.00 0.00 20 28 37.67 0.44 0.30 0.00 0.00 3.1.4.2 Comparing MMI to cascaded Y-junction splitters In section 3.4.4 MMIs were designed to split light between up to 20 paths to enable parallel sensing which is achieved by connecting a MZI to each output of the MMI. To compare Y-junction splitters to MMIs, they must be cascaded as shown in Figure 3.70.  

TL=50um LMMI=270um WMMI=40umTW=2um w=0.5umz

y

ʌ=5um
ʌ1=5umʌ2=10umʌ3=20umw=0.5umTL=50umw=0.5um

x

L3=28um L2=20um L1=14um
TW=2um  Figure 3.70: Schematic illustration of a 1x8 MMI coupler and a corresponding 1x8 splitter formed from 3 layers of cascaded Y-junction splitters. Figure 3.70 illustrates a tapered 1x8 MMI splitter and three layers of cascaded Y-junction splitters which can split light into 8 outputs. The output waveguides of the MMI and the cascaded Y-junction splitter are 5μm apart. Therefore, the ʌ was fixed at 
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5, 10 and 20μm for the Y-junctions which requires lengths of 20, 30 and 40μm to maintain a radius of curvature below 15μm. Table 3.13 compares the tapered MMI to the cascaded Y-junction splitters in terms of length and insertion loss. Table 3.13: Comparison of tapered 1xN MMI coupler and a corresponding 1xN splitter formed from 3 layers of cascaded Y-junction splitters in terms of length and insertion loss designed for the vector TM-like mode for an 
operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. N Width (μm) MMI + Tapers  Cascaded Y-Junctions Total length (μm) Total insertion loss (dB) Total length (μm) ʌ (μm) Total insertion loss (dB) 2 10 169.7 0.08 14 5 0.26 4 20 236.5 0.19 34 5, 10 0.57 8 40 370.0 0.44 62 5, 10, 20 1.01 From Figure 3.70 and Table 3.13, the total length of the MMI + tapers are multiple times larger than the corresponding cascaded Y-junctions. However, the insertion loss is much smaller for the MMI + tapers compared to the cascaded Y-junctions.  In section 3.1.9, S-function waveguides were designed to connect the outputs of the MMIs to the MZI which must be 127μm apart. The tapered MMI and the S-function waveguides can be compared to a larger cascaded Y-junction splitter as illustrated in Figure 3.71.  



Chapter 3: Design 

119  

T L=50um L MMI=270um
W MMI=40um

z
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ʌ=127um
ʌ1=127umʌ2=254umʌ3=508umT L=50um

x L3=137um L2=97um L1=69um
1016umʌ=178um 1016um  Figure 3.71: Schematic illustration of a 1x8 MMI splitter with S-function waveguides and a corresponding 1x8 splitter formed from 3 layers of cascaded Y-junction splitters. To make the outputs of the cascaded Y-junction splitter ϭϮϳμŵ apaƌt, ʌ was fixed to 127, 254 and 508μm which requires lengths of 100, 140 and 200μm respectively to maintain a radius of curvature less than 15μm. Table 3.14 compares tapered 1xN MMI + S-bends to the equivalent cascaded 1xN Y-junction splitter.   Table 3.14: Comparison of tapered 1xN MMI coupler and S-function waveguides and a corresponding 1xN splitter formed from 3 layers of cascaded Y-junction splitters in terms of length designed for the vector TM-like mode for 

aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. N Width (μm) MMI + Tapers + S bends Cascaded Y-Junctions Total length (μm) Total length (μm) ʌ (μm) 2 254 236.9 69 127 4 508 352.9 166 127, 254 8 1016 548.0 303 127, 254, 508 From Figure 3.71 and Table 3.14, the length of MMI + tapers + S bends are significantly larger than the lengths of the corresponding cascaded Y-junction splitters.  In this sub-section, simulations show that incorporating MMIs will increase the device footprint many times compared to Y-junction splitters and DCs. MMIs have a lower 
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insertion loss compared to Y-junctions splitters but DCs have the lowest insertion loss and the smallest length. Y-junction splitters are prone to fabrication imperfection due to its sharp splitting of waveguides whereas MMIs and DCs do not have sharp edges. Therefore, DCs prove to be a better candidate for the splitting of light to 1 × N outputs as it has the advantage over length, insertion loss and fabrication tolerance.  3.4.4 Adaptable MMI designs for the future In addition to tapered input/output waveguide several techniques have been proposed to improve the performance of MMI devices in terms of coupling and insertion losses, smaller cavity lengths and device sizes, tolerance to operating wavelengths, polarisation and fabrication imperfections.  Some of the techniques used are discussed in this section.  A. Maese-Novo et al. proposed a sub wavelength grating (SWG) structure to increase the bandwidth by almost fivefold [3.69]. SWGs are periodic or aperiodic structures in which diffraction effects are supressed by using a grating pitch substantially smaller than the wavelength.  A 2x2 MMI was presented with a bandwidth of 450nm as shown in Figure 3.72. The SWG calculations were carried out using Floquent-Bloch modes of the periodic structure [3.86] and designed using an in-house 2D simulation tool. 
 Figure 3.72: Schematic of a 2x2 MMI coupler with sub wavelength grating (SWG) structures [3.69]. 
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 Figure 3.73: a) Insertion loss, b) power imbalance (non-uniformity) and c) Phase deviation as a function of wavelength for SWG MMI and conventional MMI for vector TE-like mode [3.69]. It was shown that the MMI bandwidth is solely limited by the wavelength dependence of the beat length, Lʋ (Lʋ=4NLMMI/3) but could be made substantially independent by SWG dispersion on the MMI device for a wavelength range of 1260nm-1675nm as shown in Figure 3.73. The device had calculated insertion loss, power imbalance and MMI phase deviations of less than 1dB, 0.6dB and 3° respectively and the length of the device was reduced to half that of a conventional design. The main restriction for using this novel structure in the present work is the need for the fabrication of the SWG. Similarly the MMI coupler shape can be rectangular or may vary linearly [3.87], exponentially [3.88], parabolically [3.89] or maybe tapered to have a butterfly like structure [3.90] as shown in Figure 3.74 and Figure 3.75 in order, to reduce its length and improve performance. 



Chapter 3: Design 

122  

a) b)
c) d)  Figure 3.74: a) Parabolically tapered 2x2 MMI structure [3.87], b) exponentially tapered 1x2 MMI structure [3.88], c) linearly tapered 2x2 MMI structure [3.87] and d) parabolically tapered 2x2 MMI structure [3.89]. 

 Figure 3.75: ͚Butterfly͛ MMI Đouplers [3.90]. These concepts also provide opportunity for further design outside this project. 
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3.5 COUPLING LIGHT IN AND OUT OF WAVEGUIDES. As introduced previously in section 2.9 light is usually coupled in and out of the waveguide by butt coupling or grating coupling. In this section parameters of tapered couplers for butt coupling are optimised to increase transmission and grating couplers are described. In both cases a tapered fibre with a spot size of 2±0.5um was used to focus the light into the waveguide or grating. 3.5.1 Butt coupling and end fire coupling In this section, a spot size converter is designed to propagate a 2±0.5um diameter light beam at a ǁaǀeleŶgth of ϭ.ϱϱμŵ iŶto a 0.5 × Ϭ.ϮϮμŵ Đross-section SOI waveguide with the help of an SU-8 taper as shown in Figure 3.76. The Ϯμŵ thiĐk SU-8 taper sits on an inverted silicon waveguide taper.  Light in SiO2 lower cladding ȋʹɊmȌSi substrate Si waveguideSi taperSU-8 taper Ͳ.ͷɊm

ʹɊm

Taper length
Ͳ.ͷɊm

Ͳ.ͳɊm  Figure 3.76: Spot size converter with a tapered SU-8 layer on top of an inverted tapered silicon waveguide. Pu et al. [3.91] show that a smaller silicon taper tip width reduces loss; however, it is difficult to fabricate extremely narrow waveguides by etching. Therefore, the silicon taper tip was fixed to 100nm in this project.  The length of the SU-8 taper is twice the length of the inverted silicon taper for simulation convenience at this point. The width and length of the SU-8 taper were varied as shown in Figure 3.77 and Figure 3.78 to obtain maximum transmission. Calculations were performed using FIMMPROP for the vector TM-like mode at an operating wavelength of ϭ.ϱϱμŵ.  
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 Figure 3.77: Spot size converter transmission a function of SU-8 taper leŶgth ǁheŶ taper ǁidth=ϭϬʅŵ for the vector TM-like ŵode at aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. 

 Figure 3.78: Spot size converter transmission a function of initial SU-8 taper ǁidth ǁheŶ taper leŶgth=ϲϬϬʅŵ for the vector TM-like ŵode at aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. 
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From Figure 3.77 and Figure 3.78, to obtain a 97.7% transmission the taper length must be at least 400nm and width of ϭϬμŵ. In this project, the taper length was set 
to ϲϬϬμŵ to alloǁ toleƌaŶĐe ǁheŶ ĐleaǀiŶg as eǆplaiŶed iŶ seĐtioŶ ϰ.ϲ. The tapeƌ 

ǁidth ǁas set to ϭϬμŵ. In Figure 3.79 the TM-like mode optical field is visualised at beginning and end of the SU-8 taper simulated using FIMMWAVE. 
z xy b)a)

 Figure 3.79: The vector TM-like mode (Ey) distribution for spot size converter at a) the beginning and b) the end. In the literature spot size converters have been designed with a rectangular shaped polymer on top of an inverted tapered silicon waveguide. In the literature, the polymer structure is not tapered. The dimensions, insertion loss and experimental coupling efficiency are summarised in Table 3.15 along with the results obtained above for comparison.    Table 3.15: Experimental results for spot size converters from literature and theoretical results from this project  Paper Silicon taper Mode Upper cladding Insertion Loss (dB) Coupling efficiency Height × width (nm) Silicon tip (nm) Length 
;μm) material Height × width 

;μŵͿ [3.92] 220 × 450 75 150 TE polymer 2 × 2 1 - [3.93] 350 × 300 50 60 TE SiO2 1.5 × 5 - 66% [3.91] 250 × 480 40 300 TE SiO2+ Polymer 3.4 ×3.4 

0.66 - TM 0.36 - [3.94] 340 × - 40 200 TE SU-8 3 × 5 - 60% TM - 60% This work 220 × 500 100 600 TM SU-8 2 × tapered from 10 to 0.5 0.10 97.7% 
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From the literature, the lowest insertion loss for the TM-like mode was measured to be 0.36 dB [3.91]. By tapering the SU-8 polymer, the insertion loss can be reduced to 0.1dB and the coupling efficiency can be increased to 97.7%. The fabrication of the SU-8 taper is described in section 4.5 and experimental results are given in Chapter 5. 3.5.2 Grating coupling A brief introduction to grating coupling was given in section 2.9.2. In this section, a few grating couplers from the literature are reviewed.  One-dimensional (1D) grating couplers are polarisation sensitive and operate in the vector TE-like mode [3.95, 96]. To operate in the vector TM-like mode, two-dimensional (2D) gratings are used [3.95, 97].  Once the grating patterns are optimised the coupling efficiency can be considerably improved further by focusing the gratings, apodization, or focused apodization. Frederik Van Laere et al. [3.98] designed and fabricated a focused grating coupler as illustrated in Figure 3.80a for the vector TE-like mode with a theoretical efficiency of 37% foƌ aŶ opeƌatiŶg ǁaǀeleŶgth of ϭ.ϱϱμŵ. ZhejiaŶg UŶiǀeƌsitǇ [3.99] designed a grating coupler with a similar pattern as shown in Figure 3.80b with a coupling loss of 3dB and 4dB for the vector TE-like mode and TM-like modes respectively for an 
opeƌatiŶg ǁaǀeleŶgth of ϭ.ϱϱμŵ which will be used for this project. A grating coupler was not designed due to software and time constraints; instead a grating coupler designed by Zhejiang University was used for this project. 

ϯϱμŵ
ϭϭμŵ

Ϯϰμŵ

a) b)
 Figure 3.80: Focused grating coupler for a) vector TE-like mode [3.98] and b) vector TE-like and TM-like modes for 

aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. 
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Robert Halir et al. [3.100] designed an apodized grating coupler as shown in Figure 3.81a and Zhenzhou Chen et al. [3.101] designed a focused apodized grating coupler as shown in Figure 3.81b. Both grating couplers were designed for the vector TM-like mode with a couplinloss of 3.7dB and 3dB respectively.  
b)z x

a)  Figure 3.81: a) Apodized grating coupler [3.100] and b) focused apodised grating coupler [3.101] for the vector TM-like ŵode at aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ. Grating couplers are inefficient compared to spot size converters due to mode mismatch and they require an additional etch step; but they allow for compact and high-density integration of photonic devices which is important for the commercialisation of the sensor.  In this project, both the spot size coupler shown in Figure 3.76 and the focused grating coupler shown in Figure 3.80b were considered and optically tested as shown in chapter 6.  
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3.6 CHAPTER SUMMARY This chapter introduced Beam propagation method (BPM) and Eigenmode expansion (EME) method for simulating propagation in optical waveguides. Both methods can be used to simulate the structures in the proposed multi-channel biosensing device but as the high index contrast waveguides became narrower, EME proved to give more stable results.  Various commonly used components for optical biosensors mentioned in the literature and illustrated in Figure 3.82 were reviewed in this chapter.  Input Splitter Sensor Output
• MZI
• MZI+Spirals
• MZI+Slots
• PI
• MZI+DCs

• MMI
• Tapered MMI
• Y-junction
• DC

• SU-8 taper
• Grating coupler

• SU-8 taper
• Grating coupler  Figure 3.82: Possible structures considered for the construction of an evanescent wave optical biosensor. Each component was simulated and optimised for maximum sensitivity and minimum loss for a vector TM-like mode. However, the structure with the best simulation result is not always the easiest or cheapest to fabricate. Therefore, considering all advantages and disadvantages each component was carefully selected for the final optical biosensor layouts as shown in Table 3.16.       
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Table 3.16: Summary of components selected for the biosensor at various stages of this project. Device set number Waveguide cross- section width × height 
;μŵ × μŵͿ Input/output method Splitter Bends Sensor 1 4 × 0.32 SU-8 taper + inverted Si taper 1xN MMI S-bends MZI 2 4 × 0.32 SU-8 taper + inverted Si taper 1xN MMI S-bends PI 3 0.8 × 0.25 SU-8 taper + inverted Si taper 1xN MMI S-bends MZI 4 0.5 × 0.22 Grating coupler Cascaded DC S-bends MZI + Spiral 5 0.5 × 0.22 Grating coupler 1xN tapered MMI S-function waveguides MZI + Spiral To begin with, the SOI ridge waveguide height and width were optimised for a fundamental vector TM-like mode for maximum sensitivity given by equation 3.1. The optimum height and width obtained were 0.21μm and 0.25μm respectively for a sensitivity of 0.598. However, SOI wafers with core height of 0.22μm can be purchased off the shelf thereby improving the cost and availability of the initial wafer. Furthermore, using standard wafers and dimensions makes fabrication and integration easier and cheaper. A wavelength width of 0.25μm requires more precise lithography at the fabrication stage and is more vulnerable to fabrication imperfections; therefore the width is increased to 0.5μm in the present realisation.  From section 3.1.4 and Figure 3.5, SOI ridge waveguide of core height of 0.22μm and width of 0.5μm at a ǁaǀeleŶgth of ϭ.ϱϱμŵ opeƌatiŶg ǁith a fuŶdaŵeŶtal ǀeĐtoƌ TM-like mode gives a sensitivity of 0.52 which is only a 13% decrease of sensitivity from the optimum simulation result obtained foƌ a ǁidth of Ϭ.Ϯϱμŵ. Similarly, from section 3.1.4 and Figure 3.5, an SOI ridge waveguide of core height and width of 0.22μm and 0.27μm gives a sensitivity of 0.683 for the vector TE-like mode which is a 31% increase in sensitivity compared to the 0.52 sensitivity of the vector 
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TM-like mode. But fabricating ridge waveguides of width 0.27μm again gives rise to difficulty in fabrication as mentioned earlier and increasing the width to 0.5μm reduces the vector TE-like mode sensitivity drastically to 0.149.  Table 3.17 gives a summary of the various optimum ridge and slot waveguide dimensions discussed in this chapter along with their sensitivity to aid comparison.  Table 3.17: Summary of ridge and SOI waveguide dimensions and sensitivity.  Core height (μm) Core width (μm) Sensitivity Figure Vector TM-like mode (wire) 0.21 0.25 0.598 Figure 3.5 Vector TE-like mode (wire) 0.22 0.27 0.683 Figure 3.5 Vector TM-like mode (wire selected) 0.22 0.5 0.520 Figure 3.5 Vector TM-like mode (slot waveguide) 0.22 0.16 0.581 Figure 3.18 Vector TE-like mode (slot waveguide) 0.22 0.23 0.769 Figure 3.18 In addition to ridge waveguides, slot waveguides were studied in this chapter as they are becoming increasingly popular for optical biosensing applications. As shown in section 3.1.6 and summarised in Table 3.17 using slot waveguides increased sensitivity by 48% and 12% for vector TE-like and TM-like mode respectively. However, to obtain such a high sensitivity the distance between the slots, d, needs to be 0.1μm, with a core height of 0.22μm and width of 0.23μm and 0.16μm for vector TE-like and TM-like modes respectively.  If slot waveguides were to be incorporated in this project then the MZI designs presented in section 3.2.1 indicate that the waveguides would have to be at least 1 mm in length. Fabricating waveguides with a cross-section of 220 × 230 nm and length of 1mm, aŶd iŶĐludiŶg a Ϭ.ϭμŵ slot would be extremely difficult to fabricate. Slot waveguides in ring resonators described in the literature have a footprint of less than 
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a 100μm × ϭϬϬμŵ [3.15, 18] and sometimes much smaller [3.14] and so are relatively easier to fabricate.  However, incorporating long and narrow slot waveguides into the device gives rise to more complications than just the complexity of fabrication. Surface functionalisation is an important aspect to consider for slot waveguides and the antibodies would have to be attached to the inner walls of the slot waveguide which is only 220nm in width with the d between the slots only 100nm. Slot waveguides are generally used in ring resonators for homogenous sensing [3.13, 14, 18, 102, 103] where the change in analyte concentration causes a change in the effective refractive index and not the binding of the antibody. Very few literature papers demonstrate the surface functionalisation of an SOI slot waveguide [3.104]. Chapter 5 will discuss surface functionalisation and its challenges in more detail, surface functionalisation of such a small slot is of left for future work.  Therefore, considering the addition of a strip to slot converter, polarisation of light, surface functionalisation feasibility and complexity of fabrication, this project will not incorporate slot waveguides into the design of the optical biosensor. Section 3.1.7 discusses propagation loss caused by substrate leakage and scattering by sidewall roughness. While sidewall roughness depends on fabrication techniques, substrate loss can be reduced using sufficiently large enough SiO2 insulation layer as the lower cladding. According to the simulations presented in Figure 3.24 a 1um SiO2 layer would give a loss of 0.01dB/cm for vector TE-like mode and a 2μm SiO2 layer would give a loss of 0.26dB/cm for vector TM-like mode. Therefore, a 2μm SiO2 insulation layer is selected for this project.  Curved waveguides are used to make the devices as compact as possible but if the bend radius is too small, light propagating will be subjected to radiation loss. In section 3.1.8 the minimum curvature loss was studied for a fundamental vector TE-like mode; 
at R=ϱμŵ the ďeŶdiŶg loss at a ǁaǀeleŶgth of ϭ.ϱϱμŵ is 0.024dB/cm and 0.142dB/cm for nc=1 and nc=1.33 respectively. For the vector TM-like mode the bend loss is 0dB/cm for nc=1.33 and ďeŶd ƌadius gƌeateƌ thaŶ ϭϭμŵ. The Đuƌǀed ǁaǀeguides iŶ this pƌojeĐt 
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will have a cover index of nc≥1.33 therefore the minimum bend radius was fixed at 
ϭϱμŵ foƌ all ĐoŵpoŶeŶts desigŶed ǁith Đuƌǀed ǁaǀeguides. S-bends and S-function waveguides were designed in section 3.1.9 to connect the outputs of an MMI to the input of a MZI. The designs were optimised for the shortest 
leŶgth ǁhile ŵaiŶtaiŶiŶg the ŵiŶiŵuŵ ƌadius of Đuƌǀatuƌe less thaŶ ϭϱμŵ. This was done using equation 3.6 which has not been reported before.  MZIs were first designed in RSoft BeamPROP using multimoded waveguides of cross-
seĐtioŶ ϰμŵ × 0.ϯϮμŵ ǁhiĐh ǁeƌe theŶ fouŶd to split the fundamental mode asymmetrically. Therefore, it became critical that the waveguides designed in this project operated in a single mode for each polarisation. MZIs with an arm length of 
ϭϬϬϬμŵ ǁeƌe theŶ desigŶed usiŶg FIMMPROP, as shown in section 3.2.1. to increase the length of the arms of the MZI, spiral waveguides were designed in section 3.2.2.  Due to the intrinsic problems related to the MZI principle, a more sensitive MZI is not always the best option. The Δφ caused by the Δnc must be smaller than ʋ and fall on one side of the fringe as illustrated in figure 3.45. Therefore, several MZIs with varying lengths should be fabricated and tested. 
A MZI ǁith aƌŵ leŶgth of ϭϬϬϬμŵ ĐoƌƌespoŶds to a seŶsitiǀitǇ of ϯ.ϭ × 10-7 RIUs and a 
MZI ǁith a spiƌal of leŶgth ϯϭϰϱμŵ ĐoƌƌespoŶds to a seŶsitiǀitǇ of ϵ.ϵ × 10-8 RIUs. Longer spiral lengths would be difficult to fabricate and therefore should be considered when fabrication becomes more achievable. Plasmonic interferometers were designed to give a sensitivity of 250nm/RIU but due to the high insertion loss it cannot be used for parallel detection which is a requirement of this project. However, a test device was fabricated and tested as described in chapters 4 and 6. The light is split for parallel detection using MMIs. Initially MMIs were designed for input/output waveguide cross-seĐtioŶ of ϰμŵ × Ϭ.ϯϮμŵ due to ǁafeƌ aǀailaďilitǇ. MMIs with single mode input/output waveguides with a cross-seĐtioŶ Ϭ.ϱμŵ × 
Ϭ.ϮϮμŵ of ǁeƌe theŶ designed which much shorter in length by a factor of 12. To 
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reduce the insertion loss of these MMIs, a taper was designed for the inputs and outputs. Table 3.18 is a summary of the insertion loss of an MMI with and without tapered input/output waveguides for increasing number of outputs, N. From Table 3.18, it can be seen that the insertion loss is greatly reduced by including a taper to the input/output waveguides of an MMI.  Table 3.18: Summary of insertion loss of non-tapered MMI and tapered MMI for N=2, 4, 8 and 12 at an operating 
ǁaǀeleŶgth of ϭ.ϱϱʅŵ. N Insertion Loss (dB) for an MMI without taper Insertion Loss (dB) of an MMI with taper 2 1.35 0.08 4 1.66 0.19 8 2.30 0.44 12 2.91 0.57 Y-junction splitters and DCs were then designed and compared with MMIs as summarised in Table 3.19 for an output separation, ʌ of ϱμŵ. From Table 3.19 it can be seen that the Y-junction splitters has a much smaller length whereas DC + S bends have the smallest insertion loss. Y-junction splitters are prone to fabrication imperfections due to sharp splitting of waveguide which would give rise to a high non-uniformity. DCs have the lowest insertion loss and requires a fraction of the length taken by a tapered MMI.  Table 3.19: Comparison of length and insertion loss for tapered MMI, Y-junction splitter and DC + S bend with 

output separatiŶg of ϱʅŵ at aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱʅŵ.  Device with two 
outputs ϱμŵ apaƌt LeŶgth ;μŵͿ Insertion Loss (dB) 1×2 tapered MMI 169.70 0.08 Y-junction splitter 14.00 0.26 DC + S bend 29.99 0.04 Finally, a spot size converter was designed to couple light in and out of the silicon waveguide. A Ϯμŵ thiĐk SU-ϴ ǁas tapeƌed fƌoŵ ϭϬμŵ to Ϭ.ϱμŵ iŶ ǁidth ǁhiĐh is 
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placed on an inverted silicon taper. The 220nm thick silicon core is tapered from 100nm to 500nm. The SU-ϴ tapeƌ is ϲϬϬμŵ loŶg aŶd the iŶǀeƌted siliĐoŶ tapeƌ staƌts from the mid-point of the SU-8 taper. The simulated insertion loss is 0.1dB and coupling efficiency is 97.7% for this spot size converter.  Grating couplers were reviewed but not designed due to the limitation in software and time but existing grating couplers are considered as they allow for compact devices.  Based on the simulations performed in this chapter, the ideal evanescent biosensor with the lowest insertion loss, non-uniformity and parallel detection but also compromising against the complexity of fabrication and overall device area, is shown in Table 3.16 device set number 5. Device sets 1-4 listed in Table 3.16, were fabricated as described in Chapter 4 and assessed optically in Chapter 6.    
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Chapter 4 4 FABRICATION In Chapter 3, the design of 5 sets of biosensor devices was discussed as summarised in Table 3.16. In this Chapter, the fabrication of the first 3 sets of biosensor devices are presented. The fabrication of set 4 and 5 is similar to that of set 3.  Although the optimum silicon core height as demonstrated in chapters 2 and 3 is 0.22µm, the first 3 sets of devices fabricated for this project have core heights of 
Ϭ.ϯϮμŵ aŶd Ϭ.Ϯϱμŵ due to wafer availability.  Set 1 and 2, had a silicon core height of 0.32μm and the waveguide width was fixed at 4μm due to fabrication limitations at The University of Nottingham. Narrower waveguides require the use of an electron beam writer in the photolithography stage. Set 3, had a silicon core height of 0.25μm and narrower waveguides of 0.8μm, where the photolithography was done at The University of Southampton. All other fabrication was done in the nanofabrication facility in the School of Physics and Astronomy at The Physics Department of The University of Nottingham, UK.  Set 4 was fabricated in Zhejiang University, China and another set of set 4 was fabricated at Glasgow University. Both sets of devices were fabricated on a wafer of 
Đore height Ϭ.ϮϮμŵ aŶd the ǁaǀeguide ǁidth ǁas fiǆed to Ϭ.ϱμŵ.  In this chapter, the processing techniques used for these devices will be described in some detail.  
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4.1 MASK LAYOUT For the fabrication, a mask containing the designs from chapter 3 was required. For set 3, 4 and 5 where the waveguide photolithography was done using an e-beam, a physical mask was not required as the mask layout was fed directly to the e-beam lithography software. The mask layout was designed on a commercial software, Wavemaker 5.004 BASIC. Figure 4.1 shows one device layout of set 3 as seen on the software interface. The waveguides can be seen in purple where there is one inverted tapered input, a 1x5 multimode interferometer (MMI), five S-bends connecting to five Mach-Zehnders (MZIs) and each MZI ending with an inverted tapered output waveguide. This is layer 1 of set 3. Layer 2 was comprised of the 2μm thick SU-8 input/output taper structures that can be seen in orange colour in Figure 4.1. And finally layer 3, which can be seen in blue in Figure 4.1, are the microfluidic channels which will be surrounded in 50μm thick SU-8. Further structures around the device were added to make aligning the three mask layers during the photolithography stage easier. See appendices E-H for the complete mask layout and description. 

 Figure 4.1: Device layout of a biosensor in set 3 comprised of a tapered input waveguide, 1x5 MMI, MZIs and tapered output waveguides as seen on Wavemaker 5.004 BASIC. 
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The mask layouts designed for sets 1, 2 and 3, were sent in GDS (graphic database system) format to Compugraphics Jena GmbH, Germany to be manufactured into masks as shown in Figure 4.2a and b. The mask was made from 3 x 3 inch glass covered with chrome metal-absorbing film containing the patterns shown in Figure 4.2. See Appendix I for images of all masks manufactured.  
 Figure 4.2: Set 1 Mask a) layer 1 and b) layer 2 (reverse chrome view). 4.2 WAVEGUIDE AND DEVICE FABRICATION The first stage of fabrication was to use a photolithography and etch process to etch down the silicon (Si) to the silicon dioxide (SiO2) insulator layer and obtain the patterns of the devices designed previously on the silicon layer. The two 6-inch Silicon-on-Insulator (SOI) wafers purchased for this experiment had a Si layer of 0.32µm and 0.25µm and SiO2 layer of 2µm on a silicon substrate as shown in Figure 4.3. The 6-inch wafer was first cleaved into samples of manageable size (3cm x 4cm) for fabrication. The first stage of processing was to etch down unmasked regions to the SiO2 layer and this process involved several steps that are described below.  SiSiO2Si SiSiO2Sia) b)2μm 2μm0.32μm 0.25μm  Figure 4.3: Schematic cross-section of SOI wafers with a) silicon core height 0.32μm and b) silicon core height 0.25μm. 

a) b) 
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4.3 SAMPLE CLEANING The sample must be thoroughly cleaned before the process as any dust, dirt or oil particle will affect the Photolithography and hence the etched pattern. A basic solvent cleaning method was utilised to clean the sample.  The sample was immersed in the following list of solvents and each time placed in an ultrasonic bath for 10 minutes at 25°C. The solvents͛ sequence used was ethyl lactate, acetone, methanol and isopropanol. Each time the sample was taken out of a solvent it was dried with nitrogen before placing it in the next solvent except when taken out of acetone as acetone leaves traces when dried. If any contamination was visible on the surface, the cleaning procedure was repeated until the surface was completely cleaned. The sample was then dehydrated in air in an oven at 150°C for 30 minutes to remove any surface moisture retained after cleaning. 4.4 PHOTOLITHOGRAPHY Two types of photolithography were performed. The much wider waveguides of 4um (for set 1 and 2) used a mask aligner with UV light for patterning the designs whereas the narrower waveguides of Ϭ.8μŵ ;for set ϯͿ were made using e-beam lithography where a physical mask is not required.  
 Photolithography using mask aligner at The University of Nottingham This step was done according the standard procedure followed by the School of Physics and Astronomy at The University of Nottingham. Positive resist AZ6612 was spin coated at 4000rpm for 30 seconds to obtain a 1.2µm thick resist layer as shown in Figure 4.4a, and soft baked at 110°C for 50 seconds. The sample was then aligned to the mask shown in Figure 4.2a in a mask aligner (Karl Suss MJB-3) and ultraviolet (UV) light was exposed for 6 seconds at 9mJ/s as illustrated in Figure 4.4b. The exposed sample was developed for 30 seconds using AZ726MIF developer, rinsed with water and dried with nitrogen. Figure 4.4c shows a schematic cross-section of the developed 
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photoresist and Figure 4.5 shows the developed photoresist patterns of a 1x20 MMI splitter with output waveguides as seen through a microscope.  Positive resist layerSiSiO2Sia) Positive maskSiSiO2Si
b) SiSiO2Sic)UV light

 Figure 4.4: Schematic diagram of photolithography process; a) Spin coating positive resist, b) UV exposure through a mask and c) Developed photoresist patterns. 

 Figure 4.5: Developed photoresist patterns of a 1x20 MMI coupler output waveguides (View from microscope x50).  
 Photolithography using e-beam at The University of Southampton This step was done according to the standard procedure in The University of Southampton. The designs for layer 1 of set 3 was changed slightly so that only a 2.5μm area around the waveguide/device was exposed and would be removed by the 

etĐhiŶg proĐess. This is ĐoŵŵoŶlǇ kŶoǁŶ as ͞ treŶĐh etĐhiŶg͟ as shoǁŶ later in Figures 4.8 and 4.9. Etching a trench instead of all of the unwanted silicon layer saves time on the e-beam machine.  
45µm 
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ZEP-520A, a non-chemically amplified high resolution positive resist from Nippon Zeon, was spin coated at 6000 rpm to get a thickness of 265 nm. The sample was then baked at 180 ⁰C on a hot plate for 3 minutes. The samples were then exposed at 250 µC/cm2 using a JEOL JBX 9300FS e-beam lithography tool. The exposed sample was then developed for 90 seconds in n-amyl-acetate and rinsed with isopropyl alcohol.  4.4 PLASMA ETCHING AT THE UNIVERSITY OF NOTTINGHAM Once the photoresist develops nearly perfectly into the required patterns the sample is etched by inductively coupled plasma (ICP) etching. ICP etching is used instead of Reactive ion etch (RIE) to obtain good quality sidewalls and because RIE is not strong enough for this process. A CORIAL 200L plasma etcher was used with SF6 and C2H4 (protects the resist layer) at 800W. The sample was stuck by wax onto a spare silicon wafer and the spare wafer was then glued to the graphite stage of the etcher with a heat transfer grease (FOMBLIM per fluorinated grease from Solvary Solexis) that can withstand high pressure and is chemically unreactive.  This helps the sample stay the same temperature as the graphite stage and failing to include this step will result in cooked resist. The grease was not directly applied to the sample as grease was not easy to remove from the sample compared to wax. A small side build on the resist was observed as shown schematically in Figure 4.6a and was remoǀed ďǇ a ͚DesĐuŵ͛ proĐess ďǇ etĐhiŶg the resist for ϭϮϬ seconds in the ICP. This improved the quality of the etched pattern in the next step. The silicon (0.32μm) was then etched for 110seconds which included an extra 20 seconds to compensate for different etch rates at different points on the sample. This may have resulted in slight etching of SiO2 but would not have affected the function of the product. Then the resist was removed with oxygen plasma for 105 seconds which also included an extra 20 seconds. This left etched silicon patterns on SiO2 as shown in Figures 4.6b and 4.9. 
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SiSiO2SiSiSiO2Sia) b)Side build up removed by ǮDescumǯ process  Figure 4.6: The etch process; a) Etching the side build-up of resist and b) etched waveguide. 
 Figure 4.7: Etched silicon patterns of a 1x20 MMI coupler output waveguides for silicon core height of 0.32μm and 

ǁaǀeguide ǁidth of ϰμŵ (set 1). Photolithography using mask aligner and plasma etching done at The University of Nottingham. (View from microscope x100). 

 Figure 4.8: ESEM image of a 1x3 MMI output with silicon core height 0.25μm aŶd ǁaǀeguide ǁidth of Ϭ.8μŵ (set 3). E-beam lithography done at The University of Southampton and plasma etching done at The University of Nottingham.  

15µm 
2.5μm trenches etched on either side of the waveguide 
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  Figure 4.9: ESEM image of a Y-junction splitter of an MZI with silicon core height 0.25μm and waveguide width of 
Ϭ.8μŵ (set 3). E-beam lithography done at The University of Southampton and plasma etching done at The University of Nottingham.  4.5  SU-8 TAPER FABRICATION SU-8 resist was used to serve two purposes in this project. A 2µm thick tapered SU-8 structure was used to couple light in and out of the sample (see designs in section 3.5.2) and a 50µm thick layer was used to form the microfluidics structure which will be briefly described in section 4.8.  SU-8 has been used as optical waveguides in biosensing applications as it provides good transmission properties and low propagation loss [4.1-3]. The light is coupled into the input waveguide through a tapered fibre with a spot diameter of 2µm. Since the input waveguide has a cross-section of 4µm by 0.32µm the coupling loss from the tapered fibre to the silicon waveguide would be high. To minimise the coupling loss and more effectively couple light into the waveguide and out, a tapered SU-8 structure was used as shown in Figure 4.10.  

2.5μm trenches etched on either side of the waveguide 
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 Figure 4.10: Tapered SU-8 Structure on silicon waveguide of Đore height of Ϭ.ϯϮμŵ aŶd ǁidth of ϰμŵ ;set ϭ aŶd ϮͿ (Mask Layout View). SU-8 is an epoxy-based negative photoresist that contains eight epoxy groups per molecule as illustrated in Figure 4.11, giving the polymer very high functionality. Regions exposed to UV light polymerise resulting in an extremely high crosslink density [4.4] and a high degree of thermal stability.  SU-8 exhibits high biocompatibility and stacking of several layers of SU-8 enables three-dimensional micro-fabrication. Another main reason for using SU-8 is its ability to make irreversible bonds with PDMS by generating amino groups on PDMS [4.5, 6] thus enabling sealing of the microfluidic channels to the waveguides.  

SU-8 taper; 4µm wide from the top and 10µm from the bottom. 600µm long and 2µm high. 
Silicon waveguide 4µm wide 
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 Figure 4.11: SU-8 (glycidyl-ether-bisphenol-A novolac) polymer structure [4.7]. The second stage of fabrication was to fabricate the tapered SU-8 structures on to the input and output waveguides of the etched sample. Commercially available SU-8 2002 from MicroChem Corp was used and the processing guidelines provided by MicroChem [4.8] were slightly altered as described in the next section, to overcome problems with adhesion, cracks forming and uneven edges forming which were all linked to exposure and cooling of the sample. 4.5.1 SU-8 photolithography at The University of Nottingham SU-8 photoresist is a colourless, viscous liquid and the normal process of fabrication is to spin coat, soft bake, expose, post-exposure bake followed by development. However, this process needs to be optimised for specific applications. The photolithography of SU-8 is the same for devices in set 1-3 but different masks are used as the designs differ.  Figure 4.12 shows a sample placed on a spinner where the base of the spinner is covered in foil as the spinning process spreads the excess SU-8 all over the base and removing this viscous liquid can be difficult. 1ml of resist per 25mm of substrate diameter was dispensed on to the surface of the etched sample. To obtain 2µm thick layer the SU-8 had to be spread at 500rpm for 5 seconds and spun at 2000rpm for 30 seconds to get an evenly spread 2μŵ thiĐk SU-8 resist layer as illustrated in Figure 4.13a. The spin speed determined the thickness [4.8]. 
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 Figure 4.12: Sample placed on a spinner for SU-8 spinning. The foil made cleaning easier. The sample was then soft baked at 65°C for 15 minutes and 95°C for 1 minute on two different hotplates. The sample had to be gradually heated and cooled to room temperature to reduce thermal shock which caused the formation of waves on the surface of the resist. Leaving the sample overnight at room temperature helped drive out solvents and reduced the tackiness for the next step which required the sample to come into contact with the mask.  
SiSiO2SiSU-8a) Negative resist layer b) UV light Negative mask

SiSiSiO2SU-8 c) SiO2SiSi4-10µm 2µmSU-8  Figure 4.13: Schematic diagram of SU-8 photolithography process a) 2µm thick SU-8 resist later spin coated, b) UV exposure over negative mask and c) Final structure with SU-8 on silicon illustrated for set 1 and 2. The sample was aligned to the negative mask in the mask aligner. Two different masks were used for sets 1-2 and 3. Aligning the negative mask to the etched waveguides was quite tricky and can take time. It is important that they are perfectly aligned to prevent coupling losses. Figure 4.14a shows an input waveguide not aligned accurately with the SU-8 taper and Figures 4.14b and 4.15 shows the input waveguide well aligned with the SU-8 taper.  
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ϮϬμŵϰϬμŵ  Figure 4.14:  Set 1 input silicon waveguide of an MMI a) Not aligned well with SU-8 taper b) Well aligned with SU-8 taper (view from microscope x20). 

 Figure 4.15: Set 3 ESEM image of an input waveguide perfectly aligned with the SU-8 taper.  Once the sample was perfectly aligned to the negative mask it was then exposed to UV light for 6 seconds at 9mJ/s as illustrated in Figure 4.13b.  Over exposed resists left uneven patterns when developed later as shown in Figure 4.16. Figure 4.16 is a cross on the SU-8 mask (layer 2 of set 1 and 2) to help with the alignment to the fabricated silicon devices.  b) 
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 ϮϬϬμŵ  Figure 4.16: An over exposed and developed uneven SU-8 pattern used for the alignment of layer 2 to layer 1 in set 1. (view from microscope x100). Post-exposure bake (PEB) should take place directly after exposure. The exposed resist cross-linked and hardened during the PEB. The sample was placed on a hotplate at 65°C and the temperature was gradually increased to 95°C during a time span of 20 minutes. The temperature of the hotplate was then gradually ramped down to 40°C in a time span of 4 minutes. The sample was then removed from the hotplate and allowed to cool to room temperature. Failure to gradually heat and cool in this manner, resulted in poor adhesion between the resist and silicon as shown in Figure 4.17a, and crack formation on the resist as shown in Figure 4.17b. 
ϭϬϬϬμŵ

ϮϬϬμŵ  Figure 4.17: a) Poor adhesion between SU-8 and Silicon (View from microscope x20) and b) Cracks formed on SU-8 patterns (View from microscope x100). Once the sample had cooled down to room temperature it was developed by placing it on a beaker with ethylene carbonate solvent for 40 seconds. The unexposed and un-
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cross-linked SU-8 was washed away in this solution. A stirrer can be placed in the beaker to help with this process. The sample was then washed with isopropanol and dried with nitrogen to yield the structure illustrated schematically in Figure 4.13c.   To make the SU-8 mechanically and thermally stable a hard bake was incorporated into the process. The sample was placed in an oven at 60°C and the temperature was gradually ramped up to 175°C during a 35 minute time period and then allowed to cool naturally to room temperature. Figure 4.18 shows an ESEM image of a final SU-8 taper structure before the cleaving stage. 
 Figure 4.18: ESEM of a well cured SU-8 taper structure from set 2 ready for cleaving.     
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4.6 CLEAVING After fabrication, the samples had to be cleaved perpendicular to the SU-8 tapers to obtain good quality end facets. The samples were cleaved with the help of a simple manual diamond scriber. First a layer of positive resist was spin coated and soft baked for 30 seconds at 110°C in order to protect the device features. Two lines were scribed on either side of the tapered waveguide on a manual diamond scriber and then placed on a rubber mat with the sample features facing down. A small pressure was applied with a diamond pen just enough to crack the wafer. The wafer did not always crack on the scribed line, as shown in Figure 4.19a, if the sample was not perpendicular to the natural cleavage directions of the wafer. It was important to leave tolerance space for this.  Once the sample was cleaved the positive resist was washed off with acetone, isopropanol and dried with nitrogen gas. Figure 4.19b b shows an SEM image of the cleaved facet of an SU-8 tapered waveguide under high magnification. We can see that the cleaved facet is smooth. A smooth facet is needed to minimise light scatter and maximise the coupling efficiency.  
 Figure 4.19: a) Wafer not cleaved through the SU-8 taper and b) wafer cleaved through the SU-8 taper  (view from ESEM).   
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4.7 FABRICATION OF PLASMONIC INTERFEROMETER (PI) - SET 2 Section 3.3 discussed the theory and design of plasmonic waveguides. The waveguides designed for set 1 with a siliĐoŶ Đore height Ϭ.ϯϮμŵ aŶd ǁidth of ϰμŵ ǁere used for the fabrication of the plasmonic waveguides as described below. The complete fabrication was done at the School of Physics and Astronomy of The University of Nottingham, UK. 4.7.1 Waveguide fabrication The wafer was thoroughly cleaned by sonicating in solvents as described in section 4.3, then dried with nitrogen and dehydrated at 150°C for 30 minutes. The photolithography was done as described in section 4.3.1 The positive resist AZ6612 was spin coated at 4000rpm for 30 seconds to obtain a 1.2µm thick resist layer and soft baked at 110°C for 50 seconds. The resist was then patterned by exposing UV light for 6 seconds at 9mJ/s in a mask aligner (Karl Suss MJB-3). The exposed sample was developed for 30 seconds using AZ726MIF developer, rinsed with water and dried with nitrogen.  The waveguide etching was performed as described in section 4.4 to give a waveguide schematically illustrated in Figure 4.20. The ͚desĐuŵ͛ forŵed ďǇ the resist was first etched for 120 seconds and the silcon was etched for 110 seconds by inductively coupled plasma (ICP) etching using a CORIAL 200L plasma etcher with SF6 and C2H4 at 800W and finally the resist was removed with oxygen plasma for 105 seconds. In both processes the etching time included an extra 20 seconds to compensate for different etch rates at different point of the sample. This may result in etching in to the oxide layer slightly, but this will not affect the function of the product.    
2µm Si SubstrateSiO24µmzxy Si0.32µm  Figure 4.20: Schematic illustration of the fabricated waveguide used for the plasmonic interferometer. 
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4.7.2 Embedding a thin gold layer The plasmonic interferometer was formed in pre-defined SOI waveguides 0.32µm x 4µm fabricated as explained above.  Negative resist AZ5214E was spin coated at 4000rmp for 30 seconds and soft baked for 3 minutes at 90°C in a hotplate. The resist was then patterned by exposing UV light for 2 seconds at 9mJ/s in the same mask aligner.  Post exposure bake was done at 120°C in a hotplate for 30 minutes. A flood exposure (UV exposure with no mask) was done for 20 seconds at 9mJ/s. The sample was then developed in AZ712MIF developer for 19 seconds, rinsed with water and dried with nitrogen. The sample was etched by the same process as described above in section 4.7.1, for 54 seconds to obtain an etch depth of 230nm to get a structure illustrated in Figure 4.21a. The next step was to deposit gold but, in order to improve adhesion between gold and silicon, a 5nm layer of titanium was deposited by thermal evaporation using an EDWARD Auto 306 Thermal Evaporator at 24 Amps and deposition rate of 0.3nm/s. Then 225nm of gold was deposited via thermal evaporation at 40 Amps and deposition rate of 0.37nm/s.  The sample was developed with dimethyl sulfoxide (DMSO) at 80°C for 30 minutes and then at 55°C for 3 hours. Once the sample was developed it was rinsed with water and dried with nitrogen to get a PI illustrated in Figure 4.21b. Figure 4.22 shows two completed plasmonic interferometers with different gold lengths. See section 6.2 for optical results of the PIs.   
Si SubstrateSiO2Si SiGoldSi SubstrateSiO22µm 4µm0.32µmx zy Si SiEtched by 0.23µm

b)a)  Figure 4.21: aͿ A ǁiŶdoǁ oŶ the siliĐoŶ ǁaǀeguide etĐhed doǁŶ ďy Ϭ.Ϯϯμŵ aŶd ďͿ a gold layer therŵally evaporated on to the etched window. 
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 Figure 4.22: Completed plasmonic interferometer   (x50 view from microscope). 4.8  POLYDIMETHYLSILOXANE (PDMS) BONDING TO SU-8 In section 2.6, a brief introduction to microfluidics was given. In this project, the microfluidic channels were faďriĐated iŶ ϱϬμŵ thiĐk SU-8 and sealed by a polydimethylsiloxane (PDMS) layer as shown in Figure 4.23. Fluidic port
SU-8 50µmSU-8 50µm Microfluidic channelPDMS

Si core SiO2 lower cladding ȋ2μmȌSi substrate Si core  Figure 4.23: Schematic cross-section of a completed device with microfluidic channel and fluidic port. 

25μm 6μm 
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SU-8 is normally used as the master for creating patterns on the PDMS layer as the cured layer of PDMS can be easily peeled off the SU-8 surface. Plasma treating the PDMS alters the surface chemistry of the PDMS allowing the formation for irreversible bonds between the PDMS and SU-8.  4.8.1 Polydimethylsiloxane (PDMS) Early microfluidic devices used silicon and glass [4.9] but these were expensive, complex and required specialised fabricating facilities. On the other hand polymers are cheaper and channels can be formed by moulding or embossing rather than etching [4.10]. Cheaper devices make single use devices cost effectively; single use eliminates the potential for contamination between analyses. PDMS is a silicon based organic polymer illustrated in Figure 4.24 and has been one of the most widely used polymers for microfluidics [4.10]. It is a transparent, nontoxic soft polymer with low permeability to water, low electrical conductivity, and flexible surface chemistry [4.11]. PDMS makes integrating components easier, allows multi-layer microfluidic systems to be fabricated and most importantly it can have features with 0.1µm fidelity [4.10].  
 Figure 4.24: Chemical Structure of PDMS. Although PDMS is compatible with micrometre scale features, only a thin sheet of PDMS is required to seal and connect fluidic ports to the microfluidic channels made by SU-8.   
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4.8.2 Preparing the PDMS 
PDMS ǁas prepared aĐĐordiŶg to the ͚MiĐrofluidiĐ DeǀiĐe FaďriĐatioŶ ProtoĐol͛ ;See Appendix J) in the School of Life Sciences at The University of Nottingham, UK. PDMS consists of two compounds, a Base and a Curing Agent (Sylgard 184 purchased from Dow Corning) which were mixed thoroughly in the ratio 10:1 respectively by weight. The quantity depended on the size and thickness of the layer required. The resulting mixture consisted of trapped air bubbles and therefore needs to be degassed. The PDMS was then poured in to a petri dish and cured in an oven at 60°C for 3 hours. Microfluidic devices on the PDMS are made by pouring the PDMS over a patterned silicon wafer (master) before curing. However, this project only required a uniform layer of PDMS (as schematically illustrated in Figure 4.23) and therefore the mixture was poured into a petri dish and cured.  The required size of cured PDMS was cut out from the petri dish using a scalpel. Fluidic ports were created by punching holes on the PDMS from the channel side with a Biopsy punch. This was done under a dissection microscope. Distilled water was driven through the port to remove any debris and dried with nitrogen. Scotch tape was applied and removed three times on the bonding side to clean the surface.  4.8.3 Preparing the SU-8 2050 As can be observed from Figure 4.23 The microfluidic channel itself was not made of PDMS, as aligning it to the densely-packed sensor can be difficult. So, a second layer of 50µm thick SU-8 was spin coated on the waveguide device to form the microfluidic channel, as microstructures fabricated from SU-8 have good mechanical properties, thermal stability, chemically stable which makes it ideal for microfluidic and bioMEMS (Micro Electro Mechanical Systems) applications. SU-8 is also highly hydrophobic and has a low surface energy, but this would not have been a problem as active pumping was to have been used. However, a wet chemical or oxygen plasma can make the SU-8 surface hydrophilic and increase surface energy. A uniform PDMS layer containing 
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fluidic ports was used to seal the top of the channels and hold fluidic ports (Figure 4.26). This concept was previously developed in [4.12]. Commercially available SU-8 2050 from Microchem Corp was used which is more viscous than the SU-8 2002 which was used for the fabrication of the taper structures, as described in section 4.5. The standard operating protocol provided by the company [4.13] was followed with some changes to the pre- and post-exposure bake times to prevent adhesion problems and the formation of cracks on SU-8. This processing was done in a clean room in the School of Physics and Astronomy at The University of Nottingham, UK, on the waveguide samples fabricated.  3ml of resist per 25mm of substrate diameter was dispensed on to the surface of the wafer for spin coating. This was spread at 500rpm for 5 seconds and spun at 3000rpm for 30 seconds on the biosensor device to obtain a 50µm thick resist layer. During this process, an edge build-up sometimes occured and this was removed with a cotton bud to so that the mask could be placed into close contact with the wafer after the soft bake.  The sample was then Soft Baked (Pre-Exposure Bake) at 65°C for 6 minutes on a pre-heated hotplate and immediately transferred to another hot plate pre-heated to 95°C for 12 minutes. The wafer was removed and allowed to cool naturally from room temperature, avoiding thermal shock. This step eliminates solvents from the photoresist. As SU-8 is tacky it was found helpful to leave the samples overnight before the exposure to reduce the chances of the sample sticking to the mask.   The sample was then carefully aligned to the mask on the MJB-3 mask aligner and exposed to UV light for 16.6 seconds at 9mJ/s and baked. The Post-Exposure Bake was the same as the Soft Bake described above. The exposed photoresist cross-linked and hardened during the Post Exposure Bake.  The unexposed resist was removed or developed with ethyl lactate on a spin coater. Enough ethyl lactate was pipetted onto the wafer to cover the photoresist and the whole sample spun at 2000rpm for 2 minutes. This was repeated 2-4 times until all 
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the unexposed resist was removed. Then the wafer was covered with isopropanol and spun at 2000rpm for 2 minutes in order to wash away any remaining rest or ethyl lactate. The sample was not Hard Baked in order to leave some free bonds on the surface for bonding with PDMS. The sample was then dried in a vacuum oven at room temperature for 5 hours to draw the solvents out. 4.8.4 Bonding PDMS to SU-8 In general, polymer substrates must be bonded to seal microfluidic channels and the adhesion between the substrates with adhesives maybe a problem as the adhesive may flow into the channels and deteriorate the performance of the device. A method to permanently bond PDMS to SU-8 without conventional adhesives was reported in [4.5, 6]. The method is based on nitrogen plasma treating the surface of PDMS to introduce amino groups that react and form covalent bonds with the residual epoxy groups on the surface of SU-8. Figure 4.25 schematically presents the process for sealing SU-8 channels using PDMS and Figure 4.26 shows the chemical bonding achieved between the PDMS and SU-8 layer [4.6]. 

 Figure 4.25: Process for sealing SU-8 channels using PDMS [4.6]. 
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 Figure 4.26: Chemical bonding achieved between PDMS and SU-8 [4.6]. Unfortunately in the present work, the exact experimental procedure presented in [4.6] did not form irreversible bonding between the SU-8 and PDMS. So, the experimental procedure had to be changed slightly until a procedure that worked was found. The following experiment was done in the School of Life Sciences at The University of Nottingham, UK. A piece of PDMS including the microfluidic ports was cut and placed in a Plasma oven with the bonding side face up. The power of the oven was set to 45W and a vacuum applied. The chamber was degassed to the lowest pressure and nitrogen gas was purged into the chamber to maximum pressure. This step was repeated twice more to ensure the chamber consisted mostly of nitrogen and very little oxygen. The plasma was ignited for 1.5 minutes at 0.28mbar pressure. The vacuum pump was turned off and the ventilator turned on. The PDMS was taken out and place on top of the SU-8 as soon as possible and incubated at 100°C for 30 minutes in an oven to make the bonds stronger. To assess the strength of the irreversible bond a pressure of up to 3 Bar (300kPa) was applied through the fluidic port and the bond did not give away.  3 Bars is the maximum pressure the fluidic port tubing can withstand which means that the sealed channels can nominally hold a larger fluidic pressure than the rest of the microfluidic device connectors.    
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4.9 CHAPTER SUMMARY Processing techniques for device fabrication for device sets 1, 2 and 3 have been presented in this chapter. The photolithography for sets 1 and 2 was done using a mask aligner at The University of Nottingham, UK, whereas the photolithography for set 2 was done using an e-beam at the University of Southampton, UK. The rest of the fabrication was done at the University of Nottingham, UK. The devices in all three sets were etched using a plasma etcher, and photolithography using a mask aligner was used to fabricate the SU-tapers. The plasmonic interferometers in set 2 were fabricated ďǇ etĐhiŶg doǁŶ Ϭ.Ϯϯμŵ of the waveguide using a plasma etcher and then thermally evaporating platinum and gold on to the etched area of the waveguide. Platinum was used to improve adhesion between the gold layer and the silicon waveguide.  Finally, miĐrofluidiĐ ĐhaŶŶels ǁere faďriĐated ǁith ϱϬμŵ thiĐk SU-8 and sealed with a uniform layer of PDMS. The PDMS was bonded covalently to the SU-8 using a nitrogen plasma. The devices were then cleaved to enable input/output coupling of light. These fabricated devices were then tested and characterised as will be described in Chapter 6.  
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Chapter 5 5 BIORECEPTORS As explained in Chapter 1, a biosensor is made of a bioreceptor and a transducer. The design, fabrication and testing of the transducer component of the biosensor has been discussed in chapters 2-4. The transducer is just sensitive to environmental refractive index changes until a selective bioreceptor layer is added to the surface of the transducer. This chapter will discuss the possible bioreceptor layers that can be used for this project and some preliminary results of surface functionalisation experiments are presented.  The bioreceptor layer is the surface onto which the analyte is inserted, which can be an Enzyme, Antibody, Nucleic Acid, Tissue, Microbial or Polysaccharides [5.1]. In this case the bioreceptor layer consisted of antibodies that were specific to the binding of the target molecule/antigen. They provided a specific, sensitive response to the analyte of interest. Biosensors based on this transducer technology are known as an immunosensor [5.1, 2].  Immunosensors detect an antigen-antibody reaction directly or indirectly. Direct immunosensors, or homogenous immunoassay, detect the binding in the form of a change in electric potential, current, conductance, impedance, intensity and phase change of electromagnetic (EM) radiation, mass, temperature or viscosity. An indirect immunosensor or heterogeneous immunoassay uses separate labelled species such as a fluorescence or luminescence which are detected after the antigen-antibody binding [5.2]. This project focuses on direct immunosensors, homogenous immunoassay or henceforth referred to in this report as label-free detection for reasons described in the following section.  
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5.1 LABEL-FREE DETECTION Generally, there are two protocols that can be implemented in optical biosensing; label based detection and label free-detection [5.2-4].  The early development of optical fibres based biosensors relied on methods of enhancing the signal by labelling the target molecule with an enzyme, fluorescent tags, radioisotopes etc. Fluorescence based detection uses a method of labelling the target molecules with fluorescent tags, which emit light (photons) at a particular wavelength when illuminated with a laser at the excitation wavelength. The intensity of the fluorescence increases with the analyte concentration and is extremely sensitive - with the detection limit down to a single molecule [5.5]. However, fluorescence based detection involves a laborious process of labelling the target molecule which can interfere with the function of the molecule [5.6], generally resulting in the death of specimens [5.7], and real time measurements cannot be obtained. Quantitative analysis and kinetic analysis is challenging as the number of tags cannot be precisely controlled. Multiple detections require multiple labels and additional reagents at an additional cost. Labels are prone to quenching and photobleaching which reduce 
effiĐieŶĐy. RadioaĐtiǀe laďels ƌeƋuiƌe ͞hot laďs͟ aŶd ĐoŶtaŵiŶated ƌeageŶts aŶd labware must be properly disposed of [5.7].   Advances in optical transducers have led to increased sensitivities that allow direct measurements of the bonding between the target molecule and bioreceptors. In particular, label free optical detection has received a lot of interest [5.2-4]. In label-free detection, target molecules are not labelled or altered and are detected in their natural forms [5.6]. Label free detection is relatively less expensive and allows for quantitative and kinetic measurements of molecular interaction. The sensitivity is dependent on concentration or surface density and not on the total number of target molecules in the analyte [5.6]. Reagent use is maximized because of the reversibility of the antibody-antigen reaction thereby facilitating the regeneration of the immobilized component [5.2]. The most important advantage is probably the ability to make real time measurements.  
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5.2 SURFACE FUNCTIONALISATION The aim of the work described in this chapter is to attach or immobilize an antibody on to the surface of the silicon waveguide at the sensing window as shown in Figure 5.1a. This is done by surface functionalization or chemical modification of the silicon surface which introduces chemical functional groups to the surface that form covalent bonds with the antibody [5.8]. In other words, it is a chemical linker between the sensor and the antibody as shown in Figure 5.1b. SiSiO2Sia) b)Y

Surface functionalisationSiSiSiO2YAntibody Antibody
 Figure 5.1: Illustration of a cross-section of a silicon waveguide with an a) Anti body attached to silicon waveguide directly and b) Antibody attached to silicon via a chemical linker Surface functionalization of silicon is a well-researched and documented area and the most common form of silicon modification is accomplished by passivating the native oxide layer or a hydrogen-terminated silicon surface as explained in more detail in the following sections.  Silicon (100) is the most commonly used silicon crystal orientation for commercial microelectronic devices and is also what is used in this project. The surface of silicon is terminated with hydrogen bonds, as illustrated in Figure 5.2a, which are vulnerable to oxidization in air and form a native oxide layer approximately 5nm thick which characteristically possesses silanol (Si-OH) groups as illustrated in Figure 5.2b.  
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SiSiO2Sia) b)H Native oxide layerSiSiSiO2OH  Figure 5.2: Illustration of a cross-section of a silicon ridge waveguide with an a) H-terminated and b) OH-terminated surface. An H-terminated surface can be changed to an OH-terminated surface thermally or through ozonolysis [5.9] or by leaving it exposed to air over time[5.10]. To increase the OH bonds on the surface a hydroxylation procedure can be performed as explained in section 5.2.3. Similarly, an OH-terminated surface can be converted to an H-terminated surface using a piranha etch as explained in section 5.2.2.  The surface functionalization therefore would depend on the surface terminations of the waveguide. Figure 5.3 lists some common methods used for surface functionalization of silicon wires depending on their surface termination.  

 Figure 5.3: Methods of surface functionalization of silicon waveguides [5.11]. 

Surface functionalisation of silicon wires Modification of native oxideSilanisationReaction with organophosphonates
Modification of hydrogen terminated siliconHydrosilylationHalogenation/alkylation
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Most of the literature available on the surface functionalization of silicon is actually carried out on the native oxide layer or on a ͞ĐleaŶ͟ siliĐoŶ suƌfaĐe.  For this project, hydrosilylation, and silanisation, was undertaken on H-terminated, and OH-terminated, silicon (100), respectively. Then amino terminated monolayers were attached to these surfaces. A fluorescent tag was then attached to the amine to image and assess the surface modification and selectivity.  Fluorescein isothiocyanate (FITC) as illustrated in Figure 5.4 is the fluorescent tag used as the isothiocynate group is reactive towards nucleophiles such as amine or thiol groups [5.8, 12]. FITC emits green light at a wavelength of 520nm when excited by blue light at a wavelength of 495nm. This emission is imaged using a microscope and filters.  
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S  Figure 5.4: Chemical structure of a fluorescein isothiocyanate (FITC) molecule. The following experiments were conducted in the School of Life Sciences and the School of Chemistry at the University of Nottingham, UK.      
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5.3 SURFACE FUNCTIONALISATION BY HYDROSILYLATION In this section, a method of surface functionalisation of a silicon surface is described by hydrosilylation followed by the attachment of an amine functional group. FITC was then attached to the amine in order to image the surface modification through a microscope. Finally, some preliminary experiments and results are presented. 5.3.1 Surface passivation of H-terminated silicon  Surface functionalization of H-terminated silicon is preferred and the oxide layer presents an additional insulation layer between the waveguide and the antibody-antigen reaction. Since the silicon waveguide is covered in a native oxide layer, the surface functionalization starts with the wet chemical etching of the oxide layer which also forms an H-terminated silicon surface. This hydrosilylation was achieved by dipping the silicon (100) wafer into a solution of 2% hydrofluoric (HF) acid ;ϮϬϬμl 
;μdŵ3) of HF mixed in 10ml of distilled water) for 10 minutes at ambient temperature, yielding a silicon (100) dihydride surface [5.13-16]. The freshly etched silicon H-terminated surfaces are chemically homogenous (>99% H-termination) as illustrated in Figure 5.5 [5.13]  Figure 5.5: Chemical structure of Dyhydride terminated flat Si(100) [5.13]. Similarly, a silicon (111) surface can be H-terminated by dipping the wafer into 40% aqueous ammonium fluoride yielding a monohydride silicon (111) surface [5.13, 17, 18] as illustrated in Figure 5.6.   Figure 5.6: Chemical structure of Monohydride terminated flat Si(111) [5.13]. 
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The H-terminated surface can be handled in air for tens of minutes before rapid oxidation to silicon dioxide takes place [5.13, 16]. Therefore, the next step was conducted immediately after the hydrosilylation step.  5.3.2 Amino termination on H-terminated silicon surface Several different methods for the preparation of amino-functionalized surfaces have been investigated experimentally in the literature [5.18, 19].  In this project 10-N-boc-amino-dec-1-ene was used to form NH2-terminated monolayers. The amine functional handle of this alkene chain is protected with t-butyoxycarbonyl (t-BOC) group because the amine can potentially react with the bare silicon surface [5.14]. Each process step was conducted at ambient temperature. Immediately after the hydrosilylation, 100μl ;μdŵ3) of 10-N-boc-amino-dec-1-ene was pipetted on to the silicon sample covering the entire surface (10mm x 10mm) and illuminated with 254nm ultraviolet (UV) light for 2 hours at 2mW/cm2 under a nitrogen atmosphere. Deprotection was achieved by treating the surface with 25% trifluoroacetic acid (TFA) in water for 1 hour followed by a 5 minutes rinse in 10% NH4OH.  The fluorescein isothiocynate (FITC) label, which was the fluorescent tag, was diluted with phosphate buffer solution (PBS) to a 1:1000 weight ratio and injected on to the sample and left for an hour at room temperature. The sample was then washed with PBS and dried with nitrogen.  This method is illustrated in Figure 5.7. 
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 Figure 5.7: Illustration of amino termination of an H-terminated silicon ridge waveguide followed by the attachment of FITC fluorescent tag.    



Chapter 5: Bioreceptors 

176  

5.3.3 Experiment 1 This experiment was done at the School of Chemistry at the University of Nottingham, UK. 1. ϮϬϬμl ;μdŵ3) of HF was measured using a plastic pipette and placed on plastic beaker with 10ml of distilled water. Partially etched Silicon-on-Insulator (SOI) samples were dipped in the HF for 10 mins at ambient temperature and then washed in water and dried with nitrogen.  2. ϭϬϬμŵ of 10-N-boc-amino-dec-1-ene was measured using a pipette and dropped on each of samples to completely cover the surface. The samples were then left under a 254nm ultraviolet (UV) light and nitrogen gas at ambient temperature for 12.6 minutes for reasons shown below.  A 125W mercury lamp (purchased from Photochemical Reactors Ltd.) emits 254nm UV radiation at 7×1018 photons/s and has a discharge length and diameter of 30mm and 15mm respectively. In [5.19] the sample was exposed to the UV light for 2 hours at an intensity of 2mW/cm2 whereas [5.18] exposed the sample to the UV light for 2 hours at an intensity of 0.35mW/cm2 under dry nitrogen gas. The intensity of the UV lamp used for this project was calculated as: 
𝐸݊𝑒ݎ𝑔𝑦 = ℎ𝑐𝜆 = . × ͳͲ−ଷସ × ͵ × ͳͲ଼ʹͷͶ × ͳͲ−ଽ = .9 × ͳͲ−ଵଽܬ                      ሺͷ.ͳሻ where h is the Planchk’s ĐoŶstaŶt, c is speed of light in a vacuum and v is the wavelength.  

𝑃𝑤𝑒ݎ = 𝐸݊𝑒ݎ𝑔𝑦 × 𝑃ℎݏݏ݊ݐ = .9 × ͳͲ−ଵଽ ×  × ͳͲଵ଼ = ͷ.Ͷ𝑊             ሺͷ.ʹሻ 
𝑦ݐ𝑖ݏ𝑒݊ݐ݊ܫ = 𝑃𝑤𝑒ݎ𝐴ݎ𝑒𝑎ሺʹ𝜋ݎ𝐿ሻ = ͷ.Ͷʹ𝜋 × ͳͷ × ͵Ͳ = ͳ9݉𝑊𝑐݉ଶ                           ሺͷ.͵ሻ To obtain the equivalent energy of 2mW/cm2 for 2 hours the sample should be irradiated for 12.6 minutes at 19mW/cm2.  
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3. The samples were theŶ left iŶ a ďeakeƌ ǁith ϱϬϬμl of TFA (purchased from Halocarbon) diluted in 1.5ml of dichloromethane (≥99.8%, purchased from Sigma-Aldrich) for deprotection of the t-BOC group.  4. Samples were rinsed with NH4OH (35%, purchased from Fisher Scientific) diluted with distilled water to 10% NH4OH, followed by PBS. 5. Finally, the samples were immersed in a 1:1000 ratio of FITC (>97.5% purchased from Sigma-Aldrich) to PBS solution for an hour, rinsed with PBS and dried with nitrogen gas.  The results were observed at the School of Mechanical, Materials and Manufacturing Engineering at the University of Nottingham, UK. An ECLIPSE LV100ND Microscope system with a DS-Fi2 camera was used to view the samples in this Chapter. The incident light source used was a Blue LED with a peak of 490nm (M490L2 purchased from Thorlabs). Note that instead of using a filter the microscope software was used to cut out all light except for green light. Therefore, even without the FITC label present the images obtained will look green as it can be seen in the control sample in Figure 5.8a.  a)b) c)Silicon Silicon dioxide
Silicon SiliconSilicon dioxide1mm

1mm 1mm  Figure 5.8: Images of silicon and silicon dioxide SOI samples excited by a blue LED and imaged through a camera with red and blue light cut off: a) Silicon and silicon dioxide control sample with no UV irradiation (x10 microscopic view); b) silicon sample with 12.6 minutes of UV irradiation at 19mW/cm2 (x10 microscopic view) and c) silicon with silicon dioxide sample with 12.6 minutes of UV irradiation at 19mW/cm2 (x5 microscopic view). 
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Figure 5.8a is a control sample where the top half of the wafer was etched down to the silicon dioxide layer of the SOI wafer. Step 2 of amino attachment was not done on the control sample. The reflections from the silicon and silicon dioxide layer gives two different shades of green when the blue and red light is cut off from the microscope making it difficult to judge from the images if the light is from the reflection of the surface or the fluorescent tag. Figure 5.8b is the silicon surface of the SOI sample and Figure 5.8c shows silicon and silicon dioxide where some patterns were etched down to the silicon dioxide surface of an SOI sample. From Figure 5.8b and c a non-uniform layer of bright spots, which could have been the fluorescent tag, FITC can be seen. From Figure 5.8c a clear affinity towards the silicon surface can be seen. Note that all three samples were dipped in HF for 10 minutes which etched away the native oxide layer formed on the silicon surfaces. Therefore, from Figures 5.8b and c it appears that a non-uniform surface functionalization has occurred on the silicon surface of the SOI samples. 5.3.4 Experiment 2 
SiliĐoŶ ƌidge ǁaǀeguides desigŶed iŶ seĐtioŶ ϯ.ϭ.ϰ haǀe a ǁidth of Ϭ.ϱμŵ aŶd ĐaŶ extend in length to a few millimetres as shown in section 3.2.1. It is important to obtain a uniformly functionalized surface in order to make sure the narrow waveguides are functionalized suitably. Therefore, in this section experiment 1 was repeated to study the effect of UV exposure time, where two more samples were irradiated with UV light at the same intensity of 19mW/cm2 for 20 and 40 minutes. Figure 5.9 shows the corresponding images observed under illumination from the blue LED.  
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a)b) c)SiliconSilicon dioxideSilicon SiliconSilicon dioxideSilicon dioxide1mm 1mm
1mm

 Figure 5.9: Images of silicon and silicon dioxide SOI samples excited by a blue LED and imaged through a camera with red and blue light cut off: a) control sample with no UV irradiation; b) 20 minutes of UV light irradiation at 19mW/cm2 and c )40 minutes of UV light irradiation at 19mW/cm2. (x10 microscopic view). Figure 5.9a is a control sample with a silicon and a silicon dioxide surface where step 2 of amino attachment under the UV light was not done, similar to the sample in Figure 5.8a. From Figure 5.9b it is seen that a larger surface area of silicon is covered in FITC compared to Figure 5.8b. From Figure 5.9c an increase in FITC presence in the silicon dioxide surface can be seen. Therefore, it is concluded that increasing the UV light exposure time increases the area of surface functionalization and further increasing the time allows the surface modification of silicon dioxide surface.  5.3.5 Experiment 3 From experiment 1 and 2 a uniform surface functionalisation had not been achieved. Therefore Experiment 1 was repeated again by replacing the mercury UV lamp with a XL-1000 Microprocessor-controlled UV crosslinker (purchased from Spectroline). This experiment was performed in the nanofabrication facility of the School of Physics at The University of Nottingham, UK. This UV crosslinker provided control over the UV energy, intensity and time.  
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From experiment 1, 12.6 minutes of UV irradiation at 19mW/cm2 (or 2 hours of UV irradiation at 2mW/cm2) corresponds to 14.4J/cm2. In experiment 3, the energy dosage was varied to 5, 10 and 15J/cm2. The images subsequently observed under illumination from the blue LED are shown in Figure 5.10. a) b)c) SiliconSilicon dioxideSilicon SiliconSilicon dioxide
Silicon dioxide1mm 1mm

1mm d)1mm Silicon
Silicon dioxide  Figure 5.10: Images of silicon and silicon dioxide SOI samples excited by a blue LED and imaged through a camera with the red and blue light cut out: a) control sample with no UV irradiation; b) 5J/cm2 of UV light dosage; c) 10J/cm2 of UV light dosage and d) 15J/cm2 of UV light dosage. (x10 microscopic view). Figure 5.10a is a control SOI sample with a silicon and silicon dioxide surface where step 2 of amino attachment under UV light was not performed. Figure 5.10b, c and d show silicon and silicon dioxide surfaces of SOI samples which were exposed to 5, 10 and 15J/cm2 of UV light respectively. Figure 5.10b shows FITC attachment on the silicon surface. Figure 5.10c indicates an increase in FITC attachment on the silicon surface, but also some attachment on the silicon dioxide surface. Figure 5.10d shows an increase in FITC attachment on the silicon dioxide surface.   
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5.3.6 Section summary In this section, the surface modification of a silicon surface via hyrosilylation and NH2-terminated monolayer was presented. Initial experiments show that a non-uniform layer of silicon can be modified to attach a FITC tag. Increasing the UV light dosage increased the area of silicon surface modified but after a certain energy dosage the silicon dioxide surface also started to be modified. Further experiments in a more highly controlled environment where the temperature, pressure, flowrate and UV dose can be more precisely controlled, has to be undertaken to perfect this method.    
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5.4 SURFACE FUNCTIONALISATION BY SILANISATION The surface functionalisation method described in section 5.3 entails harsh chemicals and UV irradiation which would hinder their application in mass production. A method of surface functionalization is preferred that can be accessible to non-chemists and which avoids any complicated chemical steps or the use of specialist equipment. Functionalisation through OH-terminated silicon surface provides such a method and is described in this section.  5.4.1 Surface passivation of OH-terminated silicon layer As mentioned in section 5.2 silicon surfaces are typically covered with a native oxide layer of less than 5nm when exposed to air [5.20] and also possess OH bonds on the surface. But the nature of the native oxide is different to that of a wet chemically grown oxide [5.21]. The native oxide is stable and hydrophobic whereas, oxidation achieved through wet chemical treatments would produce an OH-terminated surface with unsaturated surface valencies [5.22].  The oxidation was done by dipping the silicon (100) wafer into a piranha solution comprised of sulfuric acid (H2SO4, 98% purchased from Fisher Scientific) and hydrogen peroxide (H2O2, 30% purchased from Fisher Scientific) in a 3:1 ratio for 30 seconds [5.22-25]. This treatment also oxidizes any contaminants on the surface.  To increase the OH bonds on the surface a hydroxylation procedure was performed [5.26]. The wafer was placed for 10 minutes in a solution of distilled water, hydrochloric acid (HCl) and hydrogen peroxide (H2O2, 30%) in a 6:1:1 ratio at 85˚C.  5.4.2 Amino termination of OH-terminated silicon surface The most common modification is achieved through salinisation of the native oxide layer [5.8, 23].  Silanisation is the standard procedure of surface functionalisation by a silane (SiH4) compound that attack hydroxyl groups (OH) and form covalent bonds to the silicon surface.  The silane molecule has a functional group (carboxyl-COOH, amino-NH2 or thiol-SH group) that can react with other desired molecules resulting in 
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an immobilisation of material (antibody in this case) with the silane molecule being the link between the material and Si waveguide [5.12].  The silane molecule used in this project was (3-aminopropyl)triethoxysilane  (APTES, 
≥98% purchased from Sigma-Aldrich) as shown in Figure 5.11. APTES has an amine (-NH2) functional group and can be attached to the OH-terminated silicon surface via vapour [5.27, 28] or solution [5.24, 25, 27-29].  
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 Figure 5.11: Illustration of amino termination of an OH-terminated silicon ridge waveguide followed by the attachment of FITC tag. Immediately after the oxidation step described in section 5.4.1 the silicon sample was placed in a beaker and the beaker was then placed in a vacuum desiccator with a vial containing 3 drops of (3-aminopropyl)triethoxysilane  (APTES).  The chamber was heated to 150˚C and pumped down to <1 mbar (0.1 kPa), isolated from the pump and left under vacuum for 4 hours.  The albumin conjugated to fluorescein isothiocyanate (FITC) label (fluorescent tag) is a ready-to-use labelled antibody designed for immunofluorescence.  The FITC label was diluted with PBS in a 1:100 ratio and injected to the beaker containing the sample and left for an hour under ambient conditions. The solution was removed and sample was washed with PBS three times again then dried with nitrogen. 
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5.4.3 Experiment 4 This experiment was done in the School of Life Sciences at The University of Nottingham, UK. The experimental procedure listed below was followed and the effect of each step was studied separately as shown in Table 5.1. 1. Partially etched silicon and silicon dioxide samples were immersed in buffered HF for 45 seconds. This step was done to etch the native oxide layer and leave -H bonds on the surface of the wafer.  2. An oxygen plasma expose was done at room temperature on the samples for 5 minutes. This step was done to leave more -OH bonds on the surface of the chip. 3. Samples were placed in a hydroxilation solution composed of distilled water:HCl:H2O2 in the ratio of 6:1:1 for 10 minutes at 85˚C.  4. Samples were placed in a small petri dish containing 0.5ml of APTES which was in turn placed in a vacuum desiccator and a rotary pump was used to create a vacuum of approximately 0.1 atm. Once a vacuum was created the sample was left for 4 hours at room temperature (RT) inside the desiccator. 5. Finally, the samples were immersed in a 1:1000 ratio of FITC to PBS solution for an hour at RT, rinsed with PBS and dried with nitrogen gas.  Table 5.1 shows a summary of the experimental steps performed on partially etched SOI samples shown in Figure 5.12. Table 5.1: Experimental steps performed in samples shown in Figure 5.12. Figure Step 1 (Buffered HF for 45s) Step 2 (O2 plasma for 5 mins) Step 3 (hydroxylation for 10 mins at 85C) Step 4 (APTES for 4 hours in vacuum at RT) Step 5 (FITC for 1 hours at RT)  Figure 5.12a × × × × × Figure 5.12b × × × × √ Figure 5.12c × × × √ √ Figure 5.12d √ × × √ √ Figure 5.12e × × √ √ √ Figure 5.12f √ × √ √ √ Figure 5.12g √ √ × √ √ 
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The results were observed in the School of Mechanical, Materials and Manufacturing Engineering at The University of Nottingham, UK. An ECLIPSE LV100ND Microscope system with a DS-Fi2 camera was used to view the samples in this Chapter. The incident light source used was a Blue LED with a peak of 490nm and the reflected light as imaged through a 518nm filter (XF3405/10 purchased from Horiba Jobin). Note that the results in section 5.3 were not captured through a filter and therefore are much brighter in comparison to the results presented in this section. a) d)f) SiliconSilicon dioxide SiliconSilicon dioxide
Silicon dioxide 1mm

1mm g)1mm Silicon
Silicon dioxidee) SiliconSilicon dioxide1mm

SiliconSilicon dioxide1mm

Silicon1mm
1mm
b) c)SiliconSilicon dioxide

 Figure 5.12: Images of silicon and silicon dioxide SOI samples excited by a blue LED and imaged through a 518nm filter: a) control samples; b) step 5 performed; c) steps 4 and 5 performed; d) steps 1, 4 and 5 performed; e) steps 3, 4 and 5 performed; f) steps 1, 3, 4 and 5 performed and g) steps 1, 2, 4, 5 and 6 performed. (x10 and x20 microscopic view). Figure 5.12a, b, and c are not expected to have any FITC attachment as the surface was not passivated with -OH bonds by the hydroxylation step. But Figure 5.12c shows a faint uniform green colour on the silicon dioxide surface suggesting that the silicon dioxide surface was modified during the etching of the sample which enabled an APTES and FITC to bind to the silicon dioxide surface. The etching process of the wafer was explained in detail in section 4.4. 
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The SOI sample shown in Figure 5.12d was treated with buffered HF to remove the native oxide and form -H bonds on the silicon; it shows no FITC attachment in the silicon or silicon dioxide surfaces and therefore it can be concluded that APTES does not react with -H bonds. Figure 5.12e shows the brightest uniform green layer of FITC attachment on the silicon dioxide surface showing that the hydroxylation step did not create -OH bonds on the silicon surface for APTES attachment. The dark scratch on the green silicon dioxide surface is a scratch that occurred when handling the samples with tweezers. This indicates that a layer of FITC was present which was removed by the tweezers.  The SOI samples of Figure 5.12f and g underwent a buffered HF treatment; they also underwent a hydroxylation step and an oxygen plasma step respectively as shown in Table 5.1. The oxygen plasma was expected to create -OH bonds on both the surface of the native oxide and on the oxide layer of the SOI samples just like the hydroxylation step. But Figure 5.12f and g show that the silicon dioxide surfaces are not as bright as the silicon dioxide surface in Figure 5.12e which may be due to the buffered HF step which etches the oxide forming -H bonds on the surface.   It can be concluded from this experiment that an oxygen plasma or hydroxylation process creates -OH bonds on the silicon dioxide layer, and not on the native oxide layer, allowing the binding of APTES followed by the FITC on the silicon dioxide layer. Unlike the experiments presented in section 5.3, experiment 4 showed a uniform layer of FITC attachment. But a requirement of this project is to functionalise the silicon surface or the native oxide on the silicon surface as the light will propagate in silicon waveguides and not silicon dioxide waveguides and therefore this experiment did not meet the requirement.  5.4.4 Experiment 5 This experiment was done at the University of Nottingham, China campus and was intended to replicate the results obtained in experiment 4 and functionalise the native oxide layer present on the silicon surface. 10mm × 10mm piece diced from silicon (100) wafer covered in native oxide were used for this experiment.  
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The experimental procedure listed below was followed and the effect of each step was studied separately as shown in Table 5.2 and Figure 5.13. 1. Oxidation was done by dipping the SOI wafer into a piranha solution comprised of sulphuric acid (H2SO4, 98% purchased from Liyang Guan Yuan Inc.) and hydrogen peroxide (H2O2, 30% purchased from Sinopharm Chemical Reagent Co., Ltd) in a 3:1 ratio for 1 minute. 2. To increase the OH bonds on the surface a hydroxylation procedure was performed. The wafer was placed for 10 minutes in a solution of distilled water, hydrochloric acid (HCl, 36-38% purchased from Sinopharm Chemical Reagent Co., Ltd) and hydrogen peroxide in a 6:1:1 ratio at 80˚C. 3. Immediately after the oxidation the SOI was placed in a petri dish and the petri dish was then placed in a vacuum desiccator with a vial containing 3 drops of (3-aminopropyl)triethoxysilane (APTES, ≥98% purchased from Sigma Aldrich). The chamber was pumped down to <1mbar using a rotary pump, isolated from the pump and left under vacuum on a hotplate at 80˚C for 4 hours. 4. FITC (>97.5% purchased from Sigmal Aldrich) was diluted in ethanol (99.7% purchased from Sinopharm Chemical Reagent Co., Ltd) to form a 10mg/ml solution. This was further diluted into a 1:100 ratio of FITC solution to ethanol and injected onto the surface of the SOI and left for one hour at R. T. The sample was then rinsed with ethanol and dried with compressed air. Table 5.2: Experimental steps performed in samples shown in Figure 5.13. Sample number Step 1-Oxidation with Piranha for 1 min Step 2-Hydroxylation for 10 mins at 80°C Step 3- APTES 4 hours under vacuum at 80°C Step 4-FITC:ethanol (1:100) 1 hour at RT Figure 5.13a × × × × Figure 5.13b × √ √ √ Figure 5.13c √ × √ √ Figure 5.13d √ √ × √ Figure 5.13e √ √ √ × Figure 5.13f √ √ √ √ 
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The images in Figure 5.13 were viewed using a fluorescent microscope, N-800F purchased from Novel Optics. The excitation light was at a wavelength between 460-490nm and the reflected light is at a wavelength above 520nm of wavelength.  a)
d) f)Silicon

Silicon1mm
1mm 1mm Silicone)Silicon1mm Silicon1mm

1mm
b) c)Silicon

 Figure 5.13: Images of silicon with native oxide layer samples excited by a blue LED and imaged through a 518nm filter where: a) unprocessed wafer; b) steps 2, 3 and 4 performed; c) steps 1, 3 and 4 performed; d) steps 1, 2 and 4 performed; e) steps 1, 2 and 3 performed and f) steps 1, 2, 3 and 4 performed. (x10microscopic view). Figure 5.13b and f show bright green spots on the surface and the fluorescence presented in Figure 5.13f is brighter than the other samples. This indicates that in this sample the hydroxylation step has modified the surface in isolated spots where the APTES followed by FITC was attached.  The additional oxidation step may also have modified the surface uniformly as seen in Figure 5.13f. However, this cannot be confirmed as the difference between the isolated bright spots and the uniform background is distinct.  To confirm the results obtained in experiment 5, the City University of Hong Kong undertook a similar experiment where the vapour deposition of APTES was replaced by dipping the sample in an APTES solution as described as experiment 6 below.  
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5.4.5 Experiment 6 This experiment was conducted by Dr. Alex Chun-Yuen Wong at the Department of Biology and Chemistry at the City University of Hong Kong as a result of a collaboration. A silicon (100) wafer covered in native oxide was used for this experiment.  1. The samples were dipped in piranha solution for 15 minutes followed by an oxygen plasma for 1 minutes at 30W and 50sccm.  2. The samples were then dipped in APTES SAM (self-assembled monolayer) solution for 12 hours at 90˚C. The APTES solutioŶ ǁas Đoŵpƌised of ϭϭ7μl of APTES in 10ml toluene.  3. Finally, the samples were immersed in a 1:1000 ratio of FITC to PBS solution for two hours at RT, rinsed with PBS and dried with nitrogen gas.  

c) d)
a) b)

 Figure 5.14: Images of silicon with native oxide layer samples excited by a blue LED and imaged through a 518nm filter where the APTES attachment was done at: a) RT b) 90˚C; c) 90˚C and d) 90˚C. (microscopic view). In Figure 5.14a, step 2 APTES attachment was performed at room temperature and shows no FITC attachment to the surface. Figure 5.14b, c and d are silicon samples 
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with APTES attachment performed at 90˚C, and show that bright green spots corresponding to the presence of FITC are present on the silicon surface. This experiment was similar to the sample in Figure 5.13c where an oxygen plasma was followed by the APTES attachment at 80˚C in a vacuum which did not indicate a FITC attachment. From experiment 6, it can be inferred that the APTES attachment must be done at a higher temperature of 90˚C to obtain an amino-terminated silicon surface.  5.4.6 Section summary In section 5.4, surface functionalisation by hydroxylation and silanisation was presented. Preliminary experiments show that a non-uniform layer of silicon dioxide can be modified to attach a FITC tag. Increasing the temperature from 80˚C to 90˚C, time from 4 hours to 12 hours, and using APTES solution instead of vapour deposition APTES, allowed the APTES to attach itself to the native oxide layer of the silicon surface. A uniform layer of FITC attachment was not achieved. 5.5  CHAPTER SUMMARY Two methods of surface functionalisation were presented and experimentally shown with promising results. For the biosensor to work as a heterogenous evanescent wave sensor the antibodies immobilised on the silicon waveguides must react with the target molecule. A uniform surface modification on silicon or the native oxide layer is necessary as the proposed waveguides are narrow and long. Surface functionalisation by hydrosilylation described in section 5.3, entails the use of HF and UV radiation; the inherently dangerous nature of the process is a hindrance to mass production.  Surface functionalisation by hydroxylation and silanisation described in section 5.4, show an affinity to the silicon dioxide surface and not the silicon or the native oxide layer as required. This can be solved by depositing a thiĐk ;~ϭμŵͿ layeƌ of siliĐoŶ dioxide layer over the whole device but this would reduce the sensitivity of the evanescent wave sensor by 79% as the fraction of the evanescent part of the guided light interacting with the target molecules is reduced.   
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Chapter 6 6 PHYSICAL AND OPTICAL CHARACTERISATION Chapters 3 and 4 discussed the design and fabrication respectively of four sets of biosensor devices as listed in Table 3.16. This chapter presents the fabricated devices and some preliminary optical results. 6.1 SET 1-BIOSENSORS DEVICES FABRICATED AT THE UNIVERSITY OF NOTTINGHAM The first set of devices was fabricated in the nanofabrication facility of the School of Physics and Astronomy at The University of Nottingham, UK, usiŶg a Ϭ.ϯϮμŵ siliĐoŶ-on-insulator (SOI) wafer and a waveguide width fiǆed at ϰμŵ. AppeŶdiǆ E shows the mask layout and lists the devices fabricated. Figure 6.1-Figure 6.3 show some of the fabricated devices as seen under an optical microscope. 
300μm 300μm

50μm140μm  Figure 6.1: a) 1x8 MMI coupler and S-bends, b) 1x15 MMI coupler, c) MZI and SU-8 taper and d) an output waveguide with an SU-8 taper; device set 1 as seen under an optical microscope. 
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50μm 200μm
300μm 300μm  Figure 6.2: a) Output waveguides with SU-8 tapers, b) MZI with SU-8 tapers, c) S-bends and d) 1x30 MMI coupler; device set 1 as seen under an optical microscope. 

250μm
250μm

50μm
25μm  Figure 6.3: a) Input waveguide and SU-8 taper of an MMI coupler, b) Output waveguides and SU-8 tapers of an MM coupler with S-bends, c) Output waveguides of a 1x20 MMI coupler and d) S-bends; device set 1 as seen under an optical microscope. 
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6.1.1 Experimental set-up The devices shown in Figure 6.1-Figure 6.3 were tested in the optical laboratory of the School of Mechanical, Material and Manufacturing Engineering at The University of Nottingham, UK.  An optical bench set up was used as shown in Figure 6.4 to evaluate these devices. A tunable laser (Agilent 8164B Lightwave measurement system from 1465µm-1575µm) and a red diode with a wavelength of 651nm were connected to a tapered fibre (OZ optics TSMJ-S3-1550-9/125-0.25-7-2-12-2-AR) with a spot diameter of 2.5µm which was used to couple light into the input SU-8 tapered waveguide of the MMI. A 3-paddle polarization controller and linear polariser was used to polarise the light to launch TM (transverse magnetic)-like modes. A wavelength division multiplexer (Thorlabs WD202A-FC for combing or splitting two signals at 980 and 1550nm) was used to combine the light from the red diode and the tunable laser. Even though the channel for the red light in the wavelength division multiplexer is designed for a 980nm wavelength, some red light is still transmitted through the wavelength division multiplexer. The red laser was used to help align the fibre to the input waveguide.  
LaserMonitor Power Meter Red Diode(For alignment)Sample on stageCamera

Visible light(For alignment)
X10 Lens Tapered FibreBeam SplitterIris Multiplexer3-paddle polarization controllerLinear Polariser

 Figure 6.4: Schematic representation of the optical bench set-up. At the output of the waveguide an object lens focused the light to an infrared camera whose output was displayed on the screen. An iris was used to isolate each output waveguide image on the camera. A power meter (Thorlabs PM100USB Power and energy meter connected to Thorlabs S122C photodiode sensor of 700-1800nm 
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wavelength) was used to measure the light intensity of the light in front of the camera (LINK ELECTRONICS infrared camera).  Figure 6.5 shows the optical bench set-up used at the optical laboratory of the School of Mechanical, Material and Manufacturing Engineering at the University of Nottingham, UK and Figure 6.6 shows the alignment of the tapered fibre, as seen by the red line, to the SU-8 taper input of an MMI coupler as seen through a microscope. 
Camera Monitor

IrisBeam splitter x10 lens Sample Tapered fibre Red DiodeMultiplexerMicroscopeTunable laserVisible light
 Figure 6.5: Image of the optical bench set-up used at the optical laboratory of the School of Mechanical, Material and Manufacturing Engineering at the University of Nottingham, UK.  

1mm  Figure 6.6: Alignment of the tapered fibre to the SU-8 taper input of an MMI coupler as seen through a microscope (x10 microscopic view). 
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6.1.2 Results Figure 6.7 shows some images taken of the output light as seen on the monitor with TM polarised iŶput light at aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱμŵ. Figure 6.7a shows the output of a Mach-Zehnder interferometer (MZI) showing a multimoded output light. This multimode behaviour is as expected since the width of the silicon waveguides was 
ϰμŵ. Figure 6.7ď shoǁs tǁo outputs of a ϭǆϴ MMI Đoupler spaĐed ϮϱϬμŵ apart. Figure 6.7c andFigure 6.7d show the output ǁaǀeguides of a ϭǆϭϱ MMI Đoupler spaĐed ϭϱμŵ apart and a ϭǆϮϬ MMI Đoupler spaĐed ϭϬμŵ apart. IŶ Figure 6.7c and Figure 6.7d an SU-8 taper was not used to couple the light out of each waveguide.  a) b)c) d)

 Figure 6.7: Output light as seen on the screen for: a) MZI showing multimoded output; b) two output waveguides of a 1x8 MMI coupler spaced ϮϱϬμŵ apart; cͿ output ǁaǀeguides of a ϭǆϭϱ MMI coupler spaced ϭϱμŵ apart aŶd d) output ǁaǀeguides of a ϭǆϮϬ MMI coupler spaced ϭϬμŵ apart. Power intensity and loss measurements were not undertaken for the devices in set 1 as the output is multimoded and therefore the devices will not function as intended as was explained in section 3.2.1.  However, the results presented show successful realisation of waveguides and power splitters.                
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6.2 SET 2-PLASMONIC INTERFEROMETERS FABRICATED AT THE UNIVERSITY OF NOTTINGHAM The devices in set 2 are all plasmonic interferometers (PI) of various lengths ranging from 4-Ϯϱμŵ. AĐĐordiŶg to siŵulatioŶs aŶ optiŵized PI ǁas desigŶed iŶ seĐtioŶ ϯ.ϯ.Ϯ for an SOI ǁaǀeguide height aŶd ǁidth of Ϭ.ϯϮμŵ aŶd ϰμŵ respeĐtiǀelǇ aŶd a gold height and width of 0.23µm and 13µm respectively to obtain maximum sensitivity.  To realise the PI, the waveguide must be etched by 230nm and a 5nm layer of titanium and 225nm of gold must be embedded as described in section 4.3.4. But controlling the etch depth to that accuracy is extremely difficult. In set 2 the devices had an actual etch depth of 212nm. In the same way, accurately controlling the titanium and gold deposition is also demanding. In the device fabricated, a combined thickness of 245nm of titanium and gold was deposited.  
Although the optiŵuŵ leŶgth of the gold laǇer ǁas fouŶd to ďe ϭϯμŵ, the closest PI device length faďriĐated ǁas ϭϮμŵ as shoǁŶ iŶ Figure 6.8. See Appendix F for the complete mask layout. 

ϭϮμŵ  Figure 6.8: PI device fabricated with an SOI ǁaǀeguide of height aŶd ǁidth of Ϭ.ϯϮμŵ aŶd ϰμŵ respectiǀelǇ aŶd a titanium and gold combined height and width of 0.21Ϯμŵ aŶd ϭϮμŵ respectiǀelǇ. ;View from optical microscope).   
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6.2.1 Results Figure 6.9 shows the simulated result of the PI shown in Figure 6.8 when exposed to air and water and Figure 6.10 shows the experimental result of the PI when exposed to air. Experimental results for when PI is exposed to water could not be obtained as the sample was less than 3mm wide and placing a drop of water on such a small area without the fabrication of proper a microfluidic channel proved too challenging as the water would get to the input/output facets and also the sample could move causing the alignment of the sample to the tapered fibre to change.  

  Figure 6.9: Simulated results for fabricated plasmonic interferometer when exposed to air and water. The simulated result in Figure 6.9 for the fabricated device in Figure 6.8 does not have sharp resonant dips as seen on the simulation result for the optimised structure as shown in section 3.3.2, which has a predicted wavelength shift responsivity of 500nm/RIU. Nevertheless, slight dips in the spectrum, and a predicted wavelength shift responsivity of 97nm/RIU can be seen in Figure 6.9 suggesting that the device functions as intended.   
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 Figure 6.10: Experimental results for fabricated plasmonic interferometer when exposed to air. In Figure 6.10 the experiment was repeated six times. Tests 1-3 and tests 4-6 were conducted on two different days. Since the graphs from test 1-3 are similar to each other and graphs from tests 4-6 are similar to each other it can be concluded that test 1-3 and 4-6 gives slightly different curves due to different alignments of the device with the tapered fibre or the photodiode and hence different insertion loss. The general trend of the curves remained the same proving the PI concept. The experimental wavelength shift responsivity was not determined as the cover index was not changed.    
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6.3 SET 3-BIOSENSOR DEVICES FABRICATED AT THE UNIVERSITY OF SOUTHAMPTON The third set of biosensor devices (referred to as set 3) were faďriĐated oŶ a Ϭ.Ϯϱμŵ 

siliĐoŶ Đore SOI ǁafer ǁith Ϭ.ϴμm wide silicon waveguides. The e-beam writing for these devices was done at the University of Southampton, UK as described in section 4.3.2 and the rest of the fabrication was done in the School of Physics and Astronomy of The University of Nottingham, UK. Figure 6.11 shows some environmental scanning electron microscope (ESEM) images of some of the fabricated devices. See Appendix G for the Mask layout of Set 3. Note that a physical mask was not necessary as the layout was fed to the e-beam software.  a)
c)

b)
d)

f) e)
 Figure 6.11: ESEM images of: a) Input SU-8taper and waveguide of a MMI coupler; b) output waveguides of a 1x3 MMI coupler; c) output waveguide and SU-8 of MZI; d) MZI with one arm longer than the other; dͿ Ϯμŵ thick SU-8 taper and e) SU-8 taper on a waveguide.  
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In Figure 6.11a-d a clear 2.5μŵ treŶĐh etĐhed arouŶd the deǀiĐe iŶto the oǆide laǇer can be seen; this is as explained in section 4.3.2.  A microfluidiĐ laǇer ǁas theŶ faďriĐated froŵ a ϱϬμŵ thiĐk SU-8 layer as described in section 4.8.2. See Appendix G for complete mask layouts and their description and Appendix I for an image of the mask. Figure 6.12 shows the SU-8 microfluidics channels on some of the devices of set 3. 
200μm200μm

200μm 200μm  Figure 6.12: Microfluidics channels of set 3 (x4 view from microscope). 6.3.1 Experimental set-up Devices in set 3 were tested in the optical laboratory of the School of Electrical and Electronic Engineering of the University of Nottingham, China campus. The experimental set-up is the same as the experimental set-up illustrated schematically in Figure 6.4. Figure 6.13 shows an image of the actual optical bench set-up used.  The Infra-red camera (Xeva-1.7-640 purchased from Xenics Infrared Solutions, red diode (650nm100mW purchased from FU LASER) and optical power meter (N77454 
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purchased from Agilent Technologies) used were different from the ones used in the Nottingham UK campus.  Power meter
Monitor Camera 3-paddle polarisation controller

X10 lens Sample Tapered fibre
Red Diode Multiplexer

MicroscopeTunablelaserVisible light
 Figure 6.13: Image of the optical bench set-up used at the optical laboratory of the school of Electrical and Electronic Engineering at the University of Nottingham, China. 6.3.2 Results The devices tested in section 6.1.2 were tested in the optical bench set up shown in  Figure 6.13 to test if the optical set-up functions as intended. Figure 6.14 shows a 1x8 

MMI splitter ǁith output ǁaǀeguide spaĐed ϮϱϬμŵ apart. IŶ Figure 6.14 the tunable laser was set to a) 4mW and b) 10mW, the camera gain was set to the lowest setting and the waveguide output was imaged through a x10 lens. While the outputs of the waveguides are clearly visible the camera gain was too large and caused the images to saturate.  
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a) b)
500μm 500μm  Figure 6.14: Output light as seen on the screen for a 1x8 MMI splitter with input light of: a) 4mW and b) 10mW 

aŶd output ǁaǀeguides spaced ϮϱϬμŵ apart imaged through a x10 lens. The lowest power setting on the 81960A tunable laser at a ǁaǀeleŶgth of ϭ.ϱϱμŵ was 4mW. So even with the lowest input power and lowest gain on the camera the image showed light in the background and the output power was saturated making it impossible to get accurate readings of loss and any change in the power caused by change in cover index. The third set of devices with the microfluidics layer was not optically tested as the images obtained by the camera were currently saturated.          
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6.4 SET 4-BIOSENSOR DEVICES FABRICATED AT ZHEJIANG UNIVERSITY, CITY UNIVERSITY OF HONG KONG AND THE UNIVERSITY OF GLASGOW The fourth set (set 4) of devices consisted of input/output grating couplers, directional couplers and MZIs with spirals. See Appendix H for the mask layout of set 4. These biosensor devices were designed by Zhejiang University and one set was fabricated and tested at Zhejiang University, China. A second set was fabricated at the City University of Hong Kong, as shown in Figure 6.15-Figure 6.16, while a third set was fabricated at The University of Glasgow, UK, as shown in Figure 6.17-Figure 6.18. The second and third sets of devices were tested at the University of Nottingham, China. a) b)
c) d)
e) f)

 Figure 6.15: SEM images of the biosensor devices fabricated and imaged at the City University of Hong Kong: a) Input grating coupler and cascaded DCs forming a 1x4 splitter; b) DC; c) DC; d) waveguide; e) grating coupler and g) grating coupler.  
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a) b)
 Figure 6.16: SEM images of the biosensor fabricated at the City University of Hong Kong and imaged at The University of Nottingham, China: a) and b) grating couplers.  The SEM images in Figure 6.15 were provided by the City University of Hong Kong and the biosensing devices appears to be intact. Figure 6.16 shows SEM images of the grating couplers of same wafer, but imaged at the University of Nottingham, China. The grating couplers appear to have been over-etched and this might explain why it proved difficult to evaluate them optically as will be described in the next section. a) b)

c) d)
f) g)

 Figure 6.17: SEM images of biosensor devices fabricated at the University of Glasgow, UK, and tested at the University of Nottingham, China: a) spiral arm of a MZI; b) Input grating coupler and cascaded DCs; c) Grating coupler before the 120nm etching; d) complete biosensor comprised of grating couplers, DCs and 8 MZIs with spirals; f) spiral open to the microfluidic channel and g) waveguides of a MZI.  
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a) b)
50μm 25μm  Figure 6.18: Microscope images after the second etching of 120nm of the devices fabricated at The University of Glasgow and tested at The University of Nottingham, China: a) Spiral MZI and grating couplers and b) Grating coupler. 6.4.1 Experimental set-up Once again, the optical bench was set up as illustrated in Figure 6.4 and shown in Figure 6.13, except the input and output light for these devices had to be at 15˚ to the normal due to the design of the grating couplers. Therefore, fibre holders were 3D printed to hold the input tapered fibre and the output multimode fibre 15˚ from the normal as shown in Figure 6.19. Camera

3D printed holderMirror Sample Tapered fibre
MicroscopeVisible light

Multimode fibre3D printed holder  Figure 6.19: image of the experimental set up used for devices in set 4 where 3D printed fibre holders are used to couple light in at 15˚ from the normal and to couple light out of the device at 15˚ from the normal to the sample.  
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However, as noted above the optical testing at The University of Nottingham, China campus was unable to detect the expected waveguiding in these samples, probably as a result of the over etched grating couplers as shown in Figure 6.16. 6.4.2 Results The results presented in this sub-section and shown in Figure 6.20-Figure 6.22 were obtained at Zhejiang University, China (by Ming Zhang). They are included here, with the permission of Mr. Zhang, not only to indicate successful realisation of the devices but also because they demonstrate that the fabricated devices show some deviations from expected behaviour which must be further understood and controlled before the proposed devices can be commercialised.  The theoretical loss for each grating coupler was 3dB and 4dB for the TE and TM-like modes respectively. The experimental loss for each grating coupler was about 5.5dB and 7.25dB for the TE and TM-like modes respectively. The straight waveguide loss was about 1dB/cm for the TM-like mode.  The insertion loss results shown in this section does not consider the grating coupler losses; they were normalised against the throughput for a straight waveguide with grating couplers.  Figure 6.20 shows the loss in dB of a 1x4 splitter formed by cascading 2 layers of directional couplers (DCs). The DCs designed by Zhejiang University had a coupling length, Lc/2 of Ϭ.ϴμŵ aŶd edge-to-edge distance between the waveguides, d of Ϭ.Ϯμŵ in contrast to the simulations done in section 3.4.5 which gave an optimum Lπ/2 of 
ϭϭ.ϰμŵ aŶd d of Ϭ.ϰϱμŵ for the ǀeĐtor TM-like mode at an operating wavelength of 
ϭ.ϱϱμŵ. 
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a) b)
Input Output 1Output 2Output 3Output 4  Figure 6.20: 1x4 splitter formed by cascading two layers of DCs a) layout as seen on a GDS edit and b) loss measurements over a wavelength range of 1.52-ϭ.ϲϭμŵ. At a central wavelength of 1.5ϱμŵ the iŶsertioŶ loss of eaĐh output should ďe the same for each device but as Figure 6.20 shows the central wavelength shifted to 

ϭ.ϱϳϱμŵ, except for output 1. Output 1 was expected to be similar to output 4, which had the same physical layout on the mask as output 1, but it is not the same.  Figure 6.21b shows loss of a 1x8 splitter formed by cascading three sets of DCs as illustrated in Figure 6.21a. In Figure 6.21b the central wavelength is shifted from 
ϭ.ϱϱμŵ to ϭ.ϱϲμŵ.  b)a) Output 1Output 2Output 3Output 4Output 5Output 6Output 7Output 8
Input

 Figure 6.21: Loss of a 1x8 splitter formed by cascading three layers of DCs over a wavelength range of 1.52-
ϭ.ϲϭμŵ. 



Chapter 6: Physical and optical characterisation 

211  

Figure 6.22b shows the loss in dB of a 1x4 splitter formed by cascading two layers of DCs and four spiral MZIs attached to each output scanned over a wavelength range of 1.52-ϭ.ϲϭμŵ. Again output 1 and output 4 should have been similar as the waveguiding path was a mirror image of each other. This suggests an experimental error which might be associated with the alignment of the output grating coupler to the output fibre.  b)a)Input Output 1Output 2Output 3Output 4  Figure 6.22: Loss of a 1x4 splitter formed by cascading two layers of DCs attached to spiral MZIs over a wavelength range of 1.52-ϭ.ϲϭμŵ. The set 4 devices shown in Figure 6.15 and Figure 6.17 were optically tested at the Optics laboratory of the School of Electrical and Electronic Engineering at the University of Nottingham, China as shown in Figure 6.23 and Figure 6.24 using the optical set up shown in Figure 6.19. Figure 6.23 shows the tapered input fibre aligned to the grating coupler of a sensor fabricated at Zhejiang University at 15˚ to the normal. The tunable laser was set to 
ϭϬŵW at a ǁaǀeleŶgth of ϭ.ϱϱμŵ aŶd the light polarised to the TM mode. Each device on the chip was about 1mm in length but since the camera output was saturated a clear input and output light cannot be observed.  
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1cm  Figure 6.23: Set 4 biosensor device comprised of input/output grating couplers, DCs and MZI with spirals fabricated in Zhejiang University imaged with TM polarised input light at 10mW aligned to the grating coupler. Figure 6.24a shows the input tapered fibre aligned to the grating coupler of a sensor fabricated at the University of Glasgow at 15˚ to the normal. The tunable laser power 
ǁas set to ϰŵW at a ǁaǀeleŶgth of ϭ.ϱϱμŵ aŶd the light ǁas polarised to excite the TM-like mode. Again, each sensor device was about 1mm in length and as in Figure 6.23 the camera was saturated as shown in the line scan in Figure 6.24b making it impossible to observe any intensity change caused by the solutions in the microfluidic channels. The line scans in Figure 6.24b correspond to the lines A and B shown in Figure 6.24a. 

2mm
a) b) AB Pixels Analog to digital units (ADU)  Figure 6.24: Set 4 biosensor device comprised of input/output grating couplers, DCs, MZI with spirals and microfluidic channels fabricated in The University of Glasgow: a) imaged with TM polarised input light at 4mW aligned to the grating coupler and b) line scan of the input and output light showing the problematic saturation. 
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6.5 CHAPTER SUMMARY Four sets of devices were fabricated and tested successfully. Although the waveguides were multimoded in set 1, guided light could be captured by the infrared camera as expected. However, the results presented show successful realisation of waveguides and power splitters.  Set 1 allowed the development of the fabrication process of the waveguide and microfluidic channels at the University of Nottingham, UK. Through this process the fabrication limitations and challenges were taken into consideration when designing the next set of devices.  The fabricated plasmonic interferometers of set 2 were slightly different from the optimised structure but the simulation of the fabricated device still functioned as intended with a wavelength shift responsivity of 97nm/RIU. The experimental results were as expected and proof of principle was presented successfully for a plasmonic interferometer.  For the optical testing of the biosensor devices in set 3 and 4 an optical lab was set up at the School of Electrical and Electronic Engineering at The University of Nottingham, China campus. With the tunable laser power set to its lowest value of 4mW and the camera gain set to its lowest, the images obtained were saturated making it impossible to image or record the intensity of the sensors.  However, a set of biosensors fabricated (to the same design as set 4) by Zhejiang University was tested by them; their preliminary measurements indicate the device successfully guided light with acceptably low propagation and insertion losses.    
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Chapter 7 7 CONCLUSIONS AND POTENTIAL FUTURE WORK This chapter summarises the work presented in this thesis and suggests potential future work to improve on the optical biosensor device.  7.1 CONCLUSIONS During this PhD work, the design, fabrication and testing of a label-free Silicon-on-Insulator (SOI) optical biosensor was successfully completed.  Label-free SOI optical biosensors based on the evanescent wave principle have been previously demonstrated [7.1, 2]. The novelty of the biosensors in this work lies on the transducer layout, tapered spot size converters and grating couplers, parallel sensing of up to 20 sensors, increased sensitivity and the steps towards surface functionalisation of the silicon waveguides. The initial stage of this work was to investigate the ideal material for the transducer and the type of waveguide to obtain a high sensitivity (ΔNeff/Δnc) of detection while also considering biocompatibility, easy integration, and established fabrication procedures for mass production. Calculations showed that high index contrast (HIC) materials such as SOI gave the highest sensitivity of 0.47, when the silicon core height 
ǁas Ϭ.ϭϴμŵ aŶd the upper cladding index, nc was 1.33 for the TM mode, at an 
operatiŶg ǁaǀeleŶgth of ϭ.ϱϱμŵ. SOI ďased ǁaǀeguides are also ǁidelǇ used iŶ biomedical applications [7.3-5], allow easy integration and have well established fabrication procedures [7.6, 7].  Simulation investigation performed using the software FIMMWAVE showed that obtaining a high sensitivity of 0.68 is possible if the silicon ridge waveguide height and 
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ǁidth ǁas fiǆed to Ϭ.ϮϮμŵ aŶd Ϭ.Ϯϳμŵ respectively and operated in the vector TE-like 
ŵode at a ǁaǀeleŶgth of ϭ.ϱϱμŵ. The sensitivity can be increased further to 0.77 by 
usiŶg slot ǁaǀeguides of height aŶd ǁidth of Ϭ.ϮϮμŵ aŶd Ϭ.Ϯϯμŵ respeĐtiǀelǇ for the vector TE-like mode at a wavelength of ϭ.ϱϱμŵ. However, the fabrication of such narrow and long waveguides would require sophisticated and expensive fabrication technologies. For wider waveguides, the vector TM-like mode becomes more sensitive than the TE-like mode. To take advantage of the standard industrial SOI fabrication procedure [7.7], the siliĐoŶ ridge ǁaǀeguide height aŶd ǁidth Ŷeed to ďe Ϭ.ϮϮμŵ aŶd 

Ϭ.ϱμŵ respeĐtiǀelǇ aŶd operate iŶ the ǀeĐtor TM-like ŵode at a ǁaǀeleŶgth of ϭ.ϱϱμŵ. Due to the availability of SOI wafers two other ridge waveguide dimensions were also 
used ǁhere the siliĐoŶ ridge ǁaǀeguide heights ǁere Ϭ.ϯϮμŵ aŶd Ϭ.Ϯϱμŵ and the 
ǁidths ǁere ϰμŵ aŶd Ϭ.ϴμŵ respectively.  Propagation loss due to substrate leakage was calculated and showed that as the silicon dioxide thickness separating the silicon guiding layer from the silicon susbtrate increased, the substrate leakage loss decreased for both the vector TE-like and TM-
like ŵodes for aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱμŵ. The SOI wafers used in this project had a Ϯμŵ thiĐk siliĐoŶ dioxide buffer layer which theoretically gives a substrate leakage loss of 0.23dB/cm for the vector TM-like mode at an operating wavelength of 
ϭ.ϱϱμŵ.  The curvature loss for the vector TE-like mode increases as the cover index, nc, increases whereas the opposite is true for the TM-like mode. For an SOI ridge 
ǁaǀeguide of height aŶd ǁidth of Ϭ.ϮϮμŵ aŶd Ϭ.ϱμŵ respeĐtiǀelǇ aŶd nc=1.33 operating in the vector TM-like ŵode at a ǁaǀeleŶgth of ϭ.ϱϱμŵ, the calculated curvature loss is 0dB/cm (below calculation error) for a radius of curvature greater 
thaŶ ϭϭμŵ. Therefore, the ŵiŶiŵuŵ radius of Đurǀature ǁas fiǆed at ϭϱμŵ for all devices in this project.  Splitting light into two or more waveguides was achieved by Y-junction splitters, directional couplers (DCs) and multimode interference (MMI) couplers. Simulations show that Y-junction splitters require the shortest device length whereas DCs have the 
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smallest insertion loss. Y-junctions splitters are more vulnerable to fabrication errors due to the sharp splitting of waveguides at the junction. To achieve the splitting of more than two outputs the Y-junction splitters and DCs must be cascaded and with each cascaded section the probability of fabrication errors increases. Therefore, each splitting method has its advantages and disadvantages and all three devices were designed, fabricated and tested successfully.  Mach-Zehnder interferometers (MZI) constructed by Y-junction splitters, straight waveguides and spiral waveguides were designed, fabricated and tested successfully. The longer the MZI the more sensitive the sensor became. Simulations showed that if 
the adsorďed laǇer of a heterogeŶeous seŶsor is greater thaŶ Ϭ.ϳμŵ the seŶsor aĐts like a homogeneous sensor. For a homogenous sensing MZI with length, L, of ϭϬϬϬμŵ and ΔNeff/Δnc =0.5 the theoretical MZI sensitivity was 3.1 × 10-7 RIUs. For a MZI with spirals of 10 turns and L=ϯϭϰϱμŵ the theoretiĐal MZI seŶsitiǀitǇ ǁas ϵ.ϵ × 10-8.  Increasing the sensitivity is not always optimal as the output power intensity is a co-sinusoidal graph which could result in fringe order ambiguity, directional ambiguity and sensitivity fading. This could be avoided by reducing the length of the MZI, thereby reducing the sensitivity, so that the intensity is always located on one arm of the fringe in an intensity graph.  Another sensor based on SOI considered for this project was a plasmonic interferometer (PI). A PI sensor was designed and fabricated successfully. A PI of 
leŶgth ϭϯμŵ using a Ϭ.Ϯϯμŵ thiĐk gold laǇer gaǀe a theoretical wavelength shift responsivity of 500nm/RIU. The fabricated PI was of L=ϭϮμŵ aŶd gold laǇer thiĐkŶess of Ϭ.Ϯϰϱμŵ, with a theoretical wavelength shift responsivity of 97nm/RIU. Some preliminary testing showed that the device performed as intended but the responsivity was not determined experimentally as microfluidic channels were not fabricated on the PI sensor. Even though PIs require a very small area, the PI sensor has an experimental insertion loss between 36-37dB which prevents the use of PIs in parallel detection.  
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Butt coupling and grating coupling methods were used to couple light into and out of waveguides in this project. For butt coupling, a tapered spot size converter was successfully fabricated on top of an inverted silicon taper to efficiently couple the light in and out of the waveguides. Simulations show a 97.7% coupling efficiency and 0.1dB insertion loss for an SU-ϴ spot size ĐoŶǀerter tapered froŵ ϭϬμŵ to Ϭ.ϱμŵ ǁith a height of 2μŵ aŶd a siliĐoŶ ǁaǀeguide iŶǀerselǇ tapered froŵ Ϭ.ϭμŵ to Ϭ.ϱμŵ for the vector TM-like ŵode at aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱμŵ. The total leŶgth of the 

taper ǁas ϲϬϬμŵ.  
The gratiŶg Đoupler used ǁas ϯϱμŵ iŶ leŶgth aŶd Ϯϰμŵ iŶ ǁidth. The theoretiĐal aŶd experimental coupling efficiency was about 4dB and 7.25dB respectively. Grating couplers require a small area compared to the butt coupling method but have a much higher insertion loss.  For heterogenous sensing a bioreceptor layer needs to be added to the transducer. To enable a label free detection, an immunosensor where the target molecule binds to an antibody immobilised on the surface of the MZI was used as the bioreceptor layer. To attach the antibody to the silicon waveguide two selective surface functionalisation methods of silicon surface were experimentally shown with promising results. The attachment of a fluorescent tag to the functionalised surface enabled the imaging and quantification of the functionalised silicon surface. The first method of surface functionalisation studied, by hydrosilylation and a NH2-terminated monolayer modified a layer of non-uniform silicon. The second method of surface functionalisation by hydroxylation and silanisation modified a non-uniform layer of silicon dioxide. The experiments were respectively conducted on silicon and silicon dioxide surfaces. For the heterogenous sensor to work efficiently, the long and narrow silicon waveguides or the native oxide on the waveguide need to be functionalised uniformly. But the experiments conducted showed that a highly controlled experimental procedure is required for the uniform modification of the narrow waveguides. 
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Four sets of devices were fabricated and optically tested successfully. The first set of devices consisted MZIs and MMIs where the silicon waveguide height and width were 
Ϭ.ϯϮμŵ aŶd ϰμŵ respeĐtiǀelǇ. The ǁaǀeguides ǁere ŵultiŵoded ďut the devices performed as expected. The second set of devices consisted of PIs which also performed as expected as noted above.  The third set of devices were fabricated and consisted of spot size converters, MZIs, 
MMIs aŶd ŵiĐrofluidiĐ ĐhaŶŶels. The siliĐoŶ ǁaǀeguide height aŶd ǁidth ǁere Ϭ.Ϯϱμŵ 

aŶd ϰμŵ respeĐtiǀelǇ. The optiĐal testiŶg ǁas doŶe at the OptiĐal LaďoratorǇ at The University of Nottingham, China campus, which was specifically set up for this project. Initial results showed that light imaged through the camera caused the camera to saturate making it difficult to record the intensity of light.  A fourth set of devices consisting of grating couplers, DCs and MZIs with spiral arms 
aŶd faďriĐated ǁith siliĐoŶ ǁaǀeguide height aŶd ǁidth of Ϭ.ϮϮμŵ aŶd Ϭ.ϱμŵ respectively. Optical testing performed at The University of Nottingham, China campus, presented saturated camera images, just as with the third set of devices. However, optical loss measurement performed at Zhejiang University showed that the devices operated as expected.   
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7.2 POTENTIAL FUTURE WORK In terms of the SOI transducer sensitivity the waveguides and the MZI have been designed to give the maximum sensitivity and lowest insertion loss. However, there are some aspects of the device that can be improved further but which were not studied further due to time constraints. Some of these areas are discussed below. 7.2.1 MMIs and grating couplers In this project MMIs with tapered input and output waveguides were used. In addition to tapering the input and output waveguides the performance of the MMI can be improved by changing the shape of the MMI cavity [7.8-12] as described in section 3.4.4.  Grating couplers have high insertion loss but require a very small area and reduced alignment sensitivity compared to spot size converters, which is important when considering the cost for future commercialisation of the biosensor. This project used a pre-designed focused grating coupler but recent literature shows new subwavelength structures [7.13], such as apodized [7.14] and focused apodized grating couplers [7.15] designed for the vector TM-like mode, have coupling efficiencies of 3.7dB and 3dB respectively as described in section 3.5.2.  Improving on the designs of MMIs and grating couplers will reduce the size of the biosensor and reduce the insertion loss.  7.2.2 The mid-infrared Analyte species absorb in the mid infrared (MIR) [7.16, 17] and therefore will not require heterogenous sensing or a bioreceptor layer. Operating as a homogenous sensor with only the microfluidics layer for the control of the flow of fluids would reduce the fabrication steps and costs greatly.  
The deǀiĐes iŶ the projeĐt ǁas desigŶed for aŶ operatiŶg ǁaǀeleŶgth of ϭ.ϱϱμŵ. SOI devices cannot be used for the MIR because silicon dioxide absorbs heavily at 
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ǁaǀeleŶgths greater thaŶ ϯ.ϳμŵ [7.18]. Instead materials such as chalcogenide glasses can be used to replace SOI and the layout and devices designed in this project can be adapted for chalcogenide glass based waveguides.  In section 2.8.3 the sensitivity of SOI and chalcogenide glass based waveguides were calculated. The simulations showed that the sensitivity is 7 times smaller for the chalcogenide glass waveguides with refractive index of core and substrate of 3.359 
aŶd Ϯ.ϱϯϯ respeĐtiǀelǇ for the TM ŵode at operatiŶg ǁaǀeleŶgths of ϯ, ϲ aŶd ϭϬμŵ. The sensitivity could be increased by increasing the refractive index contrast between the core and substrate but the present studies shows that a sensitive homogenous evanescent field based label-free optical biosensor can be designed for the MIR and is worth exploring experimentally in the future.  7.2.3 Working towards a Lab-on-a-chip device To achieve a lab-on-a-chip device the transducer, bioreceptor and the microfluidics layer must be combined and tested as one device and then packaged to take it from a laboratory apparatus to a portable and cheap sensor.  The primary consideration for packaging is the method of optical interfacing to the chips. In this project, butt coupling and grating coupling were discussed which are the two most common approaches for optical interfacing. While butt coupling provides the advantage of wide optical bandwidth, low insertion loss and the ability to couple both TE and TM polarisations, grating couplers provide easy automated alignment with reduced alignment sensitivity [7.19].  Another factor to consider is the temperature control of the device. Although a reference arm is included in the MZI sensor to remove ambiguity caused by temperature changes, the sensing and refence arms of the MZI will not be identical due to fabrication errors.  This can be compensated for using a Thermo-Electric cooler (TEC), which can keep the temperature of the biochip constant during operation.  The final production and operating costs of the sensor will be determined by the materials, photolithography, plasma etching, detection instrumentation and the 
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thoughput (measurements per hour) [7.20]. The cost can be reduced by increasing the number of devices fabricated per wafer and increasing the throughput. Silicon based fabrication technology is a mature mass production process, which potentially can produce chips at very low cost achievable of a few US dollars each.  The work presented in this thesis is a start but much work is yet to be done.  
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Appendix A MATLAB code for cut-off heights of an SOI waveguide for TE-like and TM-
like ŵodes at a ǁaǀeleŶgth of 1.55μŵ clear all; close all; clc;   n1=1.33; n2=3.5; n3=1.45;   lam=1.55*10^-6; k0=(2*pi)/lam;   q2=sqrt((((2*pi)/lam)^2)*((n2^2)-(n3^2))); p1=sqrt((((2*pi)/lam)^2)*((n3^2)-(n1^2)));   m=[0,1,2,3,4,5];   TM_hcut=((atan(((n2^2)*p1)/((n1^2)*q2)))+(m*pi))/q2 TE_hcut=((atan((p1)/q2))+(m*pi))/q2*   plot(m,TE_hcut/1e-6,'b',m,TM_hcut/1e-6,'r') title('Cut off widths in a slab for modes 0-5') xlabel('mode'); ylabel('Cut-off width (um)'); grid on; legend('TE mode','TM mode'); 
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Appendix B MATLAB code for cut-off heights for the fundamental TE-like and TM-like mode of an SOI waveguide at a wavelength of 1-ϭϬμm   clear all clc No_of_points=10000; lambda=linspace(1e-6,10e-6,No_of_points);%(start,end,number_of values) [nr,nm]=size(lambda); TM_hcut=zeros(nr,nm); TE_hcut=zeros(nr,nm);   n1=1.33; n2=3.5; n3=1.45;   for K=1:No_of_points k0=(2*pi)/lambda(:,K); q2=sqrt(((k0)^2)*((n2^2)-(n3^2))); p1=sqrt(((k0)^2)*((n3^2)-(n1^2))); m=0; TM_hcut(:,K)=((atan(((n2^2)*p1)/((n1^2)*q2)))+(m*pi))/(q2*10^-6); TE_hcut(:,K)=((atan((p1)/q2))+(m*pi))/(q2*10^-6); end   figure(1) plot(lambda/1e-6,TE_hcut/1e-6,'b','LineWidth',1.5);hold on; plot(lambda/1e-6,TM_hcut/1e-6,'r','LineWidth',1.5);hold off; xlabel('Wavelength (um)'); ylabel('Cut-off height (um)'); title('Cut-off height for fundamental mode (TE and TM)'); grid on; legend('TE mode','TM mode');  
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Appendix C MATLAB code for calculating Radius of Curvature from an equation   clear all;          close all;    L=20; Plhs=0; Prhs=5; Z=[0:0.01:L]; y=Plhs*(1-(sin((Z*pi)/(L*2))).^2)+Prhs*(sin((Z*pi)/(L*2))).^2;  hold on grid on subplot(2,1,1) plot(Z,y)   xlabel('L (um)'); ylabel('x (um)'); title('S-function curve');   A=((pi^2)/4)*((Prhs-Plhs)^2)*((sin((pi*Z)/L)).^2)/(L^2); B=((pi^2)/2)*(Prhs-Plhs)*cos((pi*Z)/L)/(L^2); r=((1+A).^(3/2))./B;   r2=abs(real(r));   subplot(2,1,2) plot(Z,r2)   xlabel('L (um)'); ylabel('Radius of curvature (um)'); title('Radius of curvature along the S-function curve');   
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Appendix D MATLAB code for Mach-Zehnder Interferometer (MZI) with Archimedean Spiral of 4 turns   turns=4;  h=175;% horizontal offset for second spiral v=25; % vertical offset for second spiral   R2=(turns+9)*pi; %Final radius of archemedian spiral R=9.5*pi; % Initial radius of archemedian spiral r=R/2; %minimum radius=14.9225 fixed % used for S-bend   n=0.01; t =[R:n:R2]; r1=t; r2=-t; X1=r1.*cos(t); Y1=r1.*sin(t); X2=r2.*cos(t); Y2=r2.*sin(t);  title(['Turns=', num2str(turns)]) hold on grid on   plot(X1,Y1,'b','LineWidth',0.5) %first Archimedean spiral plot(X2,Y2,'r','LineWidth',0.5) %first Archimedean spiral plot(h+X1,-v+Y1,'b','LineWidth',0.5) %second Archimedean spiral plot(h+X2,-v+Y2,'r','LineWidth',0.5) %second Archimedean spiral  axis equal  axis tight xlabel('Length (um)') ylabel('Width (um)') f=@(t) sqrt((t.^2)+1); len = integral(f,R,R2) %length of one Archimedean spiral Total_length=2*len+2*pi*r+pi*R2+h %length of one arm   t1=[0:n:pi]; x3=r*sin(t1); y3=r+r*cos(t1); plot(x3,y3,'r',-x3,-y3,'b')  %first S-bend plot(h+x3,-v+y3,'r',h-x3,-v-y3,'b')  %second S-bend   t2=[0:n:pi/2]; x4=-2*R2+R2*sin(t2); y4=-R2*cos(t2); plot(x4,y4,'b',-x4,-y4,'r') %first 2 arcs plot(h+x4,-v+y4,'b',h-x4,-v-y4,'r') %second 2 arcs   x5=2*R2; 
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x6=h+2*R2; x7=h-2*R2; y5=R2; plot([x5,x6],[y5,y5],'r') %top line  plot([x7,-x5],[-v-y5,-v-y5],'b') % bottom line   plot ([x6,x6+h],[y5-v,y5-v]) XY=[x4,fliplr(X1),-x3,fliplr(x3),X2,fliplr(-x4),x5,x6;y4,fliplr(Y1),-y3,fliplr(y3),Y2,fliplr(-y4),y5,y5]; XY2=[x7,-x5,h+x4,fliplr(h+X1),h-x3,fliplr(h+x3),h+X2,fliplr(h-x4),x6,x6+h;-v-y5,-v-y5,-v+y4,fliplr(-v+Y1),-v-y3,fliplr(-v+y3),-v+Y2,fliplr(-v-y4),y5-v,y5-v];  csvwrite('spiral_4_top.csv',XY.'); %Write top arm to file  csvwrite('spiral_4_bottom.csv',XY2.'); %Write bottom arm to file  
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Appendix E Set 1 Mask Layout and Description  

 Figure 1: Mask Layer 1 and 2 of set 1.       
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 Cell Name   Description  8MMI220W4 1x8 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 220nm  8MMI250W4 1x8 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 250nm  8MMI270W4 1x8 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 270nm  8MMI290W4 1x8 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 290nm  8MMI320W4 1x8 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 320nm  8MMI340W4 1x8 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 340nm  15MMI220W4 1x15 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 220nm  15MMI250W4 1x15 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 250nm  15MMI270W4 1x15 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 270nm 
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 15MMI290W4 1x15 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 290nm  15MMI320W4 1x15 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 320nm  15MMI340W4 1x15 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 340nm  20MMI220W4 1x20 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 220nm  20MMI250W4 1x20 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 250nm  20MMI270W4 1x20 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 270nm  20MMI290W4 1x20 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 290nm  20MMI320W4 1x20 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 320nm  20MMI340W4 1x20 MMI with output waveguide adjacent separation 15um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 340nm  8MMIp10W4 1x20 MMI with output waveguide adjacent separation 10um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 250nm 
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 8MMIp10W25 1x20 MMI with output waveguide adjacent separation 10um, Input/output tapers, S-bend waveguides, ridge width of 25um, Si core thickness of 250nm  15MMIp10W4 1x15 MMI with output waveguide adjacent separation 10um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 250nm  15MMIp10W25 1x15 MMI with output waveguide adjacent separation 10um, Input/output tapers, S-bend waveguides, ridge width of 25um, Si core thickness of 250nm  20MMIp10W4 1x20 MMI with output waveguide adjacent separation 10um, Input/output tapers, S-bend waveguides, ridge width of 4um, Si core thickness of 250nm  20MMIp10W25 1x20 MMI with output waveguide adjacent separation 10um, Input/output tapers, S-bend waveguides, ridge width of 25um, Si core thickness of 250nm  8MMIp5W25 1x8 MMI with output waveguide adjacent separation 5um, Input/output tapers, S-bend waveguides, ridge width of 25um, Si core thickness of 250nm  15MMIp5W25 1x15 MMI with output waveguide adjacent separation 5um, Input/output tapers, S-bend waveguides, ridge width of 25um, Si core thickness of 250nm  20MMIp5W25 1x20 MMI with output waveguide adjacent separation 5um, Input/output tapers, S-bend waveguides, ridge width of 25um, Si core thickness of 250nm Y-3J 3 ways split, with input/output tapers MZID50um MZI with two arŵs’ path differeŶce of 50 uŵ MZID25um MZI with two arŵs’ path differeŶce of 25 uŵ MZID0um MZI with no path difference with two arms Loss measurement Straight optical path lengths connected by 5mm radius semi-circles 
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Appendix F Set 2 Mask Layout and Description    Figure 1: Mask layer 1 and 2 of Set 2 Plasmonic interferometers.   Mask layer 1 of set 1 was used to fabricate the waveguides of set 2. Another Mask containing windows of varying lengths from 4-Ϯ5μŵ aŶd width of ϭϬμŵ was made for the gold deposition of the plasmonic interferometer.  
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Appendix G Set 3 Mask Layout and Description  

 Figure 1: Mask Layer 1, 2 and 3 of set 3.        
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  Cell Name   Description  MMI3MZI1 1x3 MMI with output waveguide adjacent separation 10um, ϯ MZIs the arŵs are Ϯ5μŵ aŶd ϯϳ.5μŵ froŵ the centre giving an inbuilt phase offset, Input/output tapers, S-bend waveguides, ridge width of 0.8um, Si core thickness of 250nm and microfluidic channel  MMI3MZI2 1x3 MMI with output waveguide adjacent separation 10um, 3 MZIs the oŶe arŵ is Ϯ5Ϭμŵ loŶger thaŶ the other arm giving an inbuilt phase offset, Input/output tapers, S-bend waveguides, ridge width of 0.8um, Si core thickness of 250nm and microfluidic channel  MMI3MZI3 1x3 MMI with output waveguide adjacent separation 10um, ϯ MZIs the oŶe arŵ is 5ϬϬμŵ loŶger thaŶ the other arm giving an inbuilt phase offset, Input/output tapers, S-bend waveguides, ridge width of 0.8um, Si core thickness of 250nm and microfluidic channel  MMI5MZI1 1x5 MMI with output waveguide adjacent separation 10um, 5 MZIs the arŵs are Ϯ5μŵ aŶd ϯϳ.5μŵ froŵ the centre giving an inbuilt phase offset, Input/output tapers, S-bend waveguides, ridge width of 0.8um, Si core thickness of 250nm and microfluidic channel  MMI5MZI2 1x5 MMI with output waveguide adjacent separation 10um, 5 MZIs the oŶe arŵ is Ϯ5Ϭμŵ loŶger thaŶ the other arm giving an inbuilt phase offset, Input/output tapers, S-bend waveguides, ridge width of 0.8um, Si core thickness of 250nm and microfluidic channel  MMI5MZI3 1x5 MMI with output waveguide adjacent separation 10um, 5 MZIs the oŶe arŵ is 5ϬϬμŵ loŶger thaŶ the other 
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arm giving an inbuilt phase offset, Input/output tapers, S-bend waveguides, ridge width of 0.8um, Si core thickness of 250nm and microfluidic channel  MMI8MZI1 1x8 MMI with output waveguide adjacent separation 
ϭϬuŵ, ϴ MZIs the arŵs are Ϯ5μŵ aŶd ϯϳ.5μŵ froŵ the centre giving an inbuilt phase offset, Input/output tapers, S-bend waveguides, ridge width of 0.8um, Si core thickness of 250nm and microfluidic channel  MMI8MZI2 1x8 MMI with output waveguide adjacent separation 10um, ϴ MZIs the oŶe arŵ is Ϯ5Ϭμŵ loŶger thaŶ the other arm giving an inbuilt phase offset, Input/output tapers, S-bend waveguides, ridge width of 0.8um, Si core thickness of 250nm and microfluidic channel  MMI8MZI3 1x8 MMI with output waveguide adjacent separation 10um, ϴ MZIs the oŶe arŵ is 5ϬϬμŵ loŶger thaŶ the other arm giving an inbuilt phase offset, Input/output tapers, S-bend waveguides, ridge width of 0.8um, Si core thickness of 250nm and microfluidic channel MMI12YI 1x12 MMI with output waveguide adjacent separation 10um, 1x12 MMI with output waveguide adjacent separation 10um and microfluidic channel Loss measurements Straight and bent waǀeguides of Ϯ5Ϭμŵ radius of 

Đurǀature, ridge ǁidth Ϭ.ϴμŵ aŶd Si Đore thiĐkŶess of 

Ϯ5Ϭμŵ Loss measurements Straight aŶd ďeŶt ǁaǀeguides of Ϯ5Ϭμŵ radius of 

Đurǀature, ridge ǁidth Ϭ.ϴμŵ aŶd Si Đore thiĐkŶess of 

Ϯ5Ϭμŵ  
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Appendix H Set 4 Mask Layout and Description   

 Figure 1: Mask layer 1 and 2 of Set 4.   
Mask layer ϭ ǁas for the photolithography of ǁaǀeguides ǁhich are Ϭ.5μŵ of ǁidth aŶd 

Ϭ.ϮϮμŵ of height. Mask layer Ϯ ǁas for the photolithography of the gratiŶg couplers ǁhich are etched 0.12um. A physical mask was not required for both layers as e-beam lithography method as used.  Layer 1 consists of 1000um long straight waveguides, 3 MZIs with spirals, a 1x4 splitter comprised of DCs, a 1x8 splitter comprised of DCs, a 1x4 MMI with 4 MZI with spirals and a 1x8 MMI with 8 MZI with spirals. 
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Appendix I Pictures of the physical masks manufactured 

 Figure 1: Set 1 Mask Layer 1 (Waveguide layer) for Silicon core 0.32μm. 

 Figure 2: Set 1 Mask Layer 2 (2μm SU-8 taper layer) for Silicon core 0.32μm. 
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 Figure 3: Set 2 Mask layer 2 -Plasmonic layer (gold layer) for Silicon core 0.32μm. 

 Figure 4: Set 3 Mask Layer 3 (Waveguide layer) for Silicon core 0.25μm. 
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 Figure 5: Set 3 Mask Layer 2 (2μm SU-8 taper layer) for Silicon core 0.25μm.   
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Appendix J Microfluidic Device Fabrication Protocol   
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