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ABSTRACT 

 

Integrated photonics structures such as ring resonators, distributed Bragg reflectors 

(DBRs), Mach-Zehnder interferometers (MZIs), as well as their cascaded versions 

have been extensively studied and successfully tested for the biosensing of samples 

such as viruses, protein biomarkers, deoxyribonucleic acid (DNA), and 

microribonucleic acid (microRNA). We propose novel silicon-on-insulator (SOI) 

meandering distributed feedback (MDFB), antisymmetric MDFB (AMDFB), and 

symmetric MDFB (SMDFB) structures for biosensing applications. A single 

transverse electrically (TE) polarized silicon waveguide is used to design these 

monolithic structures in contrast with ring resonators, where a bus waveguide is 

necessary to couple with the rings. The base structure is a meandering loop mirror 

(MLM). Three identical MLMs are serially connected to form an MDFB structure, 

which shows spectral mode splitting in its spectral response. The AMDFB structure 

has four interlaced identical MLMs. AMDFB spectra shows spectral mode splitting at 

a coupling constant of C = 0.09 and electromagnetic induced transparency (EIT)-like 

peaks from 0.27 < C < 0.51. The SMDFB structure has five interlaced identical 

MLMs. SMDFB spectra shows spectral mode splitting with Fano resonance, when 

C = 0.24; and EIT-like peaks, when 0.78 < C < 0.94. The SMDFB structure’s 

experimental spectrum with Fano lineshape shows an extinction ratio of 26 dBm and 

a slope ratio of 368 dBm/nm. The intrinsic limit of detection of a resonant sensor can 

be expressed as λ/QS, where λ is the free space wavelength, Q is the Q-factor of the 



resonator, and S is the sensitivity. The spectrally split peaks of MDFB structures, and 

the EIT-like peaks in AMDFB and SMDFB structures show Q-factors on the order of 

50000; so that at λ = 1550 nm, and S = 50 nm/RIU the theoretical intrinsic limit of 

our silicon photonic structures is on the order of 0.0006 [RIU], without taking into 

consideration the biomolecule absorption at 1550 nm. In addition to the existing 

integrated photonics structures, our novel monolithic SOI based photonic structures 

show promise for biosensing applications. 



 

ÖZET 

 

Halka çınlaçları, dağıtılmış Bragg yansıtıcıları (DBY), Mach-Zehnder girişimölçerleri 

(MZG) ile bunların ardışık bağlanmış sürümleri gibi tümleşik fotonik yapılar virüs, 

protein, biyoimleyici, deoksiribonükleik asit (DNA), ve mikroribonükleik asit 

(mikroRNA) gibi örneklerin biyoalgılanması yaygın olarak çalışılmış, ve başarıyla 

denenmiştir. Biz biyoalgılama uygulamaları için yeni bir tür yalıtkan-üzeri-silisyum 

(YÜS) kıvrımlı dağıtılmış geribildirim (KDG), antisimetrik KDG (AKDG), ile 

simetrik KDG (SKDG) yapılarını öneriyoruz. Bağdaşmak için taşıyıcı dalgakılavuzu 

gerektiren halka çınlaçlarının tersine, bu tektaş yapıları tasarlamak için bir enine 

elektrik (EE) kutuplu silisyum dalgakılavuzu kullanılmıştır. Bu tasarımların yapıtaşı 

kıvrımlı halka yansıtıcıdır (KHY). İzgesel kip ayrımı gösteren, KDG yapısını 

oluşturmak için 3 tane KHY ardışık olarak kullanılmıştır. AKDG yapısı için 4 tane 

içiçe geçmiş KHY kullanılmıştır. AKDG yapısı izgesinde, C = 0.09 bağlaşım 

katsayısı için izgesel kip ayrımı; 0.27 < C < 0.51 için elektromanyetik irkiltilmiş 

saydamlık (EIS)-benzeri tepeler görülmüştür. SKDG yapısı 5 tane içiçe geçmiş KHY 

kullanılmıştır. SKDG izgesi, C = 0.24 için kip ayrımlı Fano çınlaması; 

0.78 < C < 0.94 için elektromanyetik irkiltilmiş saydamlık (EIS)-benzeri tepeler 

gösterir. SKDG yapısının Fano çizgibiçimli deneysel izgesi 26 dBm sönümleme oranı 

ve 368 dBm/nm eğim oranı gösterir. Bir çınlaç algılayıcının öz algılama sınırı λ/QS 

olarak gösterilebilir; burada λ boş uzay dalgaboyu, Q çınlacın nitelik katsayısı, S 

duyarlılıktır. KDG yapısının izgesel ayrılmış tepeleri ile, AKDG, ve SKDG 

yapılarının elektromanyetik irkiltilmiş saydamlık (EIS)-benzeri tepeleri Q = 50000 



düzeyinde nitelik katsayısı gösterir; öyle ki 1550 nm dalgaboyundaki biyomolekül 

soğurması katılmadığında, λ = 1550 nm dalgaboyunda, S = 50 nm/RIU duyarlılık 

değerinde, silisyum fotonik yapılarımızın kuramsal öz sınırı 0.0006 [RIU] olarak 

bulunur. Var olan tümleşik fotonik devre yapılarına ek olarak, bizim sunduğumuz 

yeni tektaş yalıtkan-üzeri-silisyum (YÜS) fotonik yapılar biyoalgılama 

uygulamalarında ümit vermektedir. 
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NOMENCLATURE 

c Speed of light in vacuum 

C Coupling constant 

k Propagation vector 

R Radius 

λ Wavelength of light in vacuum 

neff Effective index 

ng Group index 

β Propagation constant 

α Propagation loss 

E Electric field 

H Magnetic field 

D Electric displacement 

B Magnetic induction 

κ Cross-coupling constant 

t Self-coupling constant 

Q Quality factor 

LOD Limit of detection 

S Sensitivity 

Δλ3dB Full-width half maximum 

m Mode number 

Δλ Free spectral range 
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Chapter 1 Introduction 

1.1 Integrated Photonics in Biomedical Sensing 

Timely diagnostic results are very crucial for the progress in healthcare. The 

diagnostic tests performed on the human body fluids mainly blood and urine, are 

termed as in-vitro diagnostics (IVDs). Such IVDs involve sample to be taken from the 

patient body and analyzed with expensive equipment at state-of-the-art examination 

centers or hospitals by highly trained staff, which involves consumption of many 

hours of time and involve high costs. Point-of-care (POC) diagnostics, which are sub-

category of IVDs, can be performed anywhere at patients home or at hospital, save 

time, lower financial costs and produce early results. POC diagnostics can be done 

with both small handheld portable and usual large devices. The POC diagnostic tests 

are normally done for glucose monitoring, pregnancy test, and also for fatal diseases, 

as HIV.  The global market share of rapid POC testing is expected to increase by 

9 billion USD during 2019-2023 [1].  By improvements in POC diagnostics, the 

complete ecosystem of health care facility will improve. The performance of POCTs 

is still similar to laboratory- based diagnostics as POCTs are optimized to be handled 

easily and produce fast results. There is lot of work going on to increase the 

performance of POCTs.  

Integrated photonics has shown lot of growth in the last decade, especially silicon 

photonics. The silicon-on-insulator (SOI) technology is compatibility with already 

established complementary metal-oxide semiconductor (CMOS) facility, which 
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allows the reduction of fabrication cost and makes silicon photonics structures good 

candidate for POC. Currently, most of the silicon photonics biosensors are based on 

disk and ring resonators. The motivation behind my research is to design, simulate, 

and analyze novel silicon photonic structures, with high quality factors to be used as 

biosensors. 

1.1.1 Biosensors 

The field of biosensors has been showing growth with more than 22000 research 

articles published in last five years as shown in figure 1.1. Biosensors are an essential 

part of diagnostics setup. Biosensors can sense the attachment of specific biomolecule 

and can give information about its presence or of perturbation in the surroundings by 

change in the output signal. Biosensors can have different output signals in the form 

of fluorescence, color change, or electric signal. 

The earliest research ideas of practical biosensors, using electrodes to monitor blood 

oxygen tension was published in 1956, [2] and electro-mechanical sensing system 

comprising of electrodes for continuous monitoring of glucose was published in 1962, 

[3] which laid the foundations for modern biosensing platforms. With progress in 

biosensors due to improvement in manufacturing techniques, diagnostics, such as 

glucose sensing, have a growing market of more than USD 13 billion per year [4]. 
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Biosensors are generally categorized into two categories: (a) label-based biosensors, 

and (b) label-free biosensors. Label-based biosensors have an additional molecule, 

which is chemically or temporarily attached to the target. Most common labeling 

methods are fluorescent, molecular, and enzyme labeling; and can achieve very low 

detection limits [5]. Label-free biosensors use the properties of the biomolecule, e.g., 

sensing the change in refractive index (RI), or molecular weight; and send an output 

signal.       

1.2  Silicon Photonics 

Photonic integrated circuits (PICs) are gathering strong interest, as they are low cost, 

low power, compact, and high-volume is possible due to the compatibility with 

already matured complementary metal oxide semiconductor (CMOS) manufacturing 

Figure 1-1 Tree map of research articles count per year against keyword "biosensor" for 

last five years from web of science. 
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foundries [6-7], and its ability to integrate large number of photonic integrated circuits 

(PICs) on single chip for applications ranging from telecommunication [8] to 

medicine, and life sciences [9]. Due to the improvement in fabrication facilities, 

low-loss waveguides [10] and uniform structures on silicon-on-insulator (SOI) is now 

possible, which led to the fabrication of microresonators, with low insertion loss, and 

of different types such as microrings [11-12], microdisks [13], as well as Bragg 

grating, [14] and photonic crystal [15] based resonators.  

These photonic structures exhibit resonances with Lorentzian [16-17] and Fano 

lineshapes [18-19]. Fano lineshape is preferred due to the low switching power and 

higher extinction ratio (ER), when compared with the Lorentzian lineshape [20]. The 

Fano lineshape is generated, when a resonance is not in phase (Lorentzian), nor out of 

phase (inverse Lorentzian) with a background signal [21-22]. The split of the Fano 

lineshape resonances is due to the lifting of the degeneracy, due to the mutual 

coupling of these Fano lineshape resonances. The electromagnetically induced 

transparency (EIT)-like lineshape is generated, when two degenerate resonances are 

coupled to each other, resulting in maximum transparency for ring resonators, [23] 

and meandering waveguides. 

Electromagnetic induced transparency (EIT) phenomenon has gained lot of interest 

due to its potential applications in slow and fast light propagation [24], optical 

filtering [25], quantum computing applications [26],  quantum information processing 

[27], high-sensitivity biochemical sensing [28], and non-linear optics [29]. EIT is an 

atomic phenomenon [30], which occurs due to quantum level interactions of light with 
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atoms and as a result light passes through the medium rather being absorbed by the 

atoms [31-32]. EIT-like phenomenon can also occur in photonic resonator structures 

due to coherent interference of the coupled resonators [33]. Various photonic 

structures have demonstrated classical all-optical analogies to EIT-like spectral 

behavior, i.e., microrings setup with coherent interference between two indirectly 

coupled microring resonators [34], whispering-gallery mode (WGM) resonators 

[35-36], photonic crystal waveguides and microcavities [37-38],  as well as plasmonic 

structures and metamaterials [39-40]. Conventional resonances of regular ring and 

disk resonators result in Lorentzian lineshapes [41-42]. Novel photonic structures are 

needed to achieve Fano lineshapes [43] and the EIT-like spectral responses [44]. 

EIT-like spectral responses are also studied in conventional photonic structures [45] 

for applications in and slow light propagation [46].  

Meandering waveguide (MW) resonators offer Lorentzian lineshapes by connecting 

two meandering loop mirrors (MLMs) through a silicon waveguide [47].  MW offers 

diversity in a sense that, resonators can be designed by coupling or connecting MW 

structures together. Self-coupled optical waveguide (SCOW) resonators have been 

realized by connecting two MW structures exhibiting EIT-like phenomenon [48]. 

Distributed MW (DMW) active devices with four coupling points have been presented 

with a focus on EIT-like phenomenon [49].  

1.2.1 Silicon Photonics Biosensors 

Silicon photonic structures are designed to operate in near-infrared region. The light is 

coupled to the silicon nanowires, named as waveguides, through optical fibers using 
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grating couplers (GCs) or side coupling. The coupled light is not concentrated in the 

center of waveguide and some percentage of light’s electric field travels outside the 

waveguide, which is termed as evanescent field. When a biomolecule is attached to 

the waveguide, evanescent wave senses the change in refractive index of the 

environment, which shifts the resonance wavelength of the resonator. There are 

number of figure of merits (FOMs) related to performance of biosensor. 

1.2.1.1 Figure of merits (FOMs) 

1.2.1.1.1 Sensitivity 

 

Sensitivity of silicon photonics resonant structure is defined as the shift in the 

resonance wavelength with the change in refractive index and is given by: 

  (1-1), 

 

 Figure 1-2 The shift in the resonance wavelength of the resonant structure with the change in the 

refractive index of cladding. 
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where Δλ is the shift in the resonator resonance wavelength, and Δn the change in 

refractive index. The resonant structure sensitivity can be measured by considering the 

change in the refractive index of entire cladding termed as bulk sensing, or by 

measuring the change  in the refractive index due to change in the thickness of 

biomolecule layer termed as surface sensing. 

1.2.1.2 Quality Factor 

Quality factor (Q-factor) of resonant structure gives information about the photon 

lifetime and can be approximated as: 

(1-2), 

where λ is the resonance wavelength, and Δλ3dB the full-width half maximum 

(FWHM). Higher Q-factors are required for better limit of detection (LOD) of the 

sensor. 

1.2.1.3 Limit of Detection 

Limit of detection (LOD) of sensor is defined as the minimum perturbation (e.g., 

change in refractive index) in the surroundings to cause a wavelength shift in the 

spectral response, that can be measured by the detecting instrumentation. Integrated 

photonics resonator LOD can be expressed in /RIU as [50-51]: 

 

(1-3), 

where λ is the resonance wavelength of resonator, Q the quality-factor of resonator, 

and S the sensitivity of resonator.  
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1.3 Silicon Photonics Structures as Biosensors  

In the MZI structure, the input light is divided in a 50:50 ratio to travel along two 

paths, and is then combined at the output. The MZI with this configuration is called a 

balanced MZI (BMZI), as shown in Figure 1.3(a). If there is difference in lengths of 

the two paths ΔL, then the MZI is called as an unbalanced MZI (UMZI). BMZI is 

used as sensor as one of the arm remains clad, and at the other arm the cladding is 

removed, for a biomolecule layer to be detected, to be attached. This attachment of 

biomolecule layer changes the effective index neff of the sensing waveguide, and 

causes a change in the optical path length, due to which constructive or destructive 

interference is observed in the spectral response. A POC system with TE polarized 

MZI structures to detect multiplexed micro-RNAs in human urine sample has been 

demonstrated with a sensitivity of < 1fmol / µL [52]. Ring or disk resonators are most 

popular silicon photonics structures. Schematics of single bus, double bus ring, and 

racetrack resonators are shown in Figure 1.4. Incident light travels through the 

waveguide, and is coupled to the ring or disk through evanescent coupling. The 

resonant condition of the ring resonator can be expressed as: 

    (1-4), 

where λ is the resonant wavelength, R the radius of the ring or disk, neff the effective 

index of ring or disk, and m the integer mode order. The ring resonator-based 

biosensor has been demonstrated with a bulk sensitivity of 57 nm/RIU and 

222 nm /RIU for TE and TM polarization, respectively [53].  
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The racetrack resonator with Si waveguide dimensions of 500 nm x 220 nm has also 

demonstrated bulk sensitivity of 70 nm/RIU and detection limit of 10-5 RIU [54]. We 

can observe that, the resonators designed for TM polarization shows higher sensitivity 

than the TE polarized ring resonator. 

(a) (b) 

(c) 

 Figure 1-3 Schematic of (a) single, (b) double bus ring, and (c) racetrack resonator. 
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Different approaches are also investigated to improve sensitivity and detection limit. 

Porous silicon ring resonator with a radius of 10 µm and dimensions of 1200 nm 

width and 600 nm height has demonstrated a Q-factor of 10000, bulk sensitivity of 

380 nm/RIU [55]. Racetrack resonator having footprint of 13 µm x 10 µm designed 

for TE polarized slot waveguides with a slot region of 100 nm has demonstrated a 

bulk sensitivity of 298 nm/RIU and a detection limit of 4.2x10-5 [56]. Thin racetrack 

resonators with a waveguide height of 150 nm and a radius of 40 µm designed for TM 

polarization have demonstrated a bulk sensitivity of 270 nm/RIU, a Q-factor of 4500, 

and a detection limit of 1.2x10-3 RIU [57]. Ring resonators designed with 

subwavelength gratings have also been studied and demonstrate a bulk sensitivity of 

490 nm/RIU, a Q-factor of 7000, and a detection limit of 2x10-6 RIU for a ring 

 Figure 1-4 Simulated spectral response of racetrack resonator through and add port with radius 

of curvature R = 10 µm, and coupling length L = 15 µm. 
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diameter of 30 µm [58].  Ring and disk resonators are extensively used in integrated 

photonics. The motivation behind this thesis is to design, simulate, fabricate, and 

analyze novel integrated photonics structures with primary application as biosensors. 

1.4 Thesis Structure 

Thesis is divided into five chapters. The first chapter is comprised of an introduction 

about the general biosensors and integrated photonics biosensors available in the 

literature. Chapter 2 gives us insight on design techniques, basic components as 

waveguides, and directional couplers. The fabrication process and the experimental 

setup are also discussed in brief. Chapter 3 tells about the base structure meandering 

loop mirror (MLM), and how we can combine different MLMs to design different 

photonic structures. We have discussed MLM, antisymmetric meandering resonator 

(AMR), symmetric meandering resonator (SMR) structures in brief, and meandering 

resonator (MR), meandering distributed feedback (MDFB), antisymmetric MDFB 

(AMDFB), and symmetric MDFB (SMDFB) structures in detail. Different spectral 

shapes such as Lorentzian lineshapes, mode splitting, EIT-like, and Fano lineshapes 

are observed with Q-factors on the order of 50000, and high extinction ratios (ERs). 

Chapter 4 is on the study of silicon meandering distributed feedback structures as a 

model system for biological ligands. Chapter 5 concludes the thesis and gives some 

information regarding the future work.  
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Chapter 2 Design, Simulation, Manufacturing, and 

Measurement 

2.1 Design  

Waveguides are the used to guide light through the integrated photonics lightwave 

circuits. There are different types of waveguides available in the literature, to design  

photonic structures. Figure 2.1 shows different waveguide types, i.e., (a) ridge, 

(b) strip, (c) slot, and (d) sub-wavelength grating (SWG) waveguides. 

 

Figure 2-1 (a) ridge, (b) strip, (c) slot, and (d) sub-wavelength grating (SWG) 

waveguides. 
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We have designed our structures for SOI technology, as shown in Figure 2.2. The 

basic design components of our structures are silicon straight waveguides, bent 

waveguides, and coupling regions. For the design and simulation of the integrated 

silicon structures, we used photonic software package Mode (Lumerical Solutions 

Inc.) for optimizing the straight and bend waveguide parameters, FDTD (Lumerical 

Solutions Inc.) to obtain the s-parameters of the straight waveguide, bent waveguides, 

and directional couplers. The individual components’ s-parameters are then imported, 

and assembled in Interconnect (Lumerical Solutions Inc.) to observe the response of 

the complete structure, and obtain the transmission spectra. The optimized structures 

are then transferred to a layout package (KLayout) for control of the semiconductor 

processing equipment.  

 

 
Figure 2-2(a) cross-sectional, (b)lateral , (c) cross-sectional after oxidation and (d) lateral after 

oxidation, schematic of SOI waveguide. 
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For the design and simulation of the integrated silicon structures, we used photonic 

software package Mode (Lumerical Solutions Inc.) for optimizing the straight and 

bend waveguide parameters, FDTD (Lumerical Solutions Inc.) to obtain the s-

parameters of the straight waveguide, bend waveguides, and directional couplers. The 

individual components s-parameters are then imported, and assembled in Interconnect 

(Lumerical Solutions Inc.) to observe the response of the complete structure, and 

obtain the transmission spectra. The optimized structures are then transferred to a 

layout package (KLayout) for control of the semiconductor processing equipment. 

2.1.1 Silicon Waveguides 

 
 

We have used channel silicon waveguides with dimensions of 500 nm x 220 nm in all 

our designs, as shown in Figure 2.2. Rib waveguides are mostly used to design active 

Figure 2-3 (a) TE00, (b) TM00, and (c) TE01 mode profiles of 500 nm x 220 nm silicon 

waveguide. 
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devices and have a slab height of 90 to 120 nm along the silicon waveguide core to the 

end of the oxide layer. The mode profiles of three modes supported by silicon 

waveguide with dimensions of 500 nm x 220 nm are shown in Figure 2.3.   

 

Figure 2-4 Effective index of TE00, TE01, and TM00 mode at Si waveguide with fixed 

height of 220 nm and different widths at 1550 nm. 
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The silicon waveguide effective index with a height of 220 nm and different widths is 

plotted in Figure 2.4. We can observe waveguide supports single TE mode till a width 

of 450 nm, and the waveguide is not strictly single mode at a width of 500 nm and the 

mode is therefore called quasi-TE mode. For sensing applications, the top oxide 

cladding is removed and the silicon waveguide is exposed for a biomolecule layer to 

be detected. The silicon waveguide for bulk and surface sensing is shown in Figure 

2.5 and 2.6, respectively.  

 
 

 

 
 

Figure 2-5 (a) Lateral and (b) cross-sectional schematic of bulk sensing geometry. 

Figure 2-6 Cross-sectional schematic of surface sensing geometry. 
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The bulk sensitivity of the waveguide can be written as ( ), i.e., the change in 

effective index w.r.t the change in the cladding index; and the surface sensitivity can 

be expressed as ( ) i.e., the change in effective index w.r.t the change in the layer 

thickness [59]. The silicon waveguide bulk susceptibility for the TE mode is plotted in 

Figure 2.7 using Lumerical Mode package. The waveguide height is fixed at 220 nm 

and the width is varied from 300 nm to 800 nm. The waveguide susceptibility 

decreases with the increase in width at h = 220 nm. Similarly, the bulk susceptibility 

of the Si waveguide for TM mode is plotted in Figure 2.8 with h = 220nm and width 

 

 

Figure 2-7 Silicon waveguide susceptibility for the quasi-TE mode with a height = 220nm and 

different widths. 
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varied from 300 to 600 nm. The susceptibility value for TM mode is higher than the 

one for the TE mode. The simulated Si waveguide response is plotted in Figure 2.9, 

which shows a propagation loss of -3 dB/cm. 

 

 

 

Figure 2-8 Silicon waveguide susceptibility for the quasi-TM mode with height = 220nm and 

different widths. 

 

Figure 2-9 Loss of TE polarized silicon waveguide used in the simulations. 
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2.2 Waveguide Bends 

Silicon photonics structures are designed with waveguide bends of 10 µm. The 

3D-FDTD simulated loss of the waveguide bend is around -0.0047 dB, as shown in 

Fig. 2.10. 

2.2.1 Directional Couplers 

Figure 2-10: Loss of TE polarized Si waveguide bends with R = 10µm, used in the 

simulations. 

(a) (b) 

Figure 2-11 :Schematic of (a) the IC and (b) the CC directional coupler. 
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We used two types of directional couplers (DCs) to design our structures, IC and CC 

couplers, as shown in Figure 2.11 (a) and (b), respectively. The DC’s bends are 

10 µm; waveguide dimensions are 500 nm x 220 nm, and the gap between the Si 

waveguides in the coupling region is kept constant at 200 nm. The coupling constant 

C values for IC and CC couplers at 1550 nm are provided in Table 1. The coupling 

constant C values for IC and CC couplers as function of wavelength are plotted in 

Figure 2.12 and Figure 2.13, respectively. As, the coupling Lc increases form 10 µm to 

20 µm in Figures 2.12 and 2.13  (a-k), the 3 dB coupling point moves towards lower 

wavelengths. The coupling constant values for particular Lc also change with the 

wavelength, and are not constant in the wavelength range shown.  

Table 2-1 Coupling constants for the IC and CC directional couplers (DCs) shown in                  

Figure 2.10 (a) and (b) at 1550 nm. 

 

DC coupling length 

Lc (µm) 

IC coupling constant 

 

CC coupling constant  

 

5 0.01 0.09 

10 0.25 0.24 

12 0.32 0.31 

14 0.4 0.39 

15 0.44 0.43 

16 0.48 0.47 

18 0.56 0.55 

20 0.64 0.63 

25 0.83 0.81 

30 0.93 0.94 

35 0.98 0.99 
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Figure 2-12 (a-k) IC coupler transmission spectra of the cross port (green) and through port 

(red) as the length of coupling region Lc increases from 10µm to 20 µm. 
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Figure 2-13 (a-k) CC coupler transmission spectra of the cross port (green) and through port 

(red) as the as length of coupling region Lc increases from 10µm to 20 µm. 
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2.2.2 Grating Couplers 

In order to couple light into the structures, we used the optimized subwavelength 

grating coupler (GC). For the TE00 mode, the GC has a 593 nm grating period, a 

237 nm grating width, and a 74 nm subwavelength grating width [63]. The simulated 

response of the GC with two 10 µm bends and a 127 µm Si waveguide is shown in 

Figure 2.14. The simulated response shows an insertion loss of -5 dB around 1550 nm. 

The structures are fabricated at Applied Nanotools (ANT) and University of 

Washington Nanofabrication Facility (UWNF). The experimental transmission spectra 

from both facilities are shown in Figure 2.15 and Figure 2.16. 

UWNF GC insertion loss is around -15 dB. Also the center of minimum insertion loss 

is not constant.  The ANT GC experimentally measured spectral response is shown in 

Figure 2.17. and the insertion loss is around -20 dB, which is more than UW GC 

 

Figure 2-14 Simulated TE GC response. 
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insertion loss, but the response is more stable. The SEM image of the structures 

connected with the GC is shown in Figure 2.17. 

 

Figure 2-15 ANT GC experimentally measured transmission spectra. 

 

Figure 2-16 UWNF GC experimentally measured transmission spectra. 

 
 

Figure 2-17 The SEM of the antisymmetric meandering resonator (AMR) structures connected 

with GC. 
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2.3 Experimental Setup 

 

For the experimental transmission spectral measurements a custom-built automated 

test setup [60], controlled with a Python automated-control software [61], is used. A 

tunable laser (Agilent 81600B) is used as the light source to measure the transmission 

spectra with a wavelength sweeping step of 10 pm from 1520 nm to 1580 nm. 

TE polarization light is coupled in and out of the photonic structures using a single 

mode polarization maintaining fiber (PMF) array [62], through grating couplers (GCs) 

[63]. At the outputs, optical power sensors (Agilent 81635A) are used for detecting 

the transmitted light. A schematic of experimental setup is presented in Figure 2.18. 

The experimentally measured transmission spectra are presented together with the 

numerically calculated transmission spectra in the next chapter. 

 

Figure 2-18 Schematic of the experimental setup. 
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2.4 Fabrication 

We used the direct write EBL system of University of Washington Nanofabrication 

Facility (UWNF) [64] and Applied Nanotools Inc. (ANT) [65] fabrication services for 

the realization of the structures. At UWNF, the user input is the total area of the 

pattern to be written, which can be determined using KLayout or Calibre (Mentor 

Graphics), and the data preparation is performed by the BEAMER (Genisys GmbH) 

software [66]. 

The propagation loss is 4 dB/cm for the fabricated strip waveguides, with a width of 

500 nm and a height of 220 nm, for the TE polarized light from UWNF process the 

scattering due to sidewall roughness has the major percentage in this loss [64-67]. 

Similar waveguides, fabricated with the ANT process, have a propagation loss of 

1.5 dB/cm for TE polarized light [65]. 

The structures are fabricated using an SOI substrate, and the thickness of buried oxide 

(BOX) layer is 2 µm. Electron beam lithography (EBL) and reactive ion etching (RIE) 

are used to draw the silicon waveguides. We designed the structure using straight 

silicon waveguides of 220 nm height and 500 nm width. The bend waveguides have a 

radii of 10 µm. The resulting structure is then covered by a 2.2 µm-thick SiO2 

cladding layer, which is formed by depositing oxide all around the structures. 

2.4.1 ANT Fabrication Process 

The photonic devices were fabricated using the NanoSOI MPW fabrication process by 

Applied Nanotools Inc. [65], which is based on direct-write 100 keV electron beam 
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lithography technology. Silicon-on-insulator (SOI) wafers of 200 mm diameter, 

220 nm device thickness, and 2 µm buffer oxide thickness are used as the base 

material for the fabrication. The wafer was prediced into square substrates with 

dimensions of 25 mm x 25 mm, and lines were scribed into the substrate backsides to 

facilitate easy separation into smaller chips once the fabrication was complete. After 

an initial wafer cleaning using piranha solution (3:1 H2SO4:H2O2) for 15 minutes 

and water/IPA rinse, hydrogen silsesquioxane (HSQ) resist was spin-coated onto the 

substrate, and heated to evaporate the solvent. The photonic devices were patterned 

using a Raith EBPG 5000+ electron beam instrument using a raster step size of 5 nm. 

The exposure dosage of the design was corrected for proximity effects, that result 

from the backscatter of electrons from exposure of nearby features. Shape writing 

order was optimized for efficient patterning and minimal beam drift. After the e-beam 

exposure and subsequent development with a tetramethylammonium sulfate (TMAH) 

solution, the devices were inspected optically for residues and/or defects. The chips 

were then mounted on a 4” handle wafer and underwent an anisotropic ICP-RIE etch 

process using chlorine, after qualification of the etch rate. The resist was removed 

from the surface of the devices using a 10:1 buffer oxide wet etch, and the devices 

were inspected using a scanning electron microscope (SEM) to verify patterning and 

etch quality. A 2.2 µm oxide cladding was deposited using a plasma-enhanced 

chemical vapor deposition (PECVD) process based on tetraethyl orthosilicate (TEOS) 

at 300 ºC. Reflectrometry measurements were performed throughout the process to 

verify the device layer, buffer oxide and cladding thicknesses before delivery. 
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Chapter 3 Integrated Silicon Photonics Structures proposed for 

Biosensing 

 

3.1 Meandering Loop Mirror 

The basic element of our structures is meandering loop mirror (MLM). MLM has one 

DC, the through port and the cross port of that DC are joined to form a loop mirror, as 

shown in Figure 3.1(a). The mathematically analyzed transmittance of the MLM as a 

function of coupling constant, C is plotted in Figure 3.1(b). For a single MLM, when 

there is no coupling at the DC, i.e., C = 0, the input follows a CW path, and a 

maximum transmission is observed. When the coupling at the DC is maximum, i.e., 

C = 1, the input follows a CCW path and again a maximum transmission is observed. 

When C is between 0 and 1 at the DC, the input follows both CW and CCW paths. The 

minimum transmission is observed, when C = 0.5 at the DC. 

 

 

Figure 3-1 (a) The proposed MLM design, and (b) the mathematically calculated transmittance and 

reflactance response. [107] 
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Figure 3-2 : (a) Schematic of the MLM design and (b) the transmittance of the MLM as a 

function of the coupling length Lc.  
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The schematic of the physical design of the MLM with the Si waveguide and the DC 

is shown in Figure 3.2 (a).  Si waveguide dimensions are 500 nm x 220 nm. The gap 

‘g’ between two waveguides in DC region is 200 nm, and is kept the same in all the 

designs. The coupling length Lc is the length of the Si waveguides in DC region. The 

waveguide bends radius of curvature is R = 10 µm. The Lc is varied to change the 

coupling constant C in the DC. The 3D FDTD transmittance of MLM structure as a 

function of Lc is plotted in Figure 3.2(b). The ML M transmittance is minimum around 

Lc = 16 µm and is maximum, when Lc = 0 or 35 µm.  

 

 
 

Figure 3-3 3D-FDTD simulated response of the MLM with (a) Lc = 14 µm and (b) Lc = 16 µm. 
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3D FDTD simulated response of MLM with Lc = 14 µm and Lc = 16 µm are plotted in 

Figure 3.3 (a) and (b), respectively. MLM transmission intensity is plotted on left 

y-axis and DC transmission intensity on right y-axis. MLM shows a dip, when the DC 

has 3 dB coupling, and this dip moves towards the lower wavelength as Lc increases. 

Figure 3-4 shows the electric field distribution, when the MLM has (a) a dip and (b) a 

peak in the transmission. 

3.2 Meandering Resonator 

Two MLMs can be connected together to create a meandering resonator (MR). The 

MR resonator shows Lorentzian peaks in the transmission spectrum and the peaks 

have high Q-factors near the 3dB coupling point. The MR schematic with two MLM’s 

connected together is shown in Figure 3.5. 

 

 

Figure 3-4 Electric field distribution, when the MLM has (a) a dip and (b) a peak in the 

transmission. 
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Figure 3-5  Schematic of the MR structure. 

 

Figure 3-6 3D FDTD simulated transmission spectral response of the MR structure. 
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The transmission spectral behavior of the MR shows Lorentzian peaks, as shown in 

Figure 3.6. The distance between the peaks is termed as the free spectral range (FSR) 

and can be calculated as: 

     (3.1)  

The Q-factor has been defined already, and the ER gives the difference between the 

maximum and the minimum of the transmission. The 3D FDTD simulated spectral 

response of MR structure, as Lc increases from 10 µm to 20 µm, is shown in 

Figure 3.7, and is compared with the MDFB in the next section. 

3.3 Antisymmetric Meandering Resonator 

The antisymmetric meandering resonator has two DCs as shown in schematic and 

SEM image in Figure 3.8. The spectral response show peak at resonance wavelengths 

and Q-factor of peaks increase as Lc is increased from 10µm to 20µm. 3D FDTD 

simulated and experimental results are plotted for AMR structure with Lc=10 µm in 

Figure 3.9 (a)  and (b) respectively.  3D FDTD simulated transmission and reflection, 

and (b) experimentally spectral response for AMR structure with Lc=10 µm and 

Lc=20 µm, which corresponds to C values of 0.24 and 0.64, are plotted in figure 3.9 

and 3.10, respectively. We can observe the peaks in the spectral response gets sharper 

as C increases and this trend is observed in both simulations and experimental results. 
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Figure 3-7  (a) The schematic and (b) the SEM image of the antisymmetric meandering resonator. 
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Figure 3-9 (a) 3D FDTD simulated, and (b) experimental transmission (high ER) and 

reflection (low ER) spectra for the AMR structure with Lc = 20 µm. 

 

 

Figure 3-8 (a) 3D FDTD simulated, and (b) experimental transmission (high ER) and reflection 

(low ER) spectra for the AMR structure with Lc = 10 µm. 
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3.4 Symmetric Meandering Resonator 

 

The symmetric meandering resonator has three coupling regions, as shown in 

Figure 3.10. The spectral response has Fano-lineshapes with mode splitting, when all 

directional couplers have Lc = 12µm, which is evident in both 3D FDTD simulations 

and experimental measurements shown in Figure 3.11 (a) and (b), respectively. 

 

 

Figure 3-10 : (a) The schematic and (b) the SEM image of the symmetric meandering resonator. 

 

Figure 3-11  (a) 3D FDTD simulated and (b) experimental transmission spectrum for the SMR 

structure with Lc = 12µm 
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3.5 Meandering Distributed Feedback Structure 

In this section, we propose a meandering distributed feedback (MDFB) photonic 

structure formed by joining three MLM structures in series, exhibiting spectral mode 

splitting of the meandering resonators (MRs) in the transmission spectrum towards the 

application as a temperature sensor.  

The MR structure is the analog of a FP cavity and MDFB structure can be thought as a 

two-stage FP cavity. The output from the first stage has a Lorentzian lineshape, which 

is fed to the second stage of the MDFB. The three-mirror FP cavity has been 

theoretically analyzed [68-69], and experimentally demonstrated [70]. The minimum 

of the 3 mirror MDFB structure (the analog of the three mirror FP cavity) also has a 

lower transmission minimum than the MR (the analog of the two mirror FP cavity) as 

expected [18], due to a better spectral definition.  

Mode splitting has also been observed in many SOI-based optical circuits, such as 

microrings, by fabricating gratings on the sidewalls [71-72], by using ring resonator 

with feedback coupled waveguide [73], and by coupling microrings [74]. Mode 

splitting in photonic crystal (PC) SOI slabs has been analyzed [75], and 

experimentally observed [76]. Mode splitting in SOI can also be utilized for 

nanoparticle chemical sensing [77].  

Spectral mode splitting in SOI with Sagnac loop mirrors has been experimentally 

demonstrated [78], however the device footprint was large. We are proposing spectral 

mode splitting in a meandering waveguide SOI structure, that is tunable, easy to 

fabricate, and with a small footprint, as compared to microrings and PC slabs.  
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An ambient temperature sensor based on a meandering distributed feedback (MDFB) 

lightwave structure was formed by cascading three MLMs. This structure can also be 

used for integrated photonics applications such as optical filtering. 

3.5.1 Design and Simulation of The Meandering Distributed 

Feedback Structure 

The schematic and a scanning electron microscope (SEM) image of the MDFB 

structure are shown in Fig. 3.12(a) and (b), respectively. The MDFB structure consists 

of three MLMs. The MLM consists of a directional coupler (DC) bent onto itself. The 

gap of the DC is g = 200nm, the length of the straight waveguide between the MLMs 

are L1 = L2 = 5 µm, the radius of curvature of the loops are R = 10 µm, and the 

coupling and extension lengths are Lc1 = 22 µm, respectively. 

The first and third MLMs are coupled to the input and output waveguides, 

respectively. The input laser enters the MDFB structure through the left bottom 

waveguide with direction labeled as ‘Input’ and the output power was measured 

through the right bottom waveguide with direction labeled as ‘Transmission’.  

The MLM has 100% transmittance, when C = 0 (100% clockwise (CW) propagation) 

or 1 (100% counterclockwise (CCW) propagation), and has 100% reflectance for 

C = 0.5. CW and CCW electromagnetic fields co-propagate in the MLM for other 

values of C.  
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The numerically calculated transmittance at a wavelength of 1500 nm of the MLM 

structure with R = 10 µm and g = 200 nm as a function of coupling length Lc is shown 

in Fig. 3.13. MLM behaves as perfect mirror, when Lc is around 15 µm and 

 
 

 
 

 
 

Figure 3-12 (a) The schematic, and (b) the SEM of the MDFB with 3 MLMs. The gap is g = 200 

nm, the separation between the MLMs are L1=L2=5 µm, the radius of curvature R = 10 µm, and 

the coupling length is Lc1 = 22 µm. 
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transmittance increases when Lc is 0 µm or 35 µm. This effect of single MLM is also 

evident in MR and MDFB resonators. 

 

MLM transmission and reflection functions can be expressed as [79]: 

                 (3-1), 

and, 

                  (3-2), 

where t is the directional coupler (DC) waveguide self-coupling coefficient of the 

MLM, κ the DC waveguide coupling coefficient of the MLM, a1= the MLM loss 

coefficient, β =  the propagation constant, and l1 the length of the MLM.  

 

Figure 3-13 The numerically simulated transmittance of an MLM as function of coupling length at 

1500 nm. MLM behaves as perfect mirror, when Lc is around 15 µm and transmittance increases when 

Lc is 0 µm or 35 µm. This effect of single MLM is also evident in MR and MDFB resonators. 
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The field transmission and reflection function of MR structure, which consists of two 

identical MLMs can be mathematically written as [79]: 

           (3-3), 

and, 

          (3-4), 

where, L1 is the waveguide length between the two MLMs, and a2= the loss 

coefficient associated with the waveguide between the two MLMs.  

Similarly, the transmission field function of the MDFB structure, which consists of 

identical three MLMs, and the same distance between the MLMs can be written as [78]: 

 

      (3-5). 

L1 and L2 are the silicon waveguide lengths connecting the two MLMs, which are 

identical in our designs. By selecting t = 0.87 (t2 +κ2 = 1, for a lossless resonator), 

ng = 4.2, l1 = 124 µm, L1= 36.4 µm,  = 69 /m for a propagation loss of 3 dB/cm, we 

can plot MR and MDFB transmission intensity using Eq. (3.1) – (3.5), as shown in 

Figure 3.14.  
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MR (formed by connecting two identical MLM’s) structure has a peak at the 

resonance wavelength, and when we put one more MLM to make MDFB structure, 

two MR resonators are coupled and, in the transmission, there are two peaks as the 

resonances push one another. The Q-factor of the single peak of the MR is 8 x 103, 

which increases to 15 x 103, when the peaks split in the MDFB. We can also observe 

that, the overall extinction ratio of transmission spectrum increases for the MDFB, as 

shown in Figure 3.14 (a) and (b), which also makes the MDFB a better resonator than 

the MR.  This increase in the extinction ratio (ER) is due to the increased mutual 

coupling of the resonators, and has been studied in coupled ring resonators [71-80]. 

 

Figure 3-14 Transmission intensity of (a) MR and (b) MDFB structure using Eq. (3.1) – (3.5). MR 

structure consisting of two MLMs has one resonant peak in one FSR and MDFB structure 

consisting of three MLMs exhibiting mode splitting due to coupling of two resonances. 
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The spectral responses of the MR and MDFB structure are also analyzed using the 

transfer matrix method (TMM) [107], and 3D FDTD simulations are further 

performed to verify the analytical model. 3D FDTD simulations of the straight 

waveguides, bent waveguides, and DCs were also performed with the FDTD suite 

(Lumerical Solutions, Inc.). The s-parameters of the individual components were 

imported to Interconnect (Lumerical Solutions, Inc.) to observe the response of 

complete structure. A 500 nm-wide and 220 nm-high silicon (nSi = 3.48) waveguide is 

covered by silicon dioxide (nSiO2 = 1.44) cladding on all sides. The directional 

coupler’s coupling length Lc remains identical for all MLM’s and is varied from 

10 µm to 15 µm. The directional coupler’s coupling gap is 200 nm for all structures. 

The bending waveguides have 10 µm bending radius for all the structures investigated 

in this study.  The scope of this research is to study and design symmetric structures, 

so the coupling length (Lc) in all the individual MLM, which is also the unit cell of 

MDFB, is kept same for one structure and is varied in different structure. 3D FDTD 

simulated results of MR and MDFB structures from Lc = 10 µm to Lc = 15 µm are 

plotted in Figure 3.15 (a-f) and (g-l), respectively. Simulations results also have 

grating couplers response, which add a -5 dB insertion loss. As expected from the 

numerical calculation plot in Figure 3.14, we can observe Lorentzian peaks in the MR 

spectral transmission, and split peaks in the MDFB spectral transmission. As the Lc 

increases, and the coupling increases, the MR peaks become sharper.  

The insertion loss also increases with Lc and λ, as coupling also depends on λ, and 

around Lc = 15µm the transmittance of single MLM is very low as shown in 

Figure 3.13, and is also evident in Figure 3.15. 
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The MR spectral response show a single peak and MDFB spectral response has mode 

splitting. The MR peaks become sharper as Lc increases. MDFB peaks also become 

sharp and split distance is also reduced as Lc increases. The insertion loss also 

increases as the coupling approaches nearer to 3-dB coupling point. 

.  

Fig. 3.16 (a-f) and (g-l) shows the experimentally measured transmission spectra of a 

two stage MLM (MR) and a three stage MLM (MDFB) with an increase in Lc from 

 

Figure 3-15 The 3D FDTD simulation of the transmission spectra of (a-f) the MR and (g-l) the 

MDFB from Lc = 10µm to Lc = 15µm. 
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10 µm to 15 µm. Fig. 3.16(e) and (k) show the experimental transmittance spectra of 

the MR and the MDFB with Lc = 14 µm. The MR shows an ER of 22 dB and a 

Q-factor of 3.0 x 104, while the MDFB shows an overall ER of 35 dB and a Q-factor 

around 4.0 x 104. 

Fig. 3.16 (f) and (l) show the experimental transmittance spectra of MR and MDFB 

with Lc = 15 µm. The MR shows an ER of 24 dB and a Q-factor of 4.0 x 104, while 

the MDFB shows overall an ER of 36 dB and a Q-factor around 5.0 x 104. As, 

observed in the simulations, the Q-factor of the MR and the MDFB also increases as 

the coupling increases by increasing Lc in the experimental measurements. The 

insertion loss also increases and the distance between the split peaks reduce for the 

MDFB, by increasing Lc as the coupling approaches 3-dB point.  

Table 3.1 summarizes the FSR comparison of the numerically simulated and 

experimentally measured transmission spectra of the MR and the MDFB structures, 

with coupling lengths of Lc = 10, 11, 12, 13, 14, and 15 µm, showing good agreement 

with each other. We can observe that, the FSR of teh MR and the MDFB for specific 

coupling lengths are identical. The FSR of the MR is given by the expression, 

FSR = Δλ = λ2/ngL, where λ is the vacuum wavelength, ng the group index (ng = 4.2 at 

1550 nm for 500 nm x 220 nm strip waveguide with SiO2 cladding), and L the 

roundtrip length of the resonator.  In the MDFB, the two MRs are coupled to each 

other [81]. The MDFB totals lengths are 341 µm, 347 µm, 353 µm, 359 µm, 365 µm 

and 371 µm for Lc =10, 11, 12, 13, 14, and 15 µm, respectively. 
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Figure 3-16 Experimental transmission spectrum of (a-f) the MR  and (g-l) the MDFB structure 

with Lc = 10µm to 15 µm. The MDFB show better overall ER than the MR, which is required 

for sensing applications. The Q-factor of the MDFB is also higher than the MR, that will lead to 

a better limit of detection (LOD). 
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 FSR (nm) MR MDFB 

Lc1 (µm) simulation (nm) measurement (nm) simulation (nm) measurement (nm) 

10 1.69 1.68 1.69 1.69 

11 

12 

1.66 

1.63 

1.67 

1.63 

1.66 

1.63 

1.66 

1.62 

13 1.6 1.59 1.59 1.58 

14 1.56 1.55 1.56 1.55 

15 1.52 1.52 1.52 1.51 

The Q-factor and the ER values of the MR and the MDFB structures are provided in 

Table 3.2 and 3.3, respectively. We can deduce that the MDFB has better Q-factor and 

ER values, which make the MDFB a better filter than the MR. The Q-factor is better, 

resulting in a better dynamic range, which will lead to better limit of detection (LOD).  

Q-factor MR MDFB 

Lc1 (µm) simulation measurement simulation measurement 

10 9 x 103 7 x 103 1.4 x 104 1.4 x 104 

11 

12 

1.3 x 104 

2.0 x 104 

1.0 x 104 

1.5 x 104 

2.0 x 104 

3.0 x 104 

2.0 x 104 

2.6 x 104 

13 3.0 x 104 2.0 x 104 4.0 x 104 3.0 x 104 

14 4.0 x 104 3.0 x 104 5.0 x 104 4.0 x 104 

15 6.0 x 104 4.0 x 104 7.0 x 104 5.0 x 104 

      

 

ER (dB) MR MDFB 

Lc1 (µm) simulation measurement simulation measurement 

10 15 13 26 21 

11 

12 

18 

20 

15 

17 

30 

34 

21 

27 

13 26 18 40 29 

14 28 22 44 35 

15 29 24 50 36 

 

3.5.2 Ambient Temperature Sensing With The MDFB 

Thermo-optic coefficient (TOC) of Si (change in the refractive index of silicon with 

temperature) dn/dT = 1.86 x 10-4 K-1 [82].  This property of silicon has been utilized 

Table 3-1 The FSR comparison of the MRs and the MDFBs with coupling lengths of 10, 

12, 13, 14, and 15 µm. 

Table 3-2 The Q-factor comparison of the MRs and the MDFBs with coupling lengths of 

10, 11, 12, 13, 14, and 15 µm. 

Table 3-3 ER comparison of MRs and MDFBs with coupling lengths of 10, 11, 12, 13, 

14, and 15 µm. 
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to fabricate integrated thermo-optic switches [83] and thermally tunable modulators 

[84]. SiO2 TOC is dn/dT = 10- 5 K-1 [85], which is very low compared to Si. 

Temperature variations affect the TE mode more than the TM mode, as the TE mode 

is more confined in the channel buried waveguide core. Temperature variation effects 

have been studied in different photonic structures. Temperature sensitivity of 

S = 77 pm.K-1 has been observed in ring resonator coupled to a waveguide with 

dimensions of 610 nm x 220 nm supporting TE polarization [86]. A higher 

temperature sensitivity of S = 293.9 pm.K-1 has been reported with cascaded ring 

resonator structure with two ring resonators, the first ring has waveguide dimensions 

of 350 x 210 nm and second ring has waveguide dimensions of 450 x 210 nm [35]. 

The empirical formula to calculate the temperature sensitivity of the SOI structure is 

given by S = dλ/dT = (λ/ng)(dneff/dT), where neff is the effective index of waveguide, 

and dneff/dT the variation of the effective index with temperature [87]. For our 

structures, the measurements are performed at two pairs of two different ambient 

temperatures (23 °C and 30 °C) and (25 °C and 35 °C) to study the effect of 

temperature change on the transmission spectra of the structures.  For a temperature 

increase of 7 K and 10 K, the MR and the MDFB resonance peaks shift to higher 

wavelengths with a red shift of 0.48 nm and 0.69 nm with a sensitivity of a 69 pm·K-1.  

Fig. 3.17(a) and (b) at (25 °C and 35 °C), as well as Fig. 3.19(a) and (b) at (25 °C and 

35 °C) show the experimentally measured transmission spectra of MR and MDFB 

with coupling lengths of Lc = 12  µm and 13 µm, respectively.  
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Fig. 3.18(a) and (b) at (23 °C and 30 °C), as well as Fig. 3.20(a) and (b) at (23 °C and 

30 °C)  show the experimentally measured transmission spectra of MR and MDFB 

with a coupling length Lc = 14  µm and 15 µm, respectively.  

The dneff/dT of the channel buried waveguide (500 nm x 220 nm) has been calculated 

using FDTD solver (Lumerical Solutions, Inc.) to be 1.98 x 10-4 K-1 [88], which 

corresponds to a sensitivity of S = 73 pm·K-1, which is in good agreement with the 

experimental value of S = 69 pm·K-1 measured from the transmittance spectra. Both 

MR and MDFB have same temperature sensitivity due to same design parameters, 

however MDFB has a better Q-factor and ER values as compared with the MR. 

The limit of detection analysis can also be applied to temperature sensors. and for a 

resonator with a Q = 106 and a sensitivity of S = 80  pm·K-1, the thermal limit of 

detection (LOD) is comparable to thermistors. The relation to calculate the thermal 

limit of detection sensor is LOD  = λ/ (Q.S) where, λ is the operating wavelength, Q 

the Q-factor of the resonator, and S the sensitivity of resonator. For a sensitivity of S = 

69 pm.K-1, an operating wavelenth of λ = 1550 nm, and quality factors Q = 4x104 for 

MR and Q = 5x104 MDFB with Lc = 15 µm (from Table 2), we can observe 

improvement in LOD   from 0.7 K to 0.5 K. 
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Figure 3-17 Experimentally measured MR spectrum of (a) Lc = 14 µm and (b) Lc = 15 µm at 

23 oC and 30 oC. 

 

 

Figure 3-18 Experimentally measured MR spectrum of (a) Lc = 12 µm and (b) Lc = 13 µm at 

25 oC and 35 oC. 
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Figure 3-19 Experimentally measured MDFB spectrum of (a) Lc = 12 µm and (b) Lc=13µm at 25 
oC and 35 oC  

 

 

Figure 3-20 Experimentally measured MDFB spectrum of (a) Lc = 14 µm and (b) Lc=15µm 

at 23 oC and 30 oC. 
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3.6 Antisymmetric Meandering Distributed Feedback Lightwave 

Circuits 

  

 
 

 
 

 

Figure 3-21 (a) Schematic and (b) SEM of the AMDFB structure with four directional 

couplers. There are four identical DCs which are named C1-C4. The gap ‘g’ between two Si 

waveguides with length Lc in DCs is 200 nm. The bending radius of curvature ‘R’ is 10 µm. . 

SEM image of AMDFB structure with Lc = 10 µm is presented here. 
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Electromagnetic induced transparency (EIT) phenomenon has gained lot of interest 

due to its potential applications in slow and fast light propagation [89] , optical 

filtering [90], quantum computing applications [91], high-sensitivity biochemical 

sensing [92] and non-linear optics [93]. EIT is an atomic phenomenon [94], which 

occurs due to quantum level interactions of light with atoms and as a result light 

passes through the medium rather being absorbed by the atoms [95-96]. EIT-like 

phenomenon can also occur in photonic resonator structures due to coherent 

interference of the coupled resonators [97]. Various photonic structures have 

demonstrated classical all-optical analogies to EIT-like spectral behavior, i.e., 

microrings setup with coherent interference between two indirectly coupled microring 

resonators [98] ,  whispering-gallery mode resonators [99-100], photonic crystal 

waveguides and microcavities [101-102], as well as plasmonic structures and 

metamaterials [103].  

EIT phenomenon has also been studied in monolithic meandering waveguide (MW) 

silicon-on-insulator (SOI) structures. The reported quality(Q)-factor and extinction 

ratio (ER) of EIT-like peaks in MW SOI structures with four directional couplers 

(DCs) are 7.6x103 and 28 dB, respectively [104] and in a MW resonator consisting of 

two MW structures with two DCs, values are 2.8x104 and 29 dB, respectively [105].  

Here, we present a MW structure, which has four DCs with optimized EIT-like 

spectral responses. One meandering loop mirror (MLM) and antisymmetric 

meandering resonator (AMR) are connected to form an AMDFB structure [106]. EIT-

like spectral response with high Q-factor on the order of 4.5x104 has been studied in a 
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MW SOI structure with four DCs. In the start, we discuss the design parameters of 

AMDFB structure and the SOI fabrication process. 

In the next section, we compare the numerically simulated and experimentally 

measured spectral responses. We have discussed the spectral response of structures 

with DC coupling constants C values of 0.09 < C < 0.51. The C value is adjusted by 

changing the DC coupling length Lc. Mode splitting is observed in the AMDFB 

transmission spectra at C = 0.09. We can observe the EIT-like peaks at C = 0.24, and 

the Q-factor of the peaks increases as C increases. EIT-like peak with the high Q-

factor on the order of 4.5x104 is observed at C = 0.51. The numerically simulated and 

experimentally measured spectra show good agreement. The AMDFB structure shows 

promise for applications as optical filters in wavelength division multiplexing (WDM) 

and as optical sensors in optical diagnostics. 

3.6.1 Design and Fabrication 

For the design and simulation of the AMDFB structures, we used photonic software 

package Mode (Lumerical Solutions Inc.) for optimizing the straight and bend 

waveguide parameters, FDTD (Lumerical Solutions Inc.) to obtain the s-parameters of 

the straight waveguide, bend waveguides, and DCs. The individual components s-

parameters are then imported and assembled in Interconnect (Lumerical Solutions 

Inc.) to observe the response of the complete structure, and obtain the transmission 

spectra. The optimized AMDFB structures are then transferred to a layout package 

(KLayout) for control of the semiconductor processing equipment. 
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Structure under study is called asymmetric as input and output have odd reflection 

symmetry. The input is provided from the lower left side and the output is detected 

from the upper right side of the structure, as shown in Figure 1(a). The scanning 

electron microscope (SEM) image is shown in Figure 1(b). The structure is drawn 

using a single TE mode SOI waveguide, which couples to itself at four DC points. 

There are four identical directional couplers (DCs), with identical coupling constants, 

C, in the structure. The naming nomenclature has been adopted to specify the 

structures, i.e., AMDFB10 means the AMDFB structure, where every DC length is 

R = 10 µm. Radius ‘R’ of the bends is 10 µm in every design, even if the DC length 

changes. The gap ‘g’ between the two waveguides in the coupling region is 

g = 200 nm. DC’s (C1 and C4) are connected to the input and output waveguide, 

respectively and DC’s C2 and C3 are in the middle of the structure. As we change the 

DC coupling length Lc, the coupling constant C changes as well. The coupling 

constant C values are provided in Table 1.   

DC coupling length Lc (µm) DC coupling constant C 

5 0.09 

10 0.24 

14 0.39 

15 0.43 

20 0.63 

25 0.81 

30 0.94 

35 0.99 

 
 

The design of our structures is based on the previously analyzed model of the 

AMDFB structure [107]. The MLM is the base structure of the AMDFB and the 

Table 3-4 Directional couplers (DC) coupling constants C for for the AMDFB of Figure 

1(a) at 1550 nm. 
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transmittance of the AMDFB varies with the change in the coupling constant C. The 

MLM has maximum transmittance, when C = 0 or C = 1 and minimum transmittance 

(maximum reflectance) when C = 0.5. MLM output varies between 0% and 100% for 

other C values.   

For a waveguide with a cross-section of 500 nm x 220 nm, a bending waveguide of 

10 µm radius can provide a relatively low bending loss for TE mode, but not for TM 

mode. In order to obtain the same bending loss for the TM mode as the one of the TE 

mode, the necessary bending radius for the TM mode should be much larger than 

 

Figure 3-22 : (a), (c) Simulated and (b), (d) measured spectrum of an AMDFB structure with same 

coupling ratios for a coupling length of 5 micrometers around 1530 -1560, and 1541 nm, 

respectively. The transmission spectra show a Rabi split of the resonances. 
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10 µm [108]. However, since we are only using the TE mode, and not the TM mode, 

we designed our SMDFB structures only for the TE mode.  

3.6.2 Numerical Simulations, Experimental Measurements, and 

Discussion 

We present AMDFB spectral response for DC coupling lengths Lc of 5, 11, 14 and 

17 µm, which correspond to coupling constants C varying from 0.09 to 0.51. These 

designs with coupling lengths Lc = 5, 11, 14 and 17 µm and total loop lengths of 

187 µm, 211 µm, 223 µm,  and 235 µm, with a group index of 4.2, results in free 

spectral ranges (FSRs) of Δλ =  λ2/ngL of 3.06 nm, 2.71nm, 2.57 nm, and 2.43 nm, 

which correlate well with the numerically calculated and experimentally measured 

transmission spectra. 

The best numerically calculated and experimentally measured insertion loss for the TE 

polarized grating couplers are respectively -2.2 dB and -4.1 dB per a pair of input and 

output grating couplers connected with a TE polarized single mode waveguide [63]. 

For our case, a typical numerically calculated and experimentally measured insertion 

loss for the de-embedded structure, with just the input and the output TE polarized 

grating couplers, connected with a TE polarized single mode waveguide, the 

minimum insertion loss is respectively -5 dB, and -15 dBm (not shown). The 

discrepancy between the numerically calculated and experimentally measured values 

may be due to optical misalignment of the input and output fibers, as well as 

fabrication tolerances. 
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The numerically calculated and experimentally measured transmission of the 

AMDFB5 (with a coupling length of Lc = 5 µm) in the 1530 – 1560 nm region is 

plotted in Fig. 3.22 (a) and (b). The numerically simulated and experimentally 

measured spectra show mode splitting. This spectral response can be useful in filtering 

application. Single FSR of numerically simulated and experimentally measured 

spectra is plotted in Fig. 3.22(c) and (d), respectively. We can observe ER of 29 dB in 

simulated spectra, whereas, ER of 25 dB is observed for experimentally measured 

data. The transmission spectra show a Rabi split of the resonances. The numerically 

calculated and experimentally measured insertion loss for the AMDFB structure with 

 

Figure 3-23(a), (c) Simulated and (b), (d) measured spectrum of an AMDFB structure with same 

coupling ratios for a coupling length of 11 micrometers around 1530 -1560, and 1558 nm, 

respectively. EIT-like peaks are present in both numerically simulated and experimentally 

measured results. 
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coupling length Lc = 5 µm are respectively -5 dB and -16 dBm, as shown in Figure 

3.22(a) to Figure 3.22(b). The discrepancy, between the numerically calculated and 

experimentally measured values for the AMDFB structure, correlate well with the 

values of the above described de-embedded structure. 

The numerically calculated and experimentally measured transmission of the 

AMDFB11 (with a coupling length of Lc = 11 µm) in the 1530 – 1560 nm region is 

plotted in Fig. 3.23 (a) and (b). The coupling constant C increases from 0.09 to 0.27 

by increasing Lc from 5 µm to 11 µm. We can observe EIT-like peaks in both 

numerically simulated and experimentally measured results. The numerically 

simulated and experimentally measured single FSR around 1559 nm is plotted in 

 

Figure 3-24 (a), (c) Simulated and (b), (d) measured spectrum of an AMDFB structure with 

same coupling ratios for a coupling length of 14 micrometers around 1530  - 1560, and 1557 

nm, respectively. 
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Fig. 3.23(c) and (d), respectively. The simulated EIT-like peak in Fig.3.23(c) shows 

ER of 33 dB and linewidth of 0.15 nm which corresponds to Q-factor of 1x104. The 

experimentally measured EIT-like peak in Fig.3.23(d) shows ER of 32 dB and 

linewidth of 0.23 nm which corresponds to Q-factor of 7x103. The numerically 

calculated and experimentally measured insertion loss for the AMDFB structure with 

coupling length Lc = 11 µm are respectively -5 dB and -20 dBm, as shown in Figure 

3.23(a) to Figure 3(b). The discrepancy, between the numerically calculated and 

experimentally measured values for the AMDFB structure, correlate well with the 

values of the above described de-embedded structure. 

The numerically calculated and experimentally measured transmission of the 

AMDFB14 (with a coupling length of Lc = 14 µm) in the 1530 – 1560 nm region is 

plotted in Fig. 3.24 (a) and (b). The coupling constant C = 0.39 at all directional 

couplers with Lc =14 µm. We can observe EIT-like peaks Q-factor increase with 

increasing C in both numerically simulated and experimentally measured results. The 

numerically simulated and experimentally measured single FSR around 1554 nm is 

plotted in Fig. 3.24(c) and (d), respectively. The simulated EIT-like peak in 

Fig.3.24(c) shows ER of 36 dB and linewidth of 0.1 nm which corresponds to 

Q-factor of 1.5x104. The experimentally measured EIT-like peak in Fig.3.25(d) shows 

ER of 32 dB and linewidth of 0.16 nm, which corresponds to Q-factor of 1x104. The 

numerically calculated and experimentally measured insertion loss for the AMDFB 

structure with coupling length Lc = 14 µm are respectively -5 dB and -16 dBm, as 

shown in Figure 3.24(a) to Figure 3.24(d). The discrepancy, between the numerically 
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calculated and experimentally measured values for the AMDFB structure, correlate 

well with the values of the above described de-embedded structure. 

The numerically calculated and experimentally measured transmission of the 

AMDFB17 (with a coupling length of Lc = 17 µm) in the 1530 – 1560 nm region is 

plotted in Fig. 3.25 (a) and (b). The coupling constant C = 0.51 at all coupling regions 

with Lc =17 µm. The EIT-like peaks get narrower by increasing C in both numerically 

simulated and experimentally measured results. The numerically simulated and 

experimentally measured single FSR around 1557 nm is plotted in Fig. 3.25(c) and 

(d), respectively. The simulated EIT-like peak in Fig.3.25(c) shows ER of 33 dB and 

 

Figure 3-25 (a), (c) Simulated and (b), (d) measured spectrum of an AMDFB structure with same 

coupling ratios for a coupling length of 17 micrometers around 1530  - 1560, and 1557 nm, 

respectively. 
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linewidth of 0.023 nm which corresponds to Q-factor of 6.8x104. The experimentally 

measured EIT-like peak in Fig.3.25(d) shows ER of 33 dB and linewidth of 0.035 nm 

which corresponds to Q-factor of 4.5x104. The numerically calculated and 

experimentally measured insertion loss for the AMDFB structure with coupling length 

Lc = 17 µm are respectively -7 dB and -23 dBm. The discrepancy, between the 

numerically calculated and experimentally measured values for the AMDFB structure, 

correlate well with the values of the above described de-embedded structure. 

In Figures 3.22-3.25 (c-d), we can observe the tuning of EIT-like peak by changing 

the Lc from 11 µm to 17 µm, which results in DC coupling constants C ranging from 

0.27 to 0.51. The EIT-like spectral response is broader in Figure 2(c-d), however the 

Q-factor of the EIT-like peak increases with increasing Lc. When Lc = 17 µm, the 

EIT-like peak has an ER of 33 dB, with a FWHM of 35 pm, resulting in a Q-factor on 

the order of 5 x 104.  

The EIT-like peak is more asymmetric for short coupling lengths both in the 

simulations and experimental spectra. The possible reason for the asymmetry of the 

EIT-like peak might be due to the phase imbalance of the AMDFB structure [109]. 

EIT-like peak could be affected by the slight detuning of the coupled resonators 

because of radius differences [110]. As a result, the asymmetry of the EIT-like peak 

could be controlled through fabrication process optimization and engineering the 

coupled resonator geometries. For example, EIT-like spectral asymmetry can be 

achieved by detuning coupled resonators [110]. 
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In this section, we have presented and discussed the numerically simulated and 

experimentally measured transmission spectra for the AMDFB structures with four 

DCs. The coupling constant C is changed by changing the DC coupling length Lc. In 

the AMDFB design, the coupling is identical at all the DCs, which results in a clean 

spectral response with clearly identifiable FSRs.  

For coupling constant 0.24 < C < 0.51, EIT-like peaks are observed, and adjusted by 

varying the DC length Lc. Mode splitting spectral behavior shows an extinction ratio 

of 25 dB for the experimental measurements for a DC with a length of Lc = 17 µm. 

We studied the spectral response of structures with coupling constants values of 

0.09 < C < 0.51. The C value is adjusted by changing the directional coupler length 

Lc. Mode splitting is observed in the structures’ transmission spectra at C = 0.09. We 

observe EIT-like peaks at C = 0.24, and the Q-factor of the peaks increases as C 

increases. The numerically calculated and experimentally measured insertion loss for 

the structures’ with coupling length Lc = 14 µm are respectively -5 dB and -16 dBm, 

including the grating couplers. EIT-like peaks show an extinction ratio of more than 

33 dB. Electro-magnetically induced transparency-like peaks show a Q-factor of 

4.5x104 at C = 0.51. 

All in all, AMDFB structures with mode splitting and EIT-like peaks spectral 

responses can find applications as optical filters and optical switches in WDM and 

data networks, as well as optical sensors in optical diagnostics. 
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3.7 Symmetric Meandering Distributed Feedback Lightwave 

Circuits 

In this section, we present a TE polarized SOI based DMW structure, which has five 

directional couplers (DCs) with optimized Fano lineshape and EIT-like spectral 

responses. Three MLM units are joined and coupled together to form the SMDFB 

structure. In the regular meandering distributed feedback (MDFB) structure, there are 

MLMs stacked and coupled to each other only from the bottom [111]. The SMDFB 

structure is different from the MDFB in the sense that, MLMs are stacked and coupled 

to each other from the top, as well as the bottom. There are n DCs for n MLMs in the 

MDFB, whereas there are 2n-1 DCs for n MLMs in the SMDFB. In the design, the 

coupling constant C is controlled by varying the coupling length Lc of the DCs. We 

can observe and optimize Fano lineshapes, and EIT-like lineshapes by varying the 

coupling length Lc in the SMDFB structure, as analyzed previously, using the transfer 

matrix method (TMM) [111]. 

In meandering waveguide integrated silicon photonics structures clockwise (CW) and 

counterclockwise (CCW) propagation of light happens, when DC coupling constant C 

value is between 0 and 1. A resonator can be made by coupling two MLM’s together, 

which will consist of two DC’s. Further resonator types can be achieved by coupling 

more resonators together, which will increase the number of DC’s in the structure. 

When we increase the DC’s in the structure, the number of coupled resonators also 

increase, and if resonators with similar modes are coupled, these modes split, and we 

can observe this splitting in the transmission. Mode splitting in meandering waveguide 

structures consisting of more than two MLM’s has been presented previously [112]. 
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By controlling the DC coupling parameters, we can adjust the Fano resonances and 

control EIT-like peaks [113]. 

Fano lineshapes and the EIT-like lineshapes are studied in a DMW structure with five 

DCs. We first discuss the design parameters of the SMDFB structure, and the SOI 

fabrication process. Then, the transmission spectra, obtained by the numerical 

simulations, are compared with the experimental measurements.  

Fano lineshapes with mode splitting is observed at coupling constant C of 0.24. For 

coupling constant C ~ 0.78, EIT-like peaks are observed, and adjusted by changing 

the coupling length Lc. Fano lineshapes have extinction ratios (ERs) of more than 

26 dB and slope ratio (SR) of 368 dB/nm. EIT-like peaks have a quality factor 

(Q-factor) on the order of 5 x 104. The experimentally measured and the numerically 

calculated spectra show good agreement. The numerically calculated and 

experimentally measured insertion loss for the SMDFB structure with coupling length 

Lc = 10µm are respectively -5 dB and -17 dBm, including the grating couplers. The 

SOI based TE polarized SMDFB structure shows promise for applications as optical 

switches, and optical filters in wavelength division multiplexing (WDM) and optical 

switching, as well as optical sensors in optical diagnostics using silicon photonics. 

3.7.1 Structural Design 

Figure 3.26 (a) shows the schematic diagram of SMDFB structure. A scanning 

electron microscope (SEM) image of the SMDFB is shown in Figure 3.26 (b). The 

SMDFB structure can be divided in two parts, i.e., the top and the bottom.  
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The bottom has three DCs with coupling constants C1, C3, and C5, with coupling 

lengths Lc1, and the top has two DCs with coupling constants C2 and C4, with 

coupling lengths Lc2, respectively. The DC lengths Lc1 and Lc2 are kept identical in this 

work, i.e., Lc1 = Lc2 and are varied from 10 to 30 µm for a design adjustable spectral 

 

 

 

 

Figure 3-26 (a) The schematic, and (b) the SEM of the SMDFB structure with identical coupling 

constants. 
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response in the near-infrared (near-IR) telecommunication band from 1500 to 

1600 nm. 

3.7.2 Simulations, Measurements, and Discussion 

The schematic and the SEM images of the SMDFB structure are shown in Figure 

3.26(a) and Figure 3.26(b), respectively. The SMDFB structure has uniform DC 

coupling constants. The SMDFB with Lc = 10 µm simulated and experimental spectral 

transmittance from 1540 - 1560 nm is plotted in Figure 3.27 (a) and (b), respectively. 

The transmission spectra show a split of the Fano lineshape resonances. The free 

spectral range (FSR) of the SMDFB can be calculated using the geometric loop length 

L and the group index ng of the TE mode SOI waveguide, as the following 

ΔλFSR = λ2 / Lng. The SMDFB with Lc = 10 µm has a total geometric loop length of 

L = 207 μm and with a group index of ng = 4.2 result in an FSR of 2.76 nm, which 

correlates well with the numerically simulated and experimentally measured 

transmittance spectra.   

In Figure 3.28, we can observe that, SMDFB simulated [Figure 3.29 (a, b, c, d)] and 

measured [Figure 3.29 (e, f, g, h)] spectral responses for Lc = 24, 25, 26, and 30 µm, 

with total geometric loop lengths L = 263, 267, 271, and 287 µm and a group index of 

ng = 4.2  result in FSRs of 2.17, 2.14, 2.11, and 1.99 nm, which correlates well with 

the numerically simulated and experimentally measured transmittance spectra. There 

are two EIT-like peaks on the sides of the passband in the middle of the FSR. 

The best numerically calculated and experimentally measured insertion loss for the TE 

polarized grating couplers are respectively -2.2 dB and -4.1 dB per a pair of input and 
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output grating couplers connected with a TE polarized single mode waveguide [63]. 

For our case, a typical numerically calculated and experimentally measured insertion 

loss for the de-embedded structure, with just the input and the output TE polarized 

grating couplers, connected with a TE polarized single mode waveguide, the 

minimum insertion loss are respectively -5 dB, and -15 dBm (not shown). The 

discrepancy between the numerically calculated and experimentally measured values 

may be due to optical misalignment of the input and output fibers, as well as 

fabrication tolerances.  

The numerically calculated and experimentally measured insertion loss for the 

SMDFB structure with coupling length Lc = 10µm are respectively -5 dB and -17 

dBm, as shown in Figure 3.27(a) and (b). Also the numerically calculated and 

experimentally measured insertion losses for the SMDFB structure with coupling 

length Lc = 24µm, 25µm, 26µm, and 30 µm are - 5 dB, and varies between -15  dBm 

to -20 dBm, as shown in Figure 3.28 (a-d) and Figure 3.28 (e-h). The discrepancy, 

between the numerically calculated and experimentally measured values for the 

SMDFB structure, correlate well with the values of the above described de-embedded 

structure. 
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In Figure 3.28(i, j, k, and l), we can observe the tuning of EIT-like peak by changing 

the Lc from 24 µm to 30 µm, which results in DC coupling constants C ranging from  

0.78 to 0.94. The EIT-like spectral response is broader in Figure 3.28 (c), however the 

Q-factor of the EIT-like peak increases with increasing Lc. When Lc = 30 µm, the EIT-

like peak has an ER of 19 dB, with a FWHM of 27 pm, resulting in a Q-factor of 

5 x 104. The EIT-like peak is more asymmetric for short coupling lengths both in the 

simulations and experimental spectra. The possible reason for the asymmetry of the 

EIT-like peak might be due to the phase imbalance of the SMDFB structure [114]. 

 

Figure 3-27 (a) Numerically simulated, and (b) experimentally measured transmission spectrum of 

an SMDFB structure for a DC coupling length of 10 μm. The transmission spectra show a split of 

the Fano lineshape resonances. 
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EIT-like peak could be affected by the slight detuning of the coupled resonators 

 

 

Figure 3-28: (a), (b), (c), (d) Numerically simulated and (e), (f), (g), (h) experimentally measured 

transmission spectra of the SMDFB structure for a coupling length of 24, 25, 26, and 30 μm. (i), 

(j), (k), (l) Experimentally measured transmission spectrum of EIT-like peak development around 

1549 nm with increasing DC coupling constant. The Q-factor of these EIT-like peaks increases as 

C increases to 0.94. 
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because of radius differences 

[115].

 

As a result, the asymmetry of the EIT-like peak could be controlled through 

fabrication process optimization and engineering the coupled resonator geometries. 

For example, EIT-like spectral asymmetry can be achieved by detuning coupled 

resonators [110].In this section, we discussed the numerically simulated and the 

experimentally measured transmission spectra for the SMDFB structures with five 

DCs. The coupling constant C is changed by changing the DC coupling length Lc. In 

 
 

 

Figure 3-29 (a) 2D FDTD simulated single FSR spectral response of SMDFB structure with 

Lc = 30 µm, which shows two EIT-like peaks and (b) electric field distribution in SMDFB 

structure corresponding to non-resonance point A. We can observe dotted path along which 

electric field is stronger (c) electric field distribution in SMDFB structure corresponding to 

resonance point B. We can observe electric field is stronger in rest of the structure as compared to 

figure (b) and (d) electric field distribution in SMDFB structure corresponding to minimum 

transmission point C. 
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the SMDFB design, the coupling is identical at all the DCs, which results in a clean 

spectral response with clearly identifiable FSRs.  
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Chapter 4 : Study of silicon meandering distributed 

feedback structures as a model system for biological 

ligands 

This chapter discusses the application of the integrated structures discussed in 

previous chapter as refractive index biosensing structures. Some definitions and 

FOMs were introduced in Chapter 1.  

We have performed the bulk sensing simulations for the AMR, the MR , the MDFB, 

and the SMR structures. The cladding is water (H2O) in all the simulations (previous 

simulations and experimental results have SiO2 as cladding) and refractive index of 

cladding is changed from 1.33 to 1.34. The silicon waveguide type is rectangular with 

500 nm x 220 nm dimensions.  

The spectral responses of the AMR, the MR , the MDFB, and the SMR structures with 

change in cladding refractive are plotted in Figure 4.1, 4.2, 4.3, and 4.4 respectively. 

The spectral response shifts to the higher wavelength, which corresponds to sensitivity 

of 54 nm/RIU. The sensitivity depends on the interaction of the biomolecule layer 

with the light in the cladding, which can be increased by designing structures with slot 

and SWG waveguides. In order to use integrated photonics structures for biosensing 

applications, we need to integrate microfluidics channels over the structures. If we 

want to study specific biological ligand, we need to perform surface 

biofunctionalization of the waveguides to bind and study wavelength shifts due to the 

specific ligand. 
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Figure 4-1 The AMR structure peaks shifts as the cladding refractive changes from 1.33 

to 1.34. The simulations are perforned for Lc= 10µm. 

Figure 4-2 The MR structure Lorentzian peaks shifts as the cladding refractive changes 

from 1.33 to 1.34. The simulations are perforned for Lc= 10µm. 
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Figure 4-3 The MDFB structure mode splitting spectral response shifts as the cladding 

refractive changes from 1.33 to 1.34. The simulations are perforned for Lc= 10µm. 

Figure 4-4 The SMR structure Fano lineshape with mode splitting shifts as the cladding 

refractive changes from 1.33 to 1.34. The simulations are perforned for Lc = 10µm. 
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The layout of bulk sensing with microchannels above the sensors is shown in 

Figure 4.5. Microfluidics system is built on top of the silicon photonics chip using 

polydimethylsiloxane (PDMS) channels. Cells of one type or different types can be 

cultured inside the microfluidic channels [116]. In integrated photonics biosensors, 

amorphous fluoropolymer is also used as a cladding material [117].  

 

 

To make surface of waveguide respond to certain biological ligands, different methods 

are employed, i.e., physical adsorption, bioaffinity, and covalent attachments using 

functional groups, as shown in Figure 4.6.  

Figure 4-5 Layout of silicon photonics ring and Bragg resonator with microfluidic 

channels. The input and output GC’s are 2 mm away from the sensors. Courtesy [118]. 
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Physical adsorption or physisorption method involves transport of protein to the 

surface, binding to the surface because of hydrophobic and electrostatic interactions 

and relaxation on the surface [120].  

Bioaffinity process results in stronger and highly specification protein immobilization 

interactions [121]. Bioaffinity interactions are ligand-receptor pairing, and are not 

irreversible in nature. They can be reversed by increasing temperature or chemical 

treatments [122]. 

Covalent bonds are the most frequently employed mechanism for immobilization in 

microfluidic assays. The functionalization of silicon ring resonator surface using 

covalent bonding has already been demonstrated [123]. 

In a similar manner, our novel MDFB silicon photonic structures can also function as 

biological ligands sensors, in addition to being able to function as bulk refractive 

index sensors.  

  

Figure 4-6 Schematic of immobilization mechanisms (a) physical adsorption, 

(b) bioaffinity interaction, and (c) covalent bond. Courtesy [119]. 
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Chapter 5 Conclusions 

 

The aim of this thesis is to introduce new integrated photonics structures for 

biomedical sensing applications.  For that purpose, we designed, simulated, had 

manufactured and measured, and analyzed three novel meandering distributed 

feedback (MDFB) photonic structures. 

In section 3.5, we have presented numerically simulated and experimentally measured 

transmittance spectra of a monolithic TE mode SOI MDFB structure waveguide, 

which have temperature sensitivities of S= 69 pm·K-1. The MDFB structure consisting 

of three identical cascaded MLMs connected with Si waveguides of length L1 = 5 µm, 

and exhibiting spectral mode splitting, when compared with its corresponding MR, 

consisting of two identical MLMs. MDFB’s MLMs’ DCs’ coupling constants are 

varied by changing the coupling length Lc = 10, 11, 12, 13, 14, and 15 µm. MDFB 

structures have shown higher Q-factors and better ERs than their corresponding MRs. 

For a sensitivity of S = 69 pm.K-1, an operating wavelength of λ = 1550 nm, and 

quality factors Q = 4x104 for MR and Q = 5x104 MDFB with Lc = 15 µm (from 

Table 2), we can observe improvement in LOD from 0.7 K to 0.5 K. The meandering 

distributed feedback structure shows promise as an ambient temperature sensor, and 

the spectrally split resonance peaks have Q-factors on the order of 104, can also find 

applications in biomedical diagnostics. 
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In section 3.6, we reported on the design, simulation, manufacturing, spectral 

measurement, and spectral analysis of TE polarized SOI based AMDFB structure 

composed of four interlaced identical MLMs with four identical DCs. To obtain the 

desired spectral responses, C is adjusted between 0.09 < C < 0.51 by changing Lc 

between 5 μm < Lc < 17 μm. Spectral mode splitting, an insertion loss of -16 dBm, an 

ER of 20 dBm is observed for C = 0.09 and Lc = 5 μm. For coupling constant 

0.27 < C < 0.51, EIT-like peaks are observed, and adjusted by varying the DC length 

11 μm < Lc < 17 μm. The Q-factor of EIT-like peaks increase as C is increased across 

all DCs. An insertion loss of -16 dBm, and an ER of 32dBm are observed for C = 0.39 

and Lc = 14 μm. EIT-like peaks show a Q-factor on the order of 5x104 at C = 0.51 and 

Lc  = 17 μm, 

In section 3.7, . We have discussed, simulated, and experimentally measured spectral 

response of the TE polarized SOI SMDFB structure with MW coupling at five DCs. 

The SMDFB structure has the same coupling constants in all the MLM’s. The 

numerically simulated and the experimentally measured transmittance spectra show 

good agreement with each other. The numerically calculated and experimentally 

measured insertion loss for the SMDFB structure with coupling length Lc = 10μm are 

respectively -5 dB and -17 dBm, including the grating couplers. Fano lineshapes with 

mode splitting is observed at DC coupling constant value C = 0.24. For coupling 

constant C ~ 0.78, EIT-like peaks are observed, and adjusted by varying the DC 

coupling length. Fano lineshapes show an extinction ratio of more than 26 dB and 

slope ratio of 368 dB/nm. The SMDFB structure can have various spectral responses, 

i.e., Fano lineshapes, and EIT-like peaks. The EIT-like peak has a Q-factor of 5 x 104, 
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when Lc = 30 μm. The SOI based TE polarized SMDFB structures with their Fano 

lineshapes, and EIT-like peaks, can find application as optical sensors in optical 

diagnostics using silicon photonics. 

We have discussed the designing, fabrication, simulation and analysis of novel 

integrated photonic structures in Chapter 3. The simulations in Chapter 4 show their 

application as bulk refractive index sensor. In addition, methods discussed in chapter 4 

for immobilization of biological ligands on the sensor surface can be employed to 

practically use these structures for biological ligands detection. In addition to the 

existing integrated photonics structures, such as ring resonators and Mach Zehnder 

interferometers (MZIs), our novel monolithic SOI based MDFB photonic structures 

show promise for biosensing applications. 
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Appendix A Maxwell equations in a homogeneous 

medium 

 

Maxwell equations in a lossless and homogeneous medium in terms of electric field E 

and magnetic field H can be written as: 

 

 

where D represents the electrical displacement, and B the magnetic induction. The 

relationships between D, E and B, H are written as: 

 

 

In (A.4), μ0 = 4π x 10-7 [H/m] is the vacuum permeability and εo = 8.854x10-7 [F/m] is 

the vacuum permittivity. Taking the curl of both sides of (A.1), (A.2) and solving for 

E and H gives: 

 

and, 
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where, 

 
0 0
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Appendix B Buried channel waveguide 

The modal fields in variable separable form can be written as: 

         

 

putting these expressions in Maxwell equations, we can write wave equation as, 

 

The propagation constant β can be expressed as 

    

 

 

 

Figure B.1: Cross section of buried channel waveguide. 
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