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Abstract 

This thesis presents a comprehensive study of the design, fabrication and 

characterisation of a variety of waveguide-based photonic integrated circuits (PICs) 

derived from the silicon-on-insulator (SOI) platform. Modelling and design 

optimisation of various PIC components, including grating couplers and tapered 

waveguide sections and microring resonators, were implemented along with 

experimental characterisation.  

Detailed investigation of a graphene oxide integrated MRR (GOMRR) device, for 

detection of vapour phase Volatile Organic Compounds (VOCs), reveals an improved 

sensitivity and correspondingly lower limit of detection compared with a standard 

silicon (control) MRR. Careful analysis of the optical response of the GOMRR to the 

various VOCs tested, based on the Hill-Langmuir absorption isotherm, also reveals 

the potential for discrimination (selectivity), which is not the case for the control MRR. 

This is attributed to a molecular dependent capillary condensation (within the GO 

interlayers), which determines the degree of cooperative molecular binding. Our 

analysis reveals that this cooperativity (increased binding affinity) is enhanced for 

molecules with a polarity that is high relative to their size (kinetic diameter). This 

result is consistent with the current understanding of the interaction between GO and 

various molecules (specifically that the GO serves as an effective ‘molecular sieve’), 

suggesting that it may be used as a functional layer in photonic sensing applications, 

where molecular selectivity is critical. 

A novel device based on a Directional coupler integrated MRR (DC-MRR) device was 

also carried out as part of this study and revealed an enhanced spectral sensitivity (> 

14000 nm/RIU) and extended FSR (of 223nm), both of which are key to improved 

sensing devices based on small footprint SOI-based PICs.  

A detailed study of superluminal (fast) and subluminal (slow) light is also described using 

a set of coupled MRRs, whereby thermo-optic tuning of one of the rings with respect to 

the other was employed. This device exhibits a maximum group delay (for the slow light 

mode) of 16.25ps and an advance (for the fast light mode) of 239.17ps. Comprehensive 

analytical modelling, combined with FDTD simulations were employed to support the 

observed experimental characteristics (electromagnetically induced transparency (EIT)-

like effects and anti-crossing behaviour in these coupled MRRs of the fabricated devices.  
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1 Introduction 

Photonics is the science and technology that is concerned with the control of transmis-

sion, detection, emission, amplification and modulation of light (photons). The adjec-

tive term ‘photonic’ was chosen to replace the term ‘optical’ by The Optical Society 

of America [1]. The photonics term appeared in the late 1960s when Theodore 

Maiman brought the theoretical work of Albert Einstein’s paper “On the Quantum 

Theory of Radiation” into a practical working laser [2]. 

In the 21st century, photonic devices began to replace and complement electronic de-

vices due to the many advantages compared with the purely electronic counterpart. 

The unique characteristics of photons (as carriers of information) offer enhanced band-

width, long-distance communication, immunity against electromagnetic interference 

and reduced energy consumption. Modern data centres that use microelectronics for 

data processing suffer from huge power consumption. Recently, large companies such 

as Google, Apple, Amazon, Facebook and Microsoft had been investing in building 

their data centres in locations with cooler climates to save energy [3]. Also, Google 

filed a patent for a water-based data centre that uses the surrounding water to naturally 

cool the centre [4]. The advances in photonic technologies have already enabled lower 

power consumption, which along with near comparable price levels to electronics will 

revolutionize the future of many scientific and engineering fields, even beyond data 

centre/telecommunications. 

Due to the increased demand for fast and efficient devices, the integration of photonics 

and electronics (called Optoelectronics) on a single platform has become a necessity. 

Major academic and industrial sectors such as Harvard, MIT, IBM and Intel had al-

ready begun to equip their labs for the fabrication of integrated photonic devices [5, 6, 

7]. The ultimate goal of an optoelectronic circuit is to realise photonic components 

(i.e. lasers, passive/active waveguides and photodetector) with advanced microelec-

tronics processors in the same layer or in different layers bonded together. However, 

the main obstacle facing optoelectronics technology is the lack of full integration of 

laser sources. Historically, the conventional platforms for photonics were mostly 

based on either III-V materials such as indium phosphide (InP) monolithic integration, 

which are mainly devoted for lasers integration, or silicon-based materials for most of 
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the passive integrated photonic components. The direct nature and size of the bandgap 

of such III-V-based compounds mean they have been the material of choice for on-

chip laser generation [8, 9], while the compatibility of the silicon-based devices with 

Complementary Metal Oxide Semiconductor (CMOS) fabrication process facilities 

led them to be integrated with huge densities for lower prices [9]. Until today the full 

integration of lasers with CMOS fabrication infrastructure at the same level as other 

optical or electronic components is still in development [10]. Several practical ap-

proaches have been proposed to solve this issue, as will be described in the next sec-

tion. 

 
 

1.1 Silicon Photonics 
The past decade has seen the rapid development of silicon nanophotonic devices due 

to their compatibility with Complementary Metal Oxide Semiconductor (CMOS), low 

cost and high performance. Silicon is the second most abundant element in the earth’s 

crust after oxygen [11]. Its ability to form a stable, high-quality insulating oxide (SiO2) 

led to the hugely successful development of the transistor in the 1950s [12]. To draw 

a comparison with this early technological success in microelectronic integrated cir-

cuits, the more recent development of mass-scalable, ultra-thin Silicon-On-Insulator 

(SOI) technology serves as the basis for the photonic integrated circuit (PIC). At 

1550nm, the refractive indices of silicon and SiO2  are around 3.48 and 1.44, respec-

tively [13, 14]. This high contrast in refractive indices between the guiding layer (sil-

icon) and surrounded cladding produces relatively large light confinement based on 

total internal reflection (TIR) phenomena. According to Snell’s law in Equation (1.1), 

TIR only occurs when (i) light travels from a high refractive index (RI1) to low refrac-

tive index material (RI2), and (ii) angle of incident light (𝜃!) is greater than the critical 

angle (𝜃"). The critical angle is the angle that allows light to refract at 𝜃#= 90° degrees 

from the normal axis and travel along the boundary.  

 

 𝑅𝐼! sin(𝜃!) = 	𝑅𝐼# sin(𝜃#) ( 1.1 ) 
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When RI1 > RI2 and 𝜃#= 90°, the critical angle (𝜃") can be calculated from Equation 

(1.1) as follow: 

 

 𝜃! = 𝜃" =	 sin$! K
𝑅𝐼#
𝑅𝐼!

L ( 1.2 ) 

 

 

 

Figure 1.1  Incident ray vs refracted when RI1 > RI2  for (a) 𝜽𝟏< 𝜽𝒄 (b)	𝜽𝟏=𝜽𝒄 and 𝜽𝟐= 

90° (c) total internal reflection (TIR) condition at 𝜽𝟏> 𝜽𝒄 

 
Increasing the refractive index contrast allows small critical angles, which enables 

very small waveguide bends with relatively small propagation losses. Pure silicon is 

transparent in the wavelength range used for telecommunications (1550nm), making 

it an ideal platform for guiding and manipulating photons in this range within a pho-

tonic integrated circuit. Indeed, this has led to a number of useful PIC devices such as 

the micro-ring resonator, Mach-Zehnder Interferometer (MZI) etc. However, the indi-

rect nature of the silicon band gap means that it does not lend itself well to light emis-

sion due to the low probability of radiative recombination at ambient temperature, 

even in extremely high quality (low defect density) material [15]. Although there have 

been a number of intelligent attempts to circumvent this issue; e.g. the silicon Raman 

laser [16, 17], silicon quantum dots (QDs) [18], silicon nanocrystals [19] and more 

recently, tensile strained Germanium (Ge), Germanium-tin (GeSn) etc. [20, 21], as yet 

there remains no efficient solution that offers this versatility, which is compatible with 

CMOS manufacturing technology [22, 23]. Whilst III-V lasers have been integrated 

with silicon photonic circuits via direct transfer of III-V devices to silicon substrate 
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[9, 24, 25, 26], this is not sufficiently scalable to be a cost-effective solution as it still 

suffers from the incompatibility with CMOS foundries [10]. Despite this, the famil-

iarization of global fabrication facilities (commonly called a fab) with silicon-based 

devices has led to a rapid standardization of the silicon photonics platforms which can 

be accessed through multi-project wafer (MPW) runs [27, 28], which help to de-risk 

development (and thus reduce the overall cost of) prototyping for academic and indus-

trial research in this area. These advantages are the key enabling factors for bringing 

silicon photonics to a range of applications such as optical telecommunications, inter-

connects, and sensors on-chip.  

Typically, an SOI platform comprises a thin (sub-micrometre) top silicon layer which 

is separated from the silicon substrate by a 2µm-thick buried oxide (BOX) layer. The 

top silicon layer can readily be patterned, with both extremely high accuracy and re-

peatability, using standard lithography techniques. Amongst these, both UV photo- 

and electron-beam lithography (EBL) are used to form highly precise, patterned struc-

tures, by partial or complete removal of specified regions of the top silicon layer, either 

by masked UV, or direct (mask-less) electron beam, exposure of a deposited resist 

material. In the case of EBL, feature sizes at the sub-10nm scale can be achieved [29]. 

However, the drawback of EBL is the relatively low throughput (and thus high cost) 

for scalable prototyping. In order to achieve cost-effective prototyping, UV photoli-

thography is in most cases sufficient, with minimum feature sizes (limited by the 

wavelength of the UV source) on the 100nm scale [30]. Rapid, cost-effective proto-

typing has been further enhanced at many fabs by the multi-project wafer (MPW) phi-

losophy, which enables multiple customers and projects to share a common mask and 

wafer set. The first foundries to offer silicon photonics MPW commercially were 

IMEC (Belgium) and CEA-Leti (France) [10]. The commercial and academic MPW 

service is usually offered with fixed etch depths of the top silicon layer.  

The potential applications of the SOI-based photonics are determined by its optical 

transparency window. The transparency range for silicon is between 1.1µm and 8µm 

[31], whereas silica glass (SiO2) is transparent between 0.2µm and 4µm [32]. There-

fore, the transparency range of SOI platforms is restricted by the lower limit of silicon 

(1.1µm) and the upper limit of silica (4µm). In the range of wavelengths from approx-

imately 1.1µm to 1.6µm, SOI-based platforms are primarily utilised to demonstrate 
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applications for the short-haul and long-haul telecommunication systems. These in-

clude but are not limited to wavelength division multiplexing (WDM) systems for 

wavelength filters [33], spectroscopy-on-chip [34] and sensing applications [35]. For 

wavelengths longer than 2µm, gas sensing and biological imaging have been demon-

strated [36, 37]. The Mid-IR region is interesting as the oscillation frequency of light 

waves in this band corresponds to the frequency of characteristic molecular bond vi-

brations, which provides a method for the distinctive fingerprinting of particular 

gases/vapours.  

 

1.2 Integrated Photonic Sensors 
A variety of novel applications in the field of silicon photonic sensing devices have 

been explored in recent years. These include Light Detection and Ranging (LIDAR) 

technologies, which is the light equivalent of RADAR where radio waves are used to 

detect objects and determine their range and velocity. Interest in LIDAR technology 

has grown considerably in recent years because of its huge potential in automotive 

self-driving and augmented reality (AR) systems since it enables fast and high-resolu-

tion 3D positional mapping [38].  

Another promising application in the field of silicon photonics sensors is optical gy-

roscopes, which can provide extremely sensitive detection in the change of position or 

direction [39]. The working principle of these sensors is based on the Sagnac effect 

[40]. If two laser beams are guided in opposite direction around a circular-shape wave-

guide (or fibre), any slight rotation of the device will affect the optical path length of 

one of the beams with respect to the other. This creates a relative phase difference 

between the two beams that can be used to measure the rate and degree of (or with 

feedback maintenance of the) orientation. 

Perhaps the most common sensing application in silicon photonics in recent years has 

been that of chemical and biochemical detection [41]. The close integration of 

handheld smartphone device technologies with the human senses can perhaps be con-

sidered mature, with the exception of smell. The ability to integrate a bio-photonic 

‘nose’ into our smartphones would provide significant advantages in a variety of fields 

such as food safety, agriculture, security and especially in healthcare. The gaseous 
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compounds such as nitric oxide, ammonia, carbon dioxide and isoprene, which are 

released by the human body, e.g. through exhaled breath, can be used to diagnose 

specific diseases and disorders such as cancer, asthma, diabetes, kidney failure, high 

blood cholesterol levels and many infections, in a non-invasive way [42, 43]. A variety 

of approaches have been exploited for optical detection of these, such as absorption, 

emission, fluorescence, Raman scattering and refractive index (RI) sensing [44]. The 

primary detection concept of most chip-based optical biosensors is to utilise the mo-

lecular interaction with the evanescent field of guided optical modes. These fields are 

extremely sensitive to changes in local refractive index (RI) within the surroundings 

of the light guiding material, which enables sensitive, real-time, label-free biomolec-

ular sensors such as surface plasmon resonance (SPR) and planer waveguide types. 

The typical interrogation configurations applied to such transducers are wavelength or 

phase interrogation and intensity interrogation. The significant advances in optical bi-

osensors have led to their rapidly being implemented in clinical practice [45]. The 

overall biosensors market is projected to grow from USD 21.2 billion in 2019 to USD 

31.5 billion by 2024, where optical biosensors are the most lucrative application [46]. 

The growing demand for the fast and reliable detection of any kind of analytes has 

stimulated the production and design of a wide variety of optical biosensors such as 

the Mach–Zehnder interferometer (MZI) [47], microring resonator (MRR) [48], slot-

ted ring resonator [49], disk resonator [50], Bragg grating resonators [51], and pho-

tonic crystals (PhCs) [52]. These sensors have been able to achieve high sensitivity, 

high selectivity and quick response leading to ‘real-time’ detection in a compact de-

vice. Optical biosensors can be used to detect either gases and vapours or liquids in 

the surrounding environment. Controlled delivery of the target analyte(s) to the pho-

tonic integrated circuit commonly involves the integration of microfluidic channels on 

top of the photonics sensor area in order to precisely guide the vapours or liquids to 

interact with the evanescent fields of the sensor. Polydimethylsiloxane (PDMS) is a 

frequently employed material to fabricate the microfluidic channels due to its optical 

transparency and straightforward, cost-effective feature definition and fabrication.  

Despite the high sensitivities of the refractive index-based sensors, the lack of intrinsic 

discrimination mechanism (selectivity) between different species is still a vital con-

cern for medical and environmental applications. Operating in the Mid-IR spectral 
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regime offers inherent molecular selectivity through characteristic absorption spectra 

(‘fingerprinting’), which enables accurate and selective analysis of different chemical 

and biological species [53]. However, for SOI-based technologies, the strong absorp-

tion of light by the BOX layer beyond 4µm prohibits device operation in this wave-

length range. Different approaches have been proposed to tackle this limitation, such 

as selective under-etching of the BOX layer using hydrofluoric acid (HF) to form sus-

pended membrane waveguides [54]. This technique can extend the device operating 

wavelength range up to the long wavelength limit of silicon transparency (8µm). Other 

approaches utilise different materials that are transparent in the Mid-IR region, such 

as germanium-on-silicon, chalcogenide-on-silicon and silicon-on-sapphire [55]. How-

ever, operating in the Mid-IR regime comes with its own challenges mainly due to the 

lack of cost-effective broadband light emitters and optical components that operate in 

this regime. This is because the procurement and fabrication of device structures are 

usually performed using less common materials that can increase the cost significantly 

[56]. In contrast, the availability and relatively low cost of both sources and detectors 

operating in the near-IR, thanks to the huge investment and development of these dur-

ing the early telecoms era (1990s), means that prototyping and development of devices 

operating in this wavelength range have huge cost and scalability benefits. As such, 

the approach to device design and operation considered in this thesis is limited to the 

near-IR spectral range. 

 

1.3 Objectives of the Research 
The goal of this thesis is to experimentally and theoretically examine and demonstrate 

novel designs and techniques for sensing and telecoms applications based on optical 

microring resonators (MRRs). There are three primary objectives of this research. The 

first is to investigate the selectivity or specificity enhancement of the refractive index-

based sensors by employing porous 2D materials for surface functionalisation. The 

second objective is to design and simulate SOI-based novel devices which are able to 

detect different molecules with higher sensitivity and selectivity. The third objective 

is to experimentally and theoretically achieve coherent manipulation of the propagat-
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ing light fields in order to control the resonant line-shapes and generate electromag-

netically induced transparency (EIT)-like resonances. In addition, this study aims to 

examine devices in which it is possible to control, by thermo-optic tuning, the group 

delay for both superluminal and subluminal (fast and slow) light applications. 

 

1.4 Thesis Outline 
The structure of this thesis consists of eight chapters. The first chapter provides a gen-

eral introduction about the silicon photonics platform, its applications and challenges. 

Chapter 2 consists of the theoretical background of the microring resonators (MRRs) 

along with a thorough review of the current literature on state-of-the-art gas/liquid 

sensing technologies. 

Chapter 3 describes the simulation tools and resources which were employed to pro-

vide both insight into the physics of device operation and support the experimental 

data derived during this work. In addition, modelling and simulation served as a guide 

to optimisation of the SOI-based photonic components in terms of specific perfor-

mance metrics.  

Chapter 4 provides a detailed explanation of the experimental setup developed and 

employed during the course of this work. This includes the bespoke microscope/trans-

mission spectroscopy setup for both basic imaging and delivery and collection of light 

via the silicon photonic integrated circuit devices, a thermal tuning experiment for 

characterization of MRR based devices and a bespoke vapour sensing experiment, de-

veloped during the research. Furthermore, in this chapter, we examine the effect, on 

the performance of silicon MRRs (extinction ratio, cavity quality-factor and losses), 

of varying the separation between the waveguide and the MRR, as well as modifying 

the waveguide width.  

Chapter 5 presents the results and analyses of the optical response of three different 

devices (i) a conventional microring resonator (strip-MRR), (ii) a slotted microring 

resonator (slot-MRR) and (iii) a graphene oxide integrated silicon microring resonator 

(GOMRR) when they are exposed to a range of vapour phase Volatile Organic Com-

pounds (VOCs). This is supported by numerical (Finite-Difference Eigenmode (FDE)-

Lumerical) simulations to determine device sensitivities and limits of detection.   
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Chapter 6 demonstrates a theoretical analysis of a novel design and approach for 

gas/liquid sensing using a single racetrack resonator with attached single or double 

directional couplers. Both free spectral range (FSR) and bulk sensitivity were signifi-

cantly improved as compared to conventional microring resonator structures by ex-

ploiting the Vernier effect. 

Chapter 7 demonstrates the manipulation of resonant line-shapes in coupled MRRs 

with integrated on-chip microheaters. Tuneable Electromagnetically Induced Trans-

parency (EIT)-like and anti-crossing-like effects were observed experimentally and 

these observations are supported by both analytical models and numerical simulations 

in order to determine the origin of the optical transparency in the spectrum. The capa-

bility to tune EIT and generate asymmetric (Fano-like) resonant line-shapes has obvi-

ous applications in low power optical switching and modulation in telecoms as well 

as for optical gyroscopes and biochemical sensor applications.  

Finally, chapter 8 concludes by summarizing the key findings and achievements of the 

research and providing some possible directions and potential for future work based 

on the findings of this project. 
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2 Literature Review (Background) 

This chapter is intended to reinforce some fundamental concepts of silicon photonics 

devices, especially those designed for sensing applications. The control and manipu-

lation of light using integrated silicon waveguides, whilst simple in principle, can pro-

vide new and exciting device applications, beyond straightforward ‘routing’. One ex-

ample of this is the control of coherent interference via ‘feedback’ between different 

coupled photonic resonators. This chapter aims to cover the significant advances in 

this area, helping to set the current work in context with that in the literature, as well 

as to provide insights into effective approaches to device design that could be used to 

further improve the technologies and widen applications. 

 

2.1 Optical Channel Waveguide Types 
Recently, optical waveguides have played an important role in communication net-

works and optical sensing [1]. As described in chapter 1, the common structure of the 

optical channel waveguides consists of a fabricated thin layer (core) between two lay-

ers with slightly lower refractive indices (cladding). These channels can be designed 

to confine the propagation of the electromagnetic waves (light) in two directions.  

Depending on the wavelength range and the application type, various materials and 

platforms are used for fabricating the optical waveguides, including silicon-on-insula-

tor (SOI) [2], silicon nitride (SixNy) [3], silicon-on-sapphire (SOS) [4], suspended sil-

icon [5] and, more recently, chalcogenides-on-silicon [6]. Among these materials, our 

research group have focused on the most promising platform which is SOI due to its 

stability, low cost, high optical confinement and high integration capabilities [7]. The 

SOI waveguides are commonly covered with top oxide cladding in order to allow for 

metal interconnects or on-chip microheaters to be deposited on top. In sensing appli-

cations, a portion of the top oxide layer needs to be removed to expose the device to 

the environment, allowing molecules to attach themselves to (or come in close contact 

with) the silicon waveguide surface.  
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The physical geometry of the optical waveguides can be classified into three main 

categories: (a) Rib waveguide, (b) Strip waveguide and (c) Slot waveguide, as illus-

trated in Figure 2.1. 

	

	

	

Figure 2.1  Optical waveguide structures (a) Rib waveguide (b) Strip waveguide (c) Slot-

ted channel waveguide 

	

2.1.1 Rib Waveguide 

The structure of the SOI rib waveguide usually consists of a guiding layer (core) over 

SiO2 buffer layer (lower cladding). The guiding layer is partially etched, as seen in 

Figure 2.1 (a) which forms the rib geometry shape. 

Different parameter dimensions of the rib waveguide design lead to different applica-

tions. Most of these applications operate at the single-(fundamental) mode condition, 

which provides for low loss propagation [8]. The condition for achieving single-mode 

operation was demonstrated previously by Soref et al. [9] to be determined by the 

dimensions of the rib waveguide according to the following equation: 

 

 
𝑊
ℎ 	≤ 	0.3 +	

(𝑟 ℎ)⁄

V1 − (	𝑟ℎ	)
#
											(	𝑓𝑜𝑟	0.5 ≤

𝑟
ℎ < 1	) 

( 2.1 ) 

Where W is the width of the rib, h is the thickness of the guiding layer and r is the 

thickness of the un-etched core (slab), as illustrated in Figure 2.1 (a). 

Silicon guiding layers with larger cross-sections (exceeding the limits of Equation 

(2.1)) can also still accomplish predominantly single-mode operation as a result of 

(a)     (b)            (c) 
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higher-order modes tending to ‘leak’ out from the core to the surrounding slab, over 

sufficiently long waveguide lengths  [9, 10, 11]. Therefore, employing long enough 

waveguides (several millimetres) enables single-mode operation for such structures. 

2.1.2 Strip Waveguide 

This waveguide type is obtained by fully etching the silicon guiding layer down to the 

(SiO2) BOX layer, providing a ‘strip geometry’, as shown in Figure 2.1 (b). Compared 

with the rib waveguide, the strip structure has an inherently higher sensitivity to side-

wall roughness. However, strip-based waveguides exhibit higher mode confinement 

because the low-index cladding completely surrounds the waveguide [12]. The high 

refractive index contrast allows this type of waveguide to be fabricated with very small 

dimensions (several hundred nanometres) whilst maintaining low propagation losses 

(i.e. < 2.8 dBcm-1 for the TE polarisation at 1.5µm) [13].  

In order to achieve single-mode operation for TE polarisation, an approximate expres-

sion was calculated by Aalto, resulting in the following equation [11]: 
 

 𝑊 × ℎ ≤ 0.13	𝜇𝑚# ( 2.2 ) 

 

Timotijevic et al. carried out 2D simulations and found that the TM polarisation is 

critical for single-mode operation. They established a generalised analytical expres-

sion that represents the boundary between single-mode and multi-mode area [14, 15]: 

 

 𝑊 ≤	−1.405 × ℎ + (0.746 × 10$%) ( 2.3 ) 

 

Where, the waveguide width (W) and height (h) are in 𝜇𝑚 units. Usually, strip-based 

waveguides are preferred in bio-sensing applications since the evanescent field of the 

guided mode is relatively strong on all three sides of the waveguide which increases 

the interaction with surrounding (target) molecules. 
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2.1.3 Slot Waveguide 

A slotted waveguide consists of a narrow low refractive index slot between two high 

refractive index waveguides. The low index medium causes a large discontinuity of 

the electric field at the interface of the high/low index materials, which results in the 

guided mode being predominantly confined to the (low index) slot region. For SOI-

based waveguides, the slot is usually filled with either air or silica (SiO2). In Figure 

2.2, the normalised electric field distribution (Ex) of the fundamental TE mode is 

shown for such a device, as obtained using 2D (Finite-Difference Eigenmode, FDE) 

simulations. The waveguide material is silicon and the surrounding cladding is silica. 

The width and height of the simulated waveguides are 500nm and 220nm, respec-

tively. Figure 2.2 (b) shows Ex against the horizontal waveguide position, x, at half the 

waveguide height. 

 

 

Figure 2.2 (a) Normalised electric field profile (Ex) for 50nm slot (b) cross-sectional plot 

through the centre of the waveguide 

 

Both standard photolithography and electron beam (e-beam) lithography techniques 

enable slot widths in the sub-hundred-nanometre range. Slot waveguides with widths 

as low as 10nm were demonstrated by Debnath et al., albeit with a relatively large 

propagation loss of 13.6 dB/cm [16]. 

 

 

(a)            (b) 
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2.2 Evanescent Wave 
When total internal reflection occurs in a waveguide, the light becomes confined in 

the core. However, some portion of the electric field of the guided light waves pene-

trates into the cladding materials, as shown in Figure 2.3. This is called the “evanes-

cent wave”.  

 

 
 

Figure 2.3 Demonstration of evanescent wave in the top and bottom cladding, associated 

with the guided mode in the Si waveguide. The evanescent wave is typified by an expo-

nentially decaying field profile with a ‘penetration depth’, dp in the cladding region, typ-

ically defined by a field intensity that is 1/e of that at the waveguide/cladding interface 

 
The evanescent field amplitude decays exponentially with distance from the core/clad-

ding interface [17], according to: 

 

 E = 	E&exp f
−y
d'
i ( 2.4 ) 

 

Where E0 is the electric field at the core/clad interface, y > 0 is the perpendicular dis-

tance from the core/clad interface and d' is the penetration depth extending into the 
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cladding layer. The penetration depth is defined as the distance at which the field am-

plitude decays to 1/e of its value at the interface (E0) and can be written as [17]: 

 

 d' =		
λ
2π

⎣
⎢
⎢
⎢
⎡

1

fVp𝑛())r
# −	(𝑛*+,-)#i	⎦

⎥
⎥
⎥
⎤
 ( 2.5 ) 

 

Where, λ is the operating wavelength, 𝑛()) is the effective refractive index of the 

guided mode and n*+,- is the cladding refractive index. The effects of core and clad-

ding materials along with the geometric structure of the waveguide are included in 

𝑛()).  

The penetration depths can be controlled by the operating wavelength, waveguide 

structure and the cover refractive index. The influence of these factors on penetration 

depth for strip-based SOI waveguides with air as cover cladding and 1550nm as the 

operating wavelength was investigated using Equation (2.2), where the fundamental 

quasi-TE effective index is obtained using simulation (refer to chapter 3 for more de-

tails). Figure 2.4 shows the penetration depth as a function of waveguide dimensions, 

operating wavelength and cover refractive index. The penetration depth increases with 

decreasing the waveguide width W and height h. However, for very small waveguide 

dimensions, no modes can be supported. 
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Figure 2.4 Penetration depth as a function of (a) waveguide width W and height h (b) 

wavelength and (c) cover refractive index 𝒏𝒄𝒍𝒂𝒅 

 
The evanescent field can be enhanced further by exploiting quasi-TM modes instead 

of the quasi-TE modes. However, quasi-TM modes usually experience higher mode 

losses at 1550nm which limits their applications in this spectral range [18]. Figure 2.5 

shows mode profiles for the quasi-TE and quasi-TM modes in a 500×220nm SOI 

waveguide with water as the cover index (n*+,- = 1.318 at 1550nm). The mode con-

finement factors are 80.8% and 34.6% for the quasi-TE and quasi-TM modes, respec-

tively. Although this lower mode confinement results in a much longer penetration 

depth for the evanescent field, this is coupled with much higher propagation loss for 

the quasi-TM and so only devices supporting quasi-TE modes were considered in this 

thesis. 
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Figure 2.5 Electric field intensity for the fundamental (a) quasi-TE mode and (b) quasi-

TM mode 

 

2.3 Microring Resonators (MRRs)  
In the past few years, ring resonators have been extensively explored in different sili-

con photonics applications because of the ultra-compact footprint and ease of fabrica-

tion. One of the most promising applications of these optical ring resonators is in the 

area of biochemical sensing [19].  

The operating principle of a ring resonator is based on the evanescent coupling of light 

from a ‘bus’ waveguide to a proximate (within a few hundred nanometres), circular 

waveguide, as shown in Figure 2.6. 

 
 

 

Figure 2.6 Schematic view of a ring resonator 

 

(a)       (b)            
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When broadband light, or monochromatic light swept over a range of wavelengths, is 

injected into the input port of the bus waveguide, the evanescent coupling of this light 

into the ring generates an interference pattern at the through port. This interference 

pattern reveals deep (10s of dB), spectrally narrow (sub-nm) ‘notches’ in the transmis-

sion spectrum at wavelengths that are (in the case of dispersion-less operation) equally 

spaced across the entire spectral range of the device. The spectral position of these 

wavelengths occurs for integer multiples of 2π after each full round-trip of the ring; 

i.e. they represent phase-matched (resonant) wavelengths with light in the ‘bus’ wave-

guide. Altering the geometry (round-trip length) of the ring, either physically or ‘ef-

fectively’ (by modification of its local refractive index), results in small but discernible 

wavelength shifts for these resonances. For example, changes in the local effective 

refractive index of the ring may be achieved when an analyte concentration is attached 

to the physical structure, and interacts with the evanescent field associated with the 

resonant guided mode within the ring. With the capability of extremely high-resolution 

spectral detection, one can, in principle, measure extremely small wavelength shifts 

(on the order of 10’s of pm with current optical spectrum analysers) leading to the 

detection of extremely small concentrations of analytes, in a rather generic way [20]. 

The resonant wavelength(s) of such a device are described by the following expression 

[15]: 

 

 	λ./0	 =		
2π	R	n/22

m 	 ( 2.6 ) 

 
Where, R is the radius of the ring, n/22 is the effective refractive index of the ring, and 

m is an integer.  

The sharp ‘valleys’ at each resonant wavelength can be observed in the example meas-

ured output spectrum shown in Figure 2.7. 
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Figure 2.7 An intensity vs wavelength spectrum for a 25μm radius ring resonator 

 
In Figure 2.7, the Gaussian shape results from the coupling of light into the device 

using a broadband superluminescent diode (SLD) via grating coupler at the ‘bus’ 

waveguide input. Here, the spectral bandwidth (approximately 25nm) is limited by the 

grating coupler, rather than the source (which is closer to 50nm). Improvements in 

grating coupler design to enhance the spectral bandwidth of such devices are discussed 

further in section 3.4.1.  

 

2.4 Ring Characteristics 
The functional behaviour of the ring resonators can be described by a number of pa-

rameters; Free Spectral Range (FSR), Full Width at Half Maximum (FWHM), Extinc-

tion Ratio (ER), Finesse (F) and Q-factor, which are explained in more detail in the 

following sections.  

 

2.4.1 Free Spectral Range (FSR)  

The FSR is the spectral distance between two consecutive resonant peaks in the optical 

transmission spectrum. The FSR is inversely proportional to the ring radius; i.e. the 

smaller the ring, the larger the FSR leading to further spaced resonances. The expres-

sion for FSR can be written as [15]: 
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 FSR = 	
λ./0

#

2π	𝑅	n3
	 ( 2.7 ) 

Where, λ./0	is the resonant wavelength, R is the ring radius, and 	n3 is the group index 

of refraction z	n3 = n/22 − λ	(dn/22/	dλ)|. 

 

2.4.2 Full Width at Half Maximum (FWHM)  

The width of the resonances is normally characterised by their FWHM; i.e. the spectral 

distance between two points on the peak (valley) at which the intensity is half its max-

imum (minimum) value, as illustrated in Figure 2.8. 

 

 

Figure 2.8 An example of Full Width at Half Maximum (FWHM) distance 

 

2.4.3 Extinction Ratio (ER)  

The ratio of the maximum to minimum transmitted power through the device is re-

ferred to as the extinction ratio (ER). It can be directly determined, experimentally or 

theoretically calculated using the physical parameters of an MRR coupled to a single 

bus waveguide. The expression of ER can be written as [21]: 

 ER = 	
Tmax
Tmin

= }
(𝛼 + 𝑡)(1 − 𝛼𝑡)
(𝛼 − 𝑡)(1 + 𝛼𝑡)�

2
	 ( 2.8 ) 

 



2 Literature Review (Background) 

 
 

46 

Where, Tmax,min are maximum and minimum transmission of the peaks, α represents 

the cavity loss, including propagation (i.e. scattering, absorption and radiation) losses 

in the ring and losses in the couplers, and t is the transmission coefficient, which esti-

mates the fraction of the transmitted light at each resonant peak. 

 

2.4.4 Finesse (F)  

The finesse is defined as the ratio of the FSR to the resonance FWHM, essentially 

describing ‘spectral purity’ (or how ‘sharp’ the resonances are relative to their spacing) 

[22]. 

 

 F = 	
FSR
FWHM ( 2.9 ) 

   

2.4.5 Q-factor 

The quality (Q) factor is defined as the ratio of resonant wavelength to the FWHM. It 

is a measure of how sharp the peaks are relative to their central frequency [22]. It can 

also be calculated using 𝑛3, 𝛼 and 𝑡 of an MRR with a single bus waveguide: 

 

 Q = 		
λ./0

FWHM =
𝜋	𝑛3	𝐿	√𝛼𝑡
λ./0	(1 − 𝛼𝑡)

 ( 2.10 ) 

 

Where, L represents the cavity length. The Q-factor essentially represents the number 

of round-trips the light makes within the ring before it is consumed by (propagation 

and scattering) losses. It is thus a measure of the characteristic photon lifetime in the 

device. The Q-factor of an MRR tends to be diminished with decreases in bend radius 

and/or increases in sidewall roughness of the ring waveguide, non-optimised bus-to-

ring coupling gap and also the materials comprising the core/cladding regions of the 

device. High Q-factor ring resonators are highly desirable in a wide range of applica-

tions such as narrow-bandwidth filters and extremely sensitive detection in sensing. 
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2.5 Fibre to Waveguide Coupling 

Traditionally, there exist a variety of techniques for coupling light into and out of an 

optical waveguide; these include ‘prism coupling’, ‘grating couplers’, ‘butt coupling’ 

and ‘end-fire’ coupling [10], all of which are illustrated in Figure 2.9.  

Prism coupling can couple more than 90% of light into and out of the waveguide with-

out requiring extra process for the waveguide substrate [23]. Also, it does not involve 

critical alignment. However, the material of the prism should have a higher refractive 

index than the waveguide in order to achieve the coupling. The prism can also damage 

the surface of the waveguide. These limitations exclude this technique from being a 

good candidate for SOI technology [10].  

Butt coupling and end-fire coupling is basically done by shinning the laser light onto 

the end side of the waveguide. In contrast to prism coupling, butt coupling and end-

fire coupling require extra processing steps such as cleaving the facet and using anti-

reflection coating for the waveguide end. Also, alignments between the two ends play 

a crucial part in the efficiency of the transmitted power. The end-fire technique re-

quires a lens to focus the light from the optical fibre to the waveguide end, whereas 

butt coupling is a straightforward coupling, as illustrated in Figure 2.9 (c and d).  

 

 

Figure 2.9  Different techniques for coupling light from an optical source (directly or via 

fibre) to a sub-wavelength scale optical waveguide [10] 
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Grating couplers are another attractive approach for coupling. The input and output 

gratings are fabricated by partially or fully etching the silicon waveguide at specific 

depth and spacing. Grating couplers offer many advantages over the other tech-

niques, such as compatibility with wafer-level testing, ability to be placed anywhere 

on the chip and much wider alignment tolerance. Grating couplers can achieve cou-

pling efficiencies greater than 80%, as illustrated by Marchetti et al. [24]. 

 

2.6 Refractive Index Sensing 
Optical biochemical sensors are powerful devices since they provide portability, pre-

cise sensitivity and real-time monitoring. They have been employed in numerous im-

portant fields such as food safety, security and healthcare [25].  

The optical biochemical sensors can be classified according to their functionality. The 

main sensing techniques incorporate light absorption, emission, scattering and altera-

tion of the effective index. Extremely small perturbations of the effective index can be 

measured using a ring resonator. These changes can be used to calculate small varia-

tions in the local environment such as temperature [26], humidity [27] and strain [28]. 

In addition, the attachment of molecules, carried in gas/vapour or liquid environments, 

to the microring resonator surface alters the effective index of the propagating mode 

which causes a spectral shift in wavelength or variations in the resonant peak depth. 

The surface of the silicon can also be chemically functionalised to selectively bind to 

specific (target) molecules, such as proteins and DNA strands [29], in a mixed envi-

ronment. This allows several different biosensors with different selectivity to be inte-

grated on the same chip. 

Various designs of microring resonator were demonstrated theoretically and experi-

mentally, with the primary focus of detecting the presence (and concentration) of a 

particular molecule in the gas or liquid phase, by analysing the effective refractive 

index change as described in section 2.2. In Figure 2.10, the black curve corresponds 

to the unperturbed ring resonator peak position and the red dashed curve corresponds 

to the shifted resonance peak as a result of a change in the local RI, for example due 

to the presence of a specific concentration of analyte(s). 
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Figure 2.10 Spectral shift due to a change in the effective refractive index of the ring 

resonator  

 
The sensitivity performance of the optical waveguide sensors that rely on the evanes-

cent wave can be described by the bulk (homogeneous) sensing, surface sensing and 

limit of detection (LOD). 

 

2.6.1 Bulk Refractive Index (Homogeneous) Detection 

Homogeneous sensing is considered when analyte molecules are uniformly distributed 

in the sensor’s evanescent wave surroundings. In this mechanism, bulk refractive in-

dex (RI) of the top cladding material will be modified according to the analyte con-

centration; hence the effective index of the guided mode will be modified. The detec-

tion of the bulk RI usually lacks specificity because all materials, including the de-

tected analyte, can contribute to an effective index perturbation [30].  

The bulk (homogeneous) sensitivity of the microring sensor can be expressed as [31]: 

 

 S45+6 =
∆λ./0
∆RI  ( 2.11 ) 

 

Where, (∆λ./0) is the magnitude of the resonant wavelength shift and (∆RI) is the RI 

change of the bulk (top cladding). The sensitivity is usually written in nm/RIU. 
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The resonant wavelength shift can be written as [31]: 

 

 ∆𝜆7(8 =
∆𝑛/22	(∆RI, ∆𝜆7(8)

𝑛3	(𝜆7(8&)
𝜆7(8& ( 2.12 ) 

 

Where, ∆𝑛/22	(∆RI, ∆𝜆7(8) is the effective index change of the optical mode as a func-

tion of bulk refractive index change and spectral peak shift and 𝑛3	(𝜆7(8&) is group 

index at the unperturbed resonance wavelength (𝜆7(8&). 

 

 

Figure 2.11 Depiction of the bulk sensing showing the analytes surrounding the core of 

the waveguide  

 

2.6.2 Surface Refractive Index Detection 

In surface RI detection, the surface of the waveguide is pre-treated with specific re-

ceptors (or binding sites) to capture particular molecules. Typically, a thin layer is 

employed to enhance sensitivity and specificity towards specific molecules [30]. The 

surface sensitivity can be expressed as [31]: 

 

 

 𝑆9 =
∆𝜆7(8
∆t  ( 2.13 ) 
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Where, ∆t is the thickness variation of the adsorbed layer on the sensor’s surface. 

Similar to the homogenous sensing, the resonant wavelength shift can be written as 

[31]: 

 

 ∆𝜆7(8 =
∆𝑛/22	(∆t, ∆𝜆7(8)
𝑛3	(𝜆7(8&)

𝜆7(8& ( 2.14 ) 

 
 
 

 

 

Figure 2.12  Surface sensing showing the analytes bound to specific receptors at the 

surface of the core of the waveguide 

 
 

2.6.3 Limit of Detection (LOD) 

The minimum quantity or concentration of an analyte that can be reliably distinguished 

and detected is called the limit of detection (LOD). For sensors based on a microring 

resonator, the LOD is defined as the smallest possible spectral shift (d𝜆) that can be 

detected using a commercial instrument (e.g. optical spectrum analyser) and is given 

by the following equation [32]: 

 

 LOD =
d𝜆
𝑆  ( 2.15 ) 
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Where, S is the device bulk or surface sensitivity in nm/RIU. With dl typically ex-

pressed in units of nm, the LOD is thus expressed in units of RIU. Theoretically, the 

wavelength shift, induced by the effective index change, is independent of the reso-

nance shape and is limited only by the resolution of the instrument used for signal 

detection (e.g. optical spectrum analyser (OSA)). However, quantifying δλ is not triv-

ial because, even in the absence of analyte driven changes in the MRR resonance, the 

spectrum can still be perturbed by a variety of noise sources [33]. In an attempt to 

account for these, so as to provide a conservative practical estimate for the absolute 

LOD in such devices, the approach generally employed [34] is to assign δλ ≥ 3σ (i.e. 

the 99.7% range of uncertainty in determining the resonant peak position of the MRR), 

such that the LOD becomes equal to 3σ/S [34]. 

 
 

2.7 Surface Functionalisation 
In the past few years, many researchers have reported different approaches to enhance 

the molecular selectivity by engineering the sensor surface chemistry. The functional-

isation of the sensor surface is usually done by chemically coating different types of 

receptors on the surface. This allows only certain ligands (molecules) to be captured 

or immobilized near the surface. The binding between receptors and target analytes 

can then result in extremely high selectivity. The functionalised layers are usually 

added post (device) fabrication, which allows the possibility of employing different 

coatings in order to allow for simultaneous detection of several substances on one chip, 

as illustrated by Washburn et al. [35]. The types of surface modification depend on the 

target analytes and can be classified into two types: (i) sensing using biological mate-

rials and (ii) sensing using high surface area materials. 

 

2.7.1 Surface Modification Using Biological Materials 

One of the most common and efficient strategies for altering the chemical and physical 

properties of the surface for SOI-based bio-sensing is the silanization method [17]. 

Many substrates, including silica and silicon, can be silanized, which effectively coats 

the surface with a monolayer of silane (hydroxyl or OH groups). The surface activation 
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(generation of hydroxyl groups) is usually attained by cleaning the silicon with piranha 

solution. The surface can then be functionalised using organo-silane agents such as (3-

Aminopropyl)triethoxysilane (APTES) which binds to the free OH groups and results 

in the formation of NH2 groups [36]. Finally, linker molecules such as NHS-biotin can 

then be deposited on the surface to stabilise molecular binding [37]. Targets such as 

streptavidin and avidin can then be isolated (and thus) detected, even in a mixed mo-

lecular environment, as they are captured by binding to the biotin near the surface. The 

biotin-avidin interaction is one of the most widely used non-covalent bindings due to 

its extremely high specificity and affinity [36, 38]. This method is illustrated graph-

ically in Figure 2.13 and a similar process can be employed for detection or immobi-

lization of many proteins and analytes such as oestrogen response elements, prostate-

specific antigen (PSA) and glucose [39].  

 

Figure 2.13  Process of surface functionalisation of silicon [37]. (a) the silicon surface is 

rinsed with piranha solution to expose hydroxyl groups on the surface (b) organo-silane 

agents (APTES) interact with hydroxyl groups on the surface and generate NH2 groups 

(c) NHS-biotin bind to NH2 groups to act as a receptor (d) Avidin selectively attach to 

biotin 
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2.7.2 Surface Modification Using Large Surface Area Materials 

Another approach to enhance the performance of an optical sensor is by integrating 

high surface area or porous materials with the underlying silicon photonics device. 

The porous nature of such layers provides a method for ‘trapping’ molecules, carried 

in the gas or liquid phase, close to the sensor surface for improved detection sensitiv-

ity, whilst the nature (or efficiency) of pore-filling, can be limited either by the phys-

ical size of the molecules or their chemical reactivity with the functional layer to pro-

vide a subtly different route to molecular selectivity for mixed molecule environments. 

In the next sections, various functional materials are described, which have been em-

ployed previously to achieve such selectivity, and in the results section of this thesis, 

a novel approach is demonstrated using graphene oxide as the functional layer ena-

bling the selective detection of a variety of solvents carried in the vapour phase. 

 

2.7.2.1 Porous Silicon (PSi) 

Porous structures can be formed directly on the silicon surface by electrochemical 

etching [40]. The remarkable development of an optical PSi biosensor was derived 

from the ability to precisely control the properties of the PSi, such as pore diameter, 

porosity and thickness of the layer. Rodriguez et al. demonstrated a PSi ring resonator 

with quality factors near 10,000 and detection sensitivity of 380 nm/RIU when ex-

posed to saltwater solutions [41]. The designed 25µm radius ring consists of a double 

layer PSi WG on a silicon substrate. The guiding layer (WG) and cladding layer were 

fabricated by immersing the sample in a 15% solution of hydrofluoric (HF) acid in 

ethanol and applying 5 mA/cm2 and 48 mA/cm2 current density, respectively. This 

produces a small pore size for the guiding layer and a large pore size for the cladding 

layer [41], as shown in Figure 2.14 (b). 
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Figure 2.14  Scanning Electron Microscope (SEM) images [41] of (a) PSi ring resonator 

(b) top view porosity profile of the WG (small pores) and cladding (large pores) layers, 

and (c) cross-section of the strip WG 

 

2.7.2.2 Metal Oxides Coating	

Chemical coatings made from metal oxide nanostructures have been extensively stud-

ied for optical gas sensing applications. Metal oxide can be highly selective to one or 

more gas molecules, for instance, Tungsten Oxide (WO3) functionalisation is mainly 

sensitive to hydrogen [42], whereas Tin dioxide (SnO2) is sensitive to a number of 

other gases, including ethanol, H2, CO, and NH3 [43]. One of the most widely used 

metal oxide coatings is Zinc Oxide (ZnO) due to its ability to detect various vapours 

or gases at low concentration at room temperature [44, 45, 46]. Yebo et al. reported an 

MRR coated with a 200nm thick nanocrystalline ZnO film in which ethanol vapour 

detection was demonstrated at concentrations below 100 ppm at room temperature 

[47]. After depositing the ZnO film, the Q-factor was shown to decrease from 26,000 

(for the uncoated ring) to 15,000 for the coated ring. They experimentally show peak 

shift when exposed to different concentrations of ethanol cEtOH in ppm. As seen in 

Figure 2.15 (a and b), exposure to 1500 ppm of ethanol leads to a shift of 0.5nm. Figure 

2.15 (c) indicates that “on” response can be reached within 15 seconds, while “off” 

response is reached within 6 seconds. They attributed the incomplete recovery in the 
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“off” state to ethanol molecules not being released from adsorption sites on the ZnO 

surface. 

					

Figure 2.15  (a) Measured transmission spectrum and (b) corresponding resonance shift 

for different ethanol vapour concentrations. (c) Dynamic response of the sensor for one 

on-off cycle upon exposure to 300 ppm ethanol [47] 

 

2.7.2.3 Metal-Organic Framework (MOF) Coating 

Another novel technique to exploit porous materials for gas/vapour sensing applica-

tions was reported by Tao et al. [48]. In this work, a ZIF-8 (MOF) integrated silicon 

nitride (Si3N4) MRR, with a 40µm ring radius, exhibited sensitivity enhancements 

(compared with an equivalent uncoated device) of ×102 to ×103 for a range of volatile 

organic compound (VOC) vapours. The ZIF-8 was chosen as the MOF coating be-

cause of its high surface area (1840m2g-1), relative immunity to humidity and trans-

parency in near IR. Spectral resonance shifts (for the uncoated device) are almost in-

discernible over the vapour concentration range, but for the MOF integrated device, 

this is increased significantly. The gases of a fixed concentration of 100 ppm were 

carried by N2 gas flow into the chip. They attributed the initial blue-shift of the reso-

nant signal, in Figure 2.16 (a), to gas flow induced cooling of the device and the red-

shift to the adsorption of the gases on the surface of the ZIF-8, which results in an 

increase in the local refractive index. Figure 2.16 (b) shows the limit of detection 

(LOD) and the sensitivity enhancement factor for the MOF integrated device for all 

VOCs tested. 
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Figure 2.16  (a) Optical response of the hybrid photonic-MOF device to 20 minutes ex-

posure of different VOCs with a fixed concentration of 100 ppm. (b) Enhancement factor 

and detection limitation of five VOCs at equilibrium [48] 

 

2.7.2.4 Graphene-based coatings 

After the discovery and isolation of single atomic layer carbon sheets at the University 

of Manchester in 2004 [49], interest in graphene-based electronic and photonic appli-

cations has been meteoric. In principle, graphene is particularly suited to sensing due 

to its true two-dimensional (2D) nature, leading to a colossal surface area (2630m2g−1), 

whereby every carbon atom is considered as a surface atom capable of adsorbing a gas 

molecule (i.e. devices incorporating graphene-based sensors should have exception-

ally large sensing area per unit volume) [50]. There are different mechanisms of inter-

action that can contribute to graphene molecular adsorption, e.g. H-bond, van der 

Waals, electrostatic interaction and π-π interaction [51]. All of these can cause a meas-

urable perturbation of the effective refractive index if employed in an optical sensor. 

Many researchers have also reported selective optical sensing based on graphene’s 

derivatives; graphene oxide (GO) and reduced graphene oxide (rGO) [52, 53, 54]. The 

GO sheets can be deposited on the sensor’s surface by chemical vapour deposition 

(CVD) or drop-casting and spin-coating if the GO is dispersed in a liquid.  

In chapter 5 of this thesis, we show how a drop-cast layer of GO over a slotted silicon 

MRR can lead to both detection sensitivity enhancements and a degree of selectivity 

for a range of vapour phase VOCs. 

(a)           (b)            
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2.8 Novel Ring Resonator Designs 

The traditional SOI-based single MRRs can achieve typical sensitivities of up to 70 

nm/RIU, using quasi-TE polarisation [55]. This is limited by the very near-surface 

interaction between adsorbed molecules and the guided optical mode evanescent field 

of the MRR [56]. Another drawback for traditional MRRs is the lack of a functional-

ised layer that can physically adsorb or chemically immobilize the analyte molecules, 

which can enhance the sensor’s selectivity and specificity to detect different gases. 

Hence, novel configurations are being introduced in the research in order to overcome 

these limitations. Novel designs of silicon MRR based sensors, without such surface 

modification, also have the potential for high sensitivities because they can be engi-

neered to have high Q-factors by engineering the resonance line-shape. This may be 

achieved, for example, by coupling two or more resonators that exhibit the optical 

equivalent of electromagnetically induced transparencies (EITs) and asymmetric- 

(Fano-like) resonant line-shapes, which can have very sharp cut-offs. A brief overview 

of some of these designs will be given in the next subsections. 

 

2.8.1 Slotted Ring Resonators 

Similar to the slotted waveguide, explained in section 2.1.3, the slotted ring resonators 

incorporate a narrow slot (of the order of 100nm) of a low-index material between two 

circular high-index materials, as shown in Figure 2.17. The large discontinuity of the 

electric field at the interface of the high index waveguides results in the light being 

predominantly confined within the low-index slot region. Almeida et al. demonstrated 

the slotted ring resonator for the first time in 2004 [57]. When employed as a sensor, 

the slotted MRR has superior sensitivity compared to the conventional (single ring) 

MRR because it provides a much stronger interaction between analytes (within the 

slot) and the electric field associated with the guided mode. This configuration has 

been shown to be capable of achieving 298 nm/RIU [212 nm/RIU] sensitivities for 

SOI-based [Si3N4-based] MRRs [58, 59].  
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Figure 2.17  Slotted ring resonator configuration 

 

2.8.2 Multiple Ring Resonators  

Various configurations of cascaded ring resonators have been studied due to their great 

potentials in many applications such as filters [60], gyroscopes [61], biochemical/tem-

perature sensing [62, 63].  

In sensing applications, two cascaded ring resonators with slightly different radii are 

commonly utilised to generate a Vernier effect, as shown in Figure 2.18. Due to the 

difference in the optical round-trip length between the two rings, their free spectral 

range (FSR) will be slightly different, giving rise to an overall (combined) FSR that is 

much larger, according to where the resonances of the individual MRRs of the device 

overlap, as illustrated in Figure 2.18. A small wavelength shift, due to the presence of 

a concentration of analyte in the sensor MRR with respect to the filter MRR, results 

in a much larger shift in the cascaded spectrum. Claes et al. have been able to experi-

mentally achieve bulk refractive index sensitives up to 2169 nm/RIU and a detection 

limit of (LOD) of 8.3×10-6 RIU using this technique [64].  
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Figure 2.18  Vernier effect in cascaded ring resonator [64] (a) schematic of the Vernier 

cascaded ring design for sensing application (b) output response of the filter MRR 

(dashed line) and sensor MRR (solid line) (c) overall spectrum of the cascaded MRR 

design in a larger wavelength range 

 
Another feature of multiple, cascaded MRRs is the appearance of electromagnetically 

induced transparency (EIT)-like phenomena. The optical EIT-like effect is analogous 

to that which is observed for quantum interference of optical transitions induced by 

coherent light in atomic systems [65]. There are a number of potential applications for 

these EIT-like effects, implemented in a photonic integrated circuit, ranging from 

sensing [66, 67] to slow light [68] and optical switches [69]. 

In one example of this, a parallel pair of coupled MRRs was demonstrated experimen-

tally by Xu et al. [70]. In this case, the narrow EIT was realised using relatively small 

rings with radii close to 5µm. A small (8nm) difference in the circumference between 

the rings was introduced in order to detune their resonances by just 0.4nm. All wave-

guide widths were chosen to be 450nm with a height of 250nm. The distance between 

the rings (S) was varied from 15.69 to 15.77µm in order to find the optimum EIT 
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response. The SEM image of the proposed design and their output spectra are shown 

in Figure 2.19. 

	

 
 

Figure 2.19  Optical EIT-like effect [70] (a) Optical microscope image of the parallel 

coupled MRR design (b) spectral response corresponding to five different devices with 

variation in the ring to ring separations, S = (i) 15.69µm, (ii) 15.71µm, (iii) 15.73µm, (iv) 

15.75µm and (v) 15.77µm 

 
Figure 2.19 (b) reveals a narrow, symmetric EIT-like response from through port 

|T(𝜆)|2 when the ring (coupling) separation is equal to 15.69µm. The EIT exhibits a 

quality (Q-) factor (= 11,800), which is more than ten times that of the individual rings 

(~1000).  

 
 

2.8.3 Photonic Crystal Ring Resonator (PCRR) 

An attractive alternative to conventional ring resonator configuration is the photonic 

crystal ring resonator (PCRR). A photonic crystal comprises of periodic dielectric 

nanostructures (or nano-pores) that result in a distinctive photonic band gap (PBG) 

whereby the propagation of electromagnetic waves (light) is prohibited at certain fre-

quencies [71]. The PCRR, shown in Figure 2.20, offers many advantages as a biosen-

sor because target molecules can interact with the optical fields at trapping sites within 

(a)           (b)       
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the low refractive index (usually air-filled) holes. 3D Finite-Difference Time-Domain 

(FDTD) simulations were used to illustrate the fraction of the electric field that pene-

trates the holes, as shown in Figure 2.20 (c). Unlike the nearly uniform, periodic free 

spectral range (FSR) in the conventional MRR spectrum, the PCRR can be designed 

to have non-uniform FSR, implying that the PCRR can have a much wider upper limit 

on the concentration of analyte because the tracked resonant peak in the spectrum can 

be identified, even for spectral shifts larger than one FSR, due to the non-uniform 

spacing. In addition, the PCRR can be designed with a very small bend radius, whilst 

maintaining relatively low propagation loss, compared with the traditional MRR 

(which typically exhibits an exponentially increasing propagation loss with inverse 

radii of curvature below 5µm [72]). In [73], label-free detection of DNA and proteins 

using a PCRR structure was reported, as shown in Figure 2.20 (a). The PCRR, fabri-

cated using the SOI platform, was realised from a silicon ring waveguide (width = 

450nm), coupled to a straight bus waveguide (width = 360nm), patterned with 100 

circular, air-filled holes (radius = 135nm). The periodicity of the holes and the sepa-

ration gap were a = 450nm and g = 135nm, respectively. The experimental bulk re-

fractive index sensitivity for this device was derived experimentally to be 248 nm/RIU. 

 

 

 

Figure 2.20  (a) SEM image of the photonic crystal ring resonator (PCRR), (b) magnified 

image of the coupling region and (c) simulation of the resonant mode profile [73] 
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Another exciting new design that employs a one-dimensional (1D) photonic crystal 

optical waveguide is the subwavelength grating (SWG) MRR. It is formed by periodic 

silicon pillars (with a period much smaller than the operating wavelength), with a low 

index (air or silica) cladding, as shown in Figure 2.21. The shape of these pillars can 

greatly affect the performance of the SWG MRR, with trapezoidal pillar structures 

exhibiting lower bend losses and consequently higher Q-factors, compared with rec-

tangular pillars [74]. This structure is promising in biochemical sensing because it 

allows significant interaction between the propagating optical fields and the cladding 

materials, as demonstrated by Flueckiger et al. [75]. Engineering the effective refrac-

tive index and mode profile in this way, a Q-factor of 7000 and bulk sensitivity of 490 

nm/RIU was demonstrated. The drawbacks of SWG and PCRR type devices is the 

additional leakage losses and fabrication complexity. 

 

 
 

Figure 2.21 An SEM image of the SWG based MRR developed by Flueckiger et al. [75]. 

The ring resonator was fabricated by e-beam lithography 
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3 Simulation Methods and Optimisation 

Many optical simulation tools and software packages are commercially available to 

help engineers and scientists investigate the behaviour of the electromagnetic waves 

in such systems. The increasing interest in modelling the photonic integrated circuit 

components and systems has led to major developments in optical simulation tools, 

such as Lumerical MODE/FDTD Solutions [1], COMSOL Multiphysics (wave optics 

module) [2], Photon Design FIMMWAVE/OmniSim [3] and Synopsys RSoft 

FemSIM/FullWAVE [4].  

Much of the work described in this thesis involved the use of Lumerical [1] for the 

simulation of electromagnetic waves (light) at the component level, using 2D/3D Fi-

nite-Difference Time-Domain (FDTD), Finite-Difference Eigenmode (FDE) and 

EigenMode Expansion (EME) methods. Furthermore, circuit or system-level simula-

tion was carried out using INTERCONNECT (photonic integrated circuit) simulator. 

This tool also provides for modelling of the thermal effects in such photonic integrated 

circuits, using the Heat Transport (HEAT) solver. In addition, Matlab software [5] was 

employed to model the MRRs, mathematically, using the Scattering Matrix Method 

(SMM). 

In this thesis, the results of Lumerical simulation are validated and tested by perform-

ing the following steps: 

1- Develop a mathematical model, using SMM approach for MRRs, and compare 

it with the simulation results. 

2- Simulate similar devices from literature (if available) and compare their exper-

imental results with the simulation, as demonstrated in section 5.1. 

This verification process is important since it ensures that the default optical material 

database, that includes refractive index data, and the simulation physics are an accurate 

representation of the real world. 
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Figure 3.1  Flow chart of the design process for photonic integrated circuits described 

in this thesis 

 
In this chapter, the photonic integrated circuit design process flow is described in de-

tail, from photonic component through to full device fabrication, in a semiconductor 

foundry. The flow chart in Figure 3.1 illustrates this process, beginning with the vari-

ous component simulations (e.g. for the MRR, grating coupler, y-splitter, directional 

coupler, etc.) using the appropriate simulation tools. The simulation results (scattering 

or S-parameters) from each method are then exported to the circuit level simulator 

(INTERCONNECT) where several photonic components can be connected and ana-

lysed as a single optical circuit. INTERCONNECT deals with the photonic compo-

nents as building blocks connected together. After optimising the full circuit design, 

this is then implemented schematically using a layout editor software (such as K-lay-

out). The layout software packages allow the user to either construct the optical circuit 

using scripting commands or manually by drawing the mask layout, layer by layer. 

Once the physical layout is completed, this is run through a design rule check (DRC) 
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to ensure it meets the foundry submission requirements, prior to sending the full chip 

design for fabrication. When the chips are delivered, several optical and thermo-optic 

characterisations are performed to check the device functionality. The experimental 

setups which are employed here are explained in detail in Chapter 4. 

 

3.1 Simulation Methods 
Each of the simulation methods undertaken during the design phase provides different 

information about the device functionality. An overview of the simulation methods 

employed here (e.g. FDTD, FDE, HT, EME and SMM) are presented in the following 

subsections. 

  

3.1.1 Finite-Difference Time-Domain (FDTD) 

The FDTD numerical method is the most widely used tool for simulating electromag-

netic propagation in a dielectric medium [6]. The technique is based on numerically 

solving Maxwell’s equations and finding an exact solution in the temporal and spatial 

domains. The electric and magnetic field components of the solution are obtained by 

applying Fourier transform (FT) analysis to decompose a time-domain function into 

its constituent frequencies. This allows the user to visualise mode propagation in the 

dielectric (e.g. waveguide) structures as a function of frequency or wavelength. The 

Lumerical FDTD simulator automatically constructs a rectangular mesh over the full 

structure (or sub-structure) to be simulated (including the background of the struc-

tures), with each mesh point containing information on the material properties (e.g. 

real and imaginary components of the refractive indices) to derive solutions for the 

electric and magnetic field components [7]. The simulation can be used in either 2D 

or 3D domains, allowing the user to run initial (fast) simulations (in a 2D grid) to 

optimise the design before running the full 3D simulation, which is computationally 

more demanding. The simulation boundary conditions utilised a perfectly matched 

layer (PML) to absorb incident light, minimising reflections back into the device. The 

PML boundary condition is necessary for certain simulations, specifically those in-

volving radiative loss, for example, when modelling waveguide bends. 
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3.1.2 Finite-Difference Eigenmode (FDE) 

The FDE solver is part of the MODE solution from Lumerical. Similar to the FDTD 

tool, FDE solves Maxwell’s equations to determine the spatial profiles and frequency 

dependence of the waveguide modes. The solver requires the material types and wave-

guide dimensions in order to calculate transverse electric (TE) and transverse magnetic 

(TM) mode profiles, effective indices, and loss. The PML boundary condition is typi-

cally employed where purely imaginary effective indices or loss are required (e.g. for 

waveguide bends). Metal boundary conditions are employed in cases where only neg-

ligible modal fields exist at the edge of the simulation region (e.g. for straight wave-

guides) since these provide much quicker simulation (than for PML) [7].  

 

3.1.3 EigenMode Expansion (EME) 

This simulator extends the functionality of the FDE solver. First, it uses the FDE solver 

to find the supported optical modes at many consecutive non-uniform cross-sections 

[7]. Second, the solution of the TE and TM fields from each cross-section is utilised 

to propagate the light along the waveguide. It is particularly suitable for simulating the 

behaviour of light over long propagation distances because it offers a significant en-

hancement in simulation time as compared to the FDTD solver. This method is appro-

priate for structures with only bi-directional propagation such as directional coupler, 

waveguide taper and spot size converter. 

 

3.1.4 HEAT Transport (HT) 

Most foundry facilities now offer integrated on-chip micro-heaters that can be depos-

ited over the waveguide structures in order to allow for thermo-optic tuning. In our 

experimental setup, we utilise electrical contact probes to inject current into these sur-

face integrated (resistive) components that result in highly localised heating of the 

device, e.g. directly above a waveguide structure. This alters the effective index of the 

propagating modes, as will be explained in detail in chapter 4. The heat profile from 

the micro-heater to the waveguide (usually buried within a top cladding) can be mod-

elled using the Lumerical HEAT Transport (HT) module. The simulation interface 
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allows the user to inject variable heating power (in Watts) at a defined position (ac-

cording to the dimensions of the micro-heater) above the buried waveguide such that 

it acts as a uniform heat source. The temperature profile for each input power can be 

obtained by placing a temperature monitor around the waveguide. This profile is then 

imported in FDE solver where it converts the temperature grid to a variation of refrac-

tive index, depending on the material thermo-optic coefficient. This allows the user to 

simulate the change in effective index as a function of the injected power which can 

be useful, e.g. for calculating device sensitivity in nm/RIU or for determining phase 

shift as a function of heating power.  

 

3.1.5 Scattering Matrix Method (SMM) 

Almost two decades ago, Yariv et al. proposed the first matrix models incorporating 

unidirectional coupling between bus and ring waveguides in a MRR structure [8]. 

SMM is a powerful mathematical modelling approach that can describe the behaviour 

of a guided wave in dielectric media (e.g. waveguides or fibres). 

The configuration of a single MRR is shown in Figure 3.2 where E (1,3) and E (2,4) 

are the input and output electric fields, respectively. The input light can either be trans-

mitted through the waveguide according to the value of its transmission coefficient “t” 

or coupled to the adjacent ring structure corresponding to the value of its coupling 

coefficient “𝜅”. All losses (scattering and propagation) in the MRR are incorporated 

in the loss factor “𝛼” [9]. 

 

Figure 3.2  Components for the theoretical description of coupling of light to a single 

MRR 
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The propagation of the guided light in a single MRR can be described, in SMM form, 

according to [8, 10]: 

 �E2E4� = 	 � 𝑡 𝑖𝜅
𝑖𝜅 𝑡 � �

E1
E3� ( 3.1 ) 

With the aid of power conservation, the relation between the coupling and transmis-

sion coefficients is defined as [10]: 

 𝜅# 	+ 	𝑡# = 1 ( 3.2 ) 

Normalising all fields to E1, transmission within the ring, E3 can be written: 

 E3 = 𝛼𝑒:;E4 ( 3.3 ) 

Where, the loss factor 𝛼 is a real number between 0 and 1 where so-called ‘lossless’ 

propagation determined with 𝛼 = 1 and 100% loss represented by equating 𝛼 to zero. 

The phase delay around the ring (𝜃) is described by: 

 𝜃 =
2𝜋𝑛())
𝜆 × 2𝜋𝑅	 ( 3.4 ) 

 

Where, 𝑛()) is the mode effective index, 𝑅 is the radius of the ring and 𝜆 is the input 

wavelength of light. The output field, after passing the ring resonator, is given as: 

 

 E2 = E1	
𝑡 − 𝛼𝑒:;

1 − 𝑡𝛼𝑒:;
 ( 3.5 ) 

 

The power transmission output from the ring is given by: 

 

 𝑇 = �
E2
E1�

#

= �
𝑡 − 𝛼𝑒:;

1 − 𝑡𝛼𝑒:;
�
#

	 ( 3.6 ) 

 
Critical coupling occurs when |𝑡| = 𝛼, leading to 𝑇 = 0 at resonance. This condition 

indicates that all the power goes into the ring and is stored there until dissipated by the 
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loss. The spectrum, loss factor and transmission coefficient for any single ring reso-

nator can be determined using this simple model. 

 

3.2 Physical Layout 
After optimising the photonic devices at both component and system level, they must 

all be combined and constructed schematically in a specified area (and, where appro-

priate, layers) using a layout editor software in order to submit the chip design to the 

semiconductor fabrication facility. The free open-source software “K-Layout” was 

used to graphically design the optical chip [11]. The dimensions of the drawn struc-

tures (mainly, the minimum width) and minimum separation between them must com-

ply with the design rules which are provided by the semiconductor foundry through 

their process design kit (PDK). The PDK includes a documentation set describing the 

key information regarding the fabrication process, boundaries of the design area, layer 

names, optical standard devices (e.g. grating couplers), etc. Once the chip layout is 

complete, the design rule check (DRC) step, which is embedded in K-layout, is per-

formed. The DRC detects any design errors prior to sending the layout to the foundry. 

Usually, the designs are required to be submitted in Graphic Design System (GDS) 

format. During the course of this research, the CORNERSTONE rapid prototyping 

foundry at Southampton University was utilised to fabricate our devices via a multi-

project wafer (MPW) service [12]. A GDS template file was provided by CORNER-

STONE foundry which consists of layer names, standard devices and chip boundaries. 

 
 

3.3 Fabrication Process 
The SOI photonic chips were fabricated using high-resolution UV photo- or electron 

beam (e-beam) lithography. The sample fabrication process flow was provided by the 

CORNERSTONE [12] according to the different MPW runs usually defined by the 

fixed etch depth of the top silicon waveguide layer and the SiO2 BOX. The depths for 

all of the devices described in this work are 220nm for silicon waveguides and 2μm 

for the BOX. The 220nm is the thinnest commercial SOI platform, although further 

reduction of this top silicon layer can enhance the device sensitivity as explained in 
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section 2.2 and in Figure 2.4 (a). CORNERSTONE offered three silicon etches for the 

220nm platform [12]:  

1- Shallow etch of 70nm ± 10nm, typically used for grating couplers. 

2- Intermediate etch of 120nm ± 10nm. 

3- Additional etch of 100nm to the BOX layer. 

The strip waveguides with 220nm depth are formed by utilising the intermediate and 

the additional etch. After forming the waveguides, a top SiO2 cladding with a thickness 

of 1μm ± 100nm can be deposited over the waveguides which allows for the later 

deposition of the metal layers for integrated micro-heaters. The first metal layer above 

the oxide cladding consists of thin (60nm thick) titanium nitride (TiN) heater fila-

ments. The second layer is assigned for the heater contact pads which consist of 30nm 

of titanium (Ti) and 200nm of gold (Au). The Ti layer is deposited to improve the 

adhesion strength to the Au, which acts as the low resistivity conductive layer. The 

full detailed process flow is shown in Figure 3.3. 

         
 



3 Simulation Methods and Optimisation 

 
 

78 

 
 

Figure 3.3  Illustration of the fabrication process which was performed by CORNER-

STONE [12] 

 

3.4 Optimisation of Passive Components 
The basic photonic components (e.g. grating couplers, tapers and waveguides) were 

optimised using Lumerical. The performance of these components was tailored to fit 

our sensing applications. 

 

3.4.1 Grating coupler 

The grating couplers were used to couple light from single-mode fibre (SMF) to the 

SOI waveguides in all of our fabricated chips. Unlike the edge coupling techniques 
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(explained in chapter 2) which require further treatment (cleaving and polishing) of 

the sample edges, the grating couplers can be fabricated anywhere on the chip without 

the need for extremely precise alignment.  

The focusing grating coupler configuration was utilised to harvest the quasi-TE fun-

damental mode and suppress the quasi-TM mode. The depiction of the grating coupler 

is shown in Figure 3.4 where the yellow cylindrical shape represents the fibre (not to 

scale) position above the grating. The red dashed line (x-axis) represents the guided 

mode propagation direction. 

 
 

Figure 3.4  Schematic illustration of delivery (from a SMF) and coupling of light to the 

guided mode using a focusing grating coupler fabricated in SOI 

 
The bandwidth and coupling efficiency between the optical fibre and grating coupler 

are highly sensitive to the grating design. In addition, the angle and position of the 

fibre can greatly affect the device spectrum. The optimisation was carried out by firstly 

running fast initial 2D FDTD simulations followed by a final optimisation using 3D 

FDTD. The goal of the optimisation is to maximise the coupling efficiency and band-

width simultaneously. Since the etch depth (70nm) was fixed by the CORNERSTONE 

design rules [12], the 2D simulation sweeps were applied only on the gap and pitch of 

the grating coupler for various fibre positions and angles. The 3D FDTD was utilised 

to run a final optimisation only on the fibre position because it requires long simulation 
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times. Figure 3.5 (a and b) show that only small variations (few nanometres) on the 

grating pitch and gap can greatly affect the output spectrum of the 2D grating coupler. 

The pitch and gap parameters that maximise the coupling efficiency at the 1550nm 

wavelength were found to be 612nm and 306nm, respectively. In addition, the fibre 

position along the x-axis (red dashed line in Figure 3.4), and angle (q) with respect to 

the vertical (z-axis), can also affect the coupling efficiency and bandwidth of the out-

put spectrum, as shown in Figure 3.5 (c and d). The simulations showed that the effi-

ciency can be optimised when the centre of the fibre is positioned at x = 3.7μm and 

tilted by 6.96° from the vertical. Since the grating is symmetric with respect to the y-

axis, the fibre position was kept at y = 0 during all the sweeps. 

 

 

Figure 3.5  2D FDTD simulations of the coupling efficiency as a function of (a) grating 

pitch, (b) grating gap, (c) fibre position and (d) fibre rotation angel (𝜽) 

 
 
 

(a)            (b) 
         
 

(c)            (d) 
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The efficiency of the transmitted and reflected light can be described in terms of the 

scattering- (or S-) parameters of a two-port network: 

 

 �𝑆11 𝑆12
𝑆21 𝑆22� ( 3.7 ) 

 

Where, S11 and S21 are the input reflection and transmission coefficients, respectively 

(i.e. for light coupled from the fibre to the grating) and S12 and S22 are the transmis-

sion and reflection coefficients in the reverse direction (i.e. for light coupled from the 

grating to the fibre). The S-parameters were obtained for the optimum design using 

2D and 3D simulations with the former indicating a coupling efficiency of almost 55% 

at 1550nm (for both S12 and S21) whereas almost negligible light (less than 5%) was 

reflected as indicated by S11 and S22 curves in Figure 3.6 (a). The coupling efficien-

cies, derived from the 3D FDTD simulations, showed a similar trend, as shown in 

Figure 3.6 (b). However, the S12 and S21 exhibit coupling efficiencies of nearly 40% 

at the centre wavelength. These relatively lower efficiencies (as compared to 2D re-

sults) were expected since only the fibre position was optimised in the 3D FDTD 

where all other design parameters were adapted from the 2D simulations. 

 
 

 

Figure 3.6  S-parameter of the optimised grating coupler design using (a) 2D FDTD and 

(b) 3D FDTD 

 
The grating coupler design is shown in Figure 3.7 (a), where the blue area represents 

the tapered silicon waveguide with a height of 220nm and the red area represents the 

(a)            (b) 
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periodic grating structure created in the top silicon layer using the shallow (70nm) 

etch. A plan view (x-y plane) of the simulated electric field distribution (3D FDTD), 

for coupling from fibre to grating (injection at x = 3.4μm), reveals the focussing effect 

of the grating, as shown in Figure 3.7 (b). 

 

 
 

Figure 3.7  (a) 3D simulation of Electrical field distribution in the xy plane (b) snapshot 

of the depicted grating coupler 

 

3.4.2 Waveguides 

The waveguides described in this work were designed with a view to balancing prop-

agation losses with penetration of the evanescent wave outside the waveguide core, 

for sensing purposes. Both design goals can be achieved in the same circuit with the 

help of the waveguide tapers. Since narrow waveguide widths lead to larger penetra-

tion depths of the evanescent wave (as illustrated in Figure 2.4 (a)), they were utilised 

in the regions where light-analyte interaction occurs (e.g. ring resonators). Losses were 

minimised in all other circuit regions by tapering up to slightly wider waveguide 

widths (achieving a higher mode confinement factor (Cf)), as illustrated in Figure 3.8. 

The effective indices (neff) and Cf of the fundamental mode at the wavelength of 

1.55µm also shown for each of the waveguide widths in the same figure.  
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Figure 3.8  Mode profiles (including calculated Cf, neff values) for strip waveguides with 

different widths (a) W=350nm (b) W=400nm (c) W=450nm (d) W=500nm (e) W=550nm 

 

The standard strip waveguide width of 500nm [13] was used as the low loss wave-

guide, tapering gradually to 350nm for the sensing regions of the device. The mini-

mum taper length that ensures adiabatic transmission was acquired using the EME 

solver. Figure 3.9 shows the transmission efficiency as a function of the taper length 

when connecting a 500nm wide waveguide to the narrower waveguides with width of 

350nm, 400nm and 450nm. This modelling revealed that just 8µm taper length was 

required in order to achieve near lossless transmission for all the aforementioned 

widths. 
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Figure 3.9  Transmission as a function of taper length for waveguides that have 500nm 

width tapered down to 350, 400 and 450nm 
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4 Experimental Setup 

 

4.1 Introduction 
In this chapter, the photonic component design, layout of the overall photonic inte-

grated circuit along with the experimental setup for the optical characterisation of, and 

vapour detection using, the fabricated devices are described. In addition, the transmis-

sion characteristics of the basic building blocks (e.g. ring resonator) are analysed. 

 

4.2 Optical Setup and Experimental Procedure 
Two experimental systems were used to characterise and analyse the performance of 

the fabricated devices: 1- gas sensing setup and 2- thermo-optic setup.  

 

4.2.1 Gas Sensing Setup 

The gas sensing setup was designed such that the PIC could be housed within a gas 

cell enabling real-time delivery of vapour phase volatile organic compounds (VOCs). 

This necessitates ‘free-space’ (rather than fibre optic) delivery and collection of laser 

light to the PIC, which was achieved using a bespoke arrangement of mirrors and fo-

cussing optics, as shown in Figure 4.1. An external light source (described in section 

4.3) and a single-mode fibre were employed to generate and guide the laser beam to a 

50:50 beam-splitter. The beam-splitter was tilted at an angle that reflects the light to-

wards the chip at ~7° degrees from the vertical axis. Slightly off-normal operation 

reduces the back-reflection from the grating couplers [1] and shifts the peak wave-

length spectral position to the desired location (as shown in the simulation results in 

section 3.4.1). A wide field of view, long working distance microscope objective 

(OCT scan) lens (LSM03-BB, Thorlabs, Inc.) [2] was used for both delivery and col-

lection of light to the optical chip through a quartz window in the gas cell. The chip 

can be repositioned using a 3-axis stage in order to align the input grating coupler 
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beneath the laser spot. An infrared camera was used to image the position of the grat-

ing coupler during the alignment procedure. Light from the output grating couplers of 

the photonic devices is collected via the same OCT scan lens, a beam splitter and 

rotatable (alignment) mirror and a final beam splitter, allowing for both imaging (with 

the infrared camera) and focussing of the light onto a single-mode fibre coupled to a 

spectrometer. Once coarse alignment is achieved, fine positioning for maximum signal 

into the spectrometer is achieved by careful repositioning of the chip using the 3-axis 

stage. 

 

 

 

Figure 4.1 Optical delivery and collection of light to/from the photonic chip along with 

bespoke setup for gas/vapour delivery 
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The VOC vapour sensing was achieved by the careful delivery of a pure carrier gas 

(nitrogen, 99.998% purity) to the sealed gas cell using two separate N2 cylinders. The 

flow rates from each cylinder were controlled using separate gas flow meters. One of 

the gas delivery lines is used to generate, control and carry VOC vapours to the gas 

cell. Solvent-based VOCs were evaporated at room temperature (20℃) in a vial that 

includes the N2 inlet and vapour outlet tubes. The high vapour pressure of the VOCs 

and the adjustable pressure from the inlet tube produce a controllable vapour concen-

tration above the surface of the liquid which can be picked up by the outlet tube. The 

flow rates from the outlet were monitored using a precise digital flow meter (model: 

SMC PFM710S-C4-B-W). The second gas flow line was used to dilute the vapour 

concentrations and for purging the gas cell before and after VOC delivery. This dilu-

tion flow is maintained and monitored using a separate digital flow meter (model: 

SMC PFM750S-C8-A-W). The vapour and dilution flow lines were combined just 

before entrance to the gas cell and the gas cell outlet was connected to a fume cupboard 

in order to exhaust hazardous gases. 

 

4.2.2 Thermo-Optic Setup 

The second setup (shown in Figure 4.2) has almost the same functionality as the gas 

sensing setup but with the addition of two electrical probes which allow thermo-optic 

tuning via integrated on-chip microheaters. The tips of the electrical probes can be 

brought into contact with microheaters using a 3-axis stage. The first probe is con-

nected to the negative (-) or common terminal of the power supply (THURLBY 30V-

2A, RS Components Ltd.) [3] and the second probe is connected to the positive (+) 

terminal of the same power supply. A multi-meter was employed to continuity (i.e. no 

open circuit) between the on-chip contact pads. Before establishing the electrical con-

nection, the input and output grating couplers were aligned (using the 3-axis stage) 

with the fibre-coupled laser source and spectrometer. High precision alignment of the 

probes was achieved using a combination of zoom lens (with magnification range 2x 

to 24.5x) from a working distance of 86mm (models: 1-50486, 1-62831, 1-6270 and 

1-6010, Navitar, Inc.) [4] and an extended range (400-1700nm) infrared camera  
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(model: OW1.7-VS-CL-LP-640, Raptor Photonics Ltd.) [5]. The combination of cam-

era and zoom lens permit the imaging of the chip and observation of scattered near-IR 

light inside the waveguides for improved alignment. 

 

 

 

Figure 4.2  Thermo-optic sensing and imaging setup 

 

This setup allows the user to study the resonant peak shift of MRR and MZI type 

devices as a function of the injected power (or current) due to the thermo-optic changes 

in the refractive index.  
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4.3 Optical Measurement Components 
The gas sensing and thermo-optic setups are both equipped with single-mode fibres at 

their input and output which makes them compatible with the same external laser 

sources and spectrometer. Since both laser source and spectrometer play a critical role 

in determining the optical response of our fabricated devices, their capabilities and 

limitations will be described in details in the next subsections. 

 

4.3.1 Input Light Sources 

Two external light sources were utilised in this research. The first one is a broadband 

superluminescent diode (SLD) which was extensively used for many of the character-

isation measurements described in this thesis. The second source is a tuneable laser 

which was employed in cases that required narrow-linewidths, as will be shown in 

chapter 7. 

 

4.3.1.1 Superluminescent Diode (SLD) 

The Superluminescent Diode (model: S5FC1005S Single-mode, Thorlabs, Inc.) [6] 

was used as a source of broadband infrared light. This light source is an indium phos-

phide (InP)-based device that incorporates an integrated thermoelectric cooler (TEC) 

to stabilise the operating temperature between 15 and 35 °C. SLD output is determined 

through user control of the TEC temperature and operating current of the SLD. With 

the SLD operated at its maximum current and power (600mA, 22mW) and at ambient 

temperature (25 °C), the spectral profile of the SLD is near-Gaussian with centre 

wavelength of 1550nm and optical (3dB) bandwidth of 50nm, as shown in Figure 4.3.  
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Figure 4.3  The output spectrum of the fibre coupled superluminescent diode (model: 

S5FC1005S Single-mode, Thorlabs, Inc.) with an operating current of 600 mA [6] 

 

4.3.1.2 Tuneable Laser 

The tuneable laser (model: TLK-L1550M, Thorlabs, Inc.) [7] is also coupled to a sin-

gle-mode fibre (SMF) with a centre wavelength of 1550 nm but offers slightly higher 

and tuneable output power (35mW). This external cavity laser (ECL) features a half-

butterfly gain chip (model: SAF1176S, Thorlabs, Inc.) and is based on a Littman con-

figuration [8] with a fixed grating angle and an adjustable mirror, as shown in Figure 

4.4. The light emitted from the gain element is first collimated using a collimating 

lens. Then a fixed grating is used to diffract the incident light to a rotatable mirror 

which reflects the beam back to the grating again. Since the beam experiences diffrac-

tion twice before coupling back into the gain element, the output linewidth is typically 

narrow (for this particular model, equal to 100 kHz). An external controller was also 

used for the laser diode and TEC (model: ITC4000, Thorlabs, Inc.). The 10-dB wave-

length tuning range for this device is 120nm, as shown in Figure 4.5, with a tuning 

resolution of 3pm. 
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Figure 4.4  Schematic of a Littman configuration ECL showing the gain chip, collimating 

lens, diffraction grating, rotatable mirror and fibre output [7]. 

 
 

 

Figure 4.5  The tuning range of the fibre coupled tuneable laser (model: TLK-L1550M, 

Thorlabs, Inc.) [7] 
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4.3.2 Spectrum Analyser 

The Optical Spectrum Analyser (model: OSA203B, Thorlabs, Inc.) was used to ana-

lyse the transmission spectra from the devices described in this thesis. The OSA oper-

ates in the range of 1.0 – 2.6 µm and offers variable spectral resolution and sensitivity. 

As the resolution and sensitivity increase, the data acquisition time also increases, as 

shown in Table 4.1. The ability to control the acquisition time is very helpful since 

fast spectrum updates are required in real-time sensing measurements, while accurate 

results are important in standard (non-dynamic) measurements.  

 

Table 4.1 Spectrum update times for variable sensitivity and resolution 

 

The resolution is a function of wavelength in which it improves with decreasing the 

wavelength, as shown in Figure 4.6. The maximum sensitivity is -70 dBm/nm, 

whereas the highest resolution at 1550nm is around 60pm [9]. This OSA features fibre-

coupled input that is compatible with the aforementioned optical setups. The OSA is 

connected to a Windows laptop via USB 2.0 in order to transfer the optical spectrum 

to the provided OSA software. 

 

Time Between Updates 
Sensitivity Low Resolution High Resolution 

Low 0.5 seconds 1.8 seconds 
Medium Low 0.8 seconds 2.9 seconds 
Medium High 1.5 seconds 5.2 seconds 

High 2.7 seconds 9.5 seconds 
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Figure 4.6  The spectral resolution of the Thorlabs Optical Spectrum Analyser OSA 

203B [9] 

 

4.4 Chip Layout Design 
All the designed and fabricated devices described here are based on silicon on insula-

tor (SOI) waveguides with grating couplers designed to couple input/output light with 

a central wavelength of 1550nm. Microring resonators were used as the basic building 

blocks due to their capacity for a variety of functions and applications. Three different 

chips were used to investigate different devices.  

The first chip consists of rib waveguide-based slotted ring resonator configuration, the 

design for which was adapted from that originally developed by a former PhD student 

in our group [10]. The rib waveguide structures were designed for TE operation, with 

a rib height of 130nm on a slab of 90nm thickness giving a total waveguide height of 

220nm, as shown in Figure 4.7 (a). The silicon guiding layer is fabricated on top of a 

2000nm buried oxide (BOX) layer. This chip will be referred to as rib waveguide-

based chip. 

The second (hereinafter referred to as MPW#6) and third chip (referred to as 

MPW#10) were designed by the author and fabricated by CORNERSTONE rapid pro-

totyping foundry at the University of Southampton [11]. They include numerous de-

vices that are all strip waveguide-based structures with waveguide depth of 220nm, as 
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shown in Figure 4.7 (b). Although slotted ring resonator configurations are an attrac-

tive design for many applications, only conventional ring resonator structures were 

considered for all devices in these latter two chips. This is because slotted waveguides 

require either narrow slot widths or narrow waveguide widths in order to confine the 

light in the slot, the requirement for which could not be met under the MPW rapid 

prototyping rules offered by CORNERSTONE. The designed devices include single, 

eye-like, pulley-type, dual-ring-assisted Mach–Zehnder and multiple serial and paral-

lel coupled ring resonators. A select number of these devices were investigated in de-

tail, while many are beyond the scope of this thesis but provide for future research 

work in this area.  

All ring resonators were designed with 25 or 50µm radius with various coupling gaps 

to ensure some exhibit critical coupling (i.e. no light passes through the bus waveguide 

at the resonant wavelength due to the complete destructive interference between the 

transmitted fields in the bus waveguide and cavity). Each design was fabricated twice 

on the same chip. One is containing a 1-µm silica top cladding with integrated metallic 

heater contacts, while the other has an etched top cladding in order to allow gas/liquid 

sensing. The etching process was done using hydrofluoric acid (HF) for the rib wave-

guide-based chip. Strip waveguide-based devices require extra care during the clad-

ding etch because HF might continue to etch into the BOX layer as well, culminating 

in inadvertent lift-off the strip waveguides. Therefore, dry plasma etching, followed 

by HF etching of the last 50nm was performed for chips containing strip waveguide 

structures. The optical chip layouts are illustrated in Figure 4.8, where the different 

schematic colours represent the different material and etch layers. 

 

 

Figure 4.7  The chip dimensions for (a) rib waveguide-based chip (b) MPW#6 and 

MPW#10 

(a)                 (b) 
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Figure 4.8  Snapshot images from GDS files for the chip layout (a) slotted micro-ring 

resonator (b) MPW#6 (c) MPW#10 
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4.5 Spectral Analysis 

After aligning the grating couplers with the input and output fibres (from the light 

source and to the spectrometer), the transmission spectra were collected. When per-

forming real-time measurements, the spectrometer was programmed to continuously 

save a specific wavelength range of the output transmission spectra in a target folder 

(directory) until terminated by the user. The scan sensitivity and resolution of the spec-

trometer were set to “medium-low” and “high”, respectively providing a good balance 

for speed and accuracy. As a result, the spectrum updates rapidly (every ~3 seconds), 

as illustrated in Table 4.1. This permits monitoring of transient changes (in e.g. reso-

nant wavelengths, intensity etc.) that happen during a particular experiment (e.g. flow-

ing gases/vapours with different concentrations). On the other hand, high sensitivity 

and resolution settings were used with all other standard measurements in order to 

collect the most accurate data-sets. In addition, five accumulations (spectral averag-

ing) was used to reduce the random noise level. Figure 4.9 shows a standard measure-

ment of micro-ring resonator having a radius (R), waveguide width (W) and gap (G) 

of 25µm, 450nm and 300nm, respectively.  

 

 

Figure 4.9  Typical (raw) transmission spectrum of a micro-ring resonator  
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4.5.1 ‘Cleaning’ of Raw Data 

All acquired raw spectra had a near-Gaussian optical spectrum with restricted spectral 

bandwidth. This can be attributed to the limited bandwidth of either the SLD light 

source or the designed grating couplers. In order to investigate this further, the optical 

spectrum of the fibre-coupled SLD source was collected by connecting it directly to 

the spectrometer. This was compared with the output transmission of a ring resonator 

which was obtained by aligning the same SLD source and spectrometer with input and 

output gratings. Figure 4.10 shows that SLD raw spectrum (black curve) has a wider 

bandwidth as compared to the microring resonator output (red curve). This indicates 

that the grating couplers are the main factor that controls the spectral line shape of our 

transmitted spectra. Here the noise level for the SLD spectrum is higher than the MRR 

because no spectral averaging was used for the SLD data whereas five spectra (aver-

aged) were used to produce the MRR spectrum as mentioned in the previous section. 

Losses associated with the coupling of light into/out of the device are described in 

section 3.4.1. 

 

 

Figure 4.10  SLD fibre output and MRR device transmission spectra 

 

The transmission spectral data was processed, for comparative analysis of the MRR 

resonant peak depth/extinction ratio (ER), by removal of the background Gaussian 

spectral shape via polynomial fit to the raw data, using a code written in Matlab 
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R2019b [12]. This curve flattening process does not affect the properties (e.g. wave-

length position, Q-factor and ER) of the MRR individual notches. The curve fitting 

code is written in Listing 4.7.1 in section 4.7. In Figure 4.11, the raw transmission data 

(red curve) is plotted together with the processed (Gaussian removed) data (black 

curve).  

 

Figure 4.11  Comparison of MRR raw transmission (red) and processed (Gaussian sub-

tracted) data 

 
 
 

4.6 Characterisation of Single MRR Devices 

This section aims to investigate the effect of waveguide widths (W) and bus-to-ring 

coupling gaps (G) on the performance (Q-factor and ER) of single MRR devices. 

Eighteen strip waveguide-based single MRRs were fabricated under CORNER-

STONE MPW#10 with various W, G combinations to determine the optimum device 

characteristics. For W: 400, 450 and 500nm, each MRR was designed with G = 200, 

250 and 300nm. Two sets of these nine MRR devices were fabricated; one with a top 

silica cladding completely covering the whole chip and the other with etched windows 

(i.e. air cladding) over the MRR structures. This latter design enables access to the 

MRRs for, i.e. integration of graphene Oxide (GO) for vapour sensing experiments, 
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described in the following chapter. All MRRs were designed with a mean radius of 

25μm to the centre of the waveguide. The dimensions of the etched windows are 50μm 

by 70μm over the ring waveguide, as shown in the GDS file image in Figure 4.12 

(orange area reveals the position of the etched window relative to the ring structure). 

 

Figure 4.12  Snapshot from the MPW#10 GDS file for ring with radius = 25μm, W = 

400nm and G = 300nm 

 
 
The processed transmission spectra for all eighteen MRR devices are plotted in Figure 

4.13 to Figure 4.15. The red, green and blue transmission curves correspond to devices 

with separation gap of 200, 250 and 300nm. 

 
 
 

 

Figure 4.13  Transmission spectra (with single resonances in the insets) for R = 25μm, W 

= 400nm and G = 200, 250 and 300nm for (a) silica and (b) air cladding MRRs 

(a)                (b) 
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Figure 4.14  Transmission spectra (with single resonances in the insets) for R = 25μm, W 

= 450nm and G = 200, 250 and 300nm for (a) silica and (b) air cladding MRRs 

 
 

 

Figure 4.15  Transmission spectra (with single resonances in the insets) for R = 25μm, W 

= 500nm and G = 200, 250 and 300nm for (a) silica and (b) air cladding MRRs 

 

4.6.1 Q-Factor and Extinction Ratio (ER) Analysis 

In order to obtain reliable values of Q-factor and ER, all resonance peaks were fit with 

a Lorentzian line-shape function [13]: 

 

 L(λ) = 	𝑦& +
2𝐴(𝐹𝑊𝐻𝑀	)

𝜋	[4(λ − λ./0)# + 𝐹𝑊𝐻𝑀#] ( 4.1 ) 

(a)                (b) 

(a)                (b) 
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Where, y0 is the baseline of the peak (offset), A is the area under the peak, FWHM 

represents the full width at half maximum of the peak and λ./0 is the centre wavelength 

of the peak. The Q-factor and ER were calculated for each peak using the below equa-

tions: 

 

 Q-factor = 	
λ./0

𝐹𝑊𝐻𝑀 ( 4.2 ) 

 

 ER = 	−(	𝑦& +
2𝐴

𝐹𝑊𝐻𝑀	 × π	) 
( 4.3 ) 

 

The fitting process was automated using Matlab code, as shown in Listing 4.7.2. Any 

peaks that were not well fit (i.e. not converged) to the experimental data were ne-

glected during the calculation of the average values. An example of the fitting is shown 

in Figure 4.16 for a silica cladding MRR with W= 500nm and G= 300nm. The average 

Q-factor and ER results for all MRRs are shown in Figure 4.17 and Figure 4.18, re-

spectively. For each device, the vertical error bars represent the standard deviation of 

the analysed peaks in the whole spectrum. 

 

 

Figure 4.16  Experimental spectrum fit with Lorentzian line-shape function showing a 

single resonance (inset) 
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Figure 4.17  Average Q-factor for (a) silica and (b) air clad MRRs 

 
 

 

Figure 4.18  Average extinction ratio (ER) for (a) silica and (b) air clad MRRs 

 

The Q-factor increases with both W and G for both silica and air clad devices for 

almost all MRRs. Theoretically, air clad devices have higher index contrast as com-

pared to the silica clad counterparts, leading to stronger light confinement. However, 

the fabricated air clad devices exhibit lower Q-factors, which is likely attributable to 

the surface roughness caused by the dry etching [14]. The ER (or peak depth) reflects 

the relationship between the transmission coefficient (t) or coupling coefficient (𝜅) 

and the overall cavity loss (α) where the highest ER is achieved for ‘critical coupling’ 

(when 𝑡 = 𝛼) [15]. A more detailed analysis of coupling and loss coefficients is de-

scribed in the next subsection. 

              (a)        (b) 

              (a)        (b) 
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For each device structure with a specific waveguide W, there is an optimum G that 

can achieve critical coupling. Figure 4.18 shows that waveguides with W = 400nm 

can achieve near critical coupling condition with relatively large G (= 300nm), which 

does not require sophisticated fabrication facilities, whereas for W = 500nm, a much 

smaller G (< 200nm) is required to achieve similar ER. Alternatively, the ER can be 

enhanced by increasing the bus-to-ring coupling efficiency. This can be achieved by 

increasing the coupling length, for instance by using racetrack resonators. Another 

design that offers longer coupling lengths for circular resonators is the pulley-type 

coupling structures, where the bus waveguide is partially wrapped around the ring, as 

shown in Figure 4.19 (a). This type of structure, with W = 500nm and G = 300nm, 

was fabricated in MPW#6 with silica cladding. This design achieved an average ER = 

5.78 dBm and Q-factor = 7.8 × 104. This represents a near 65% enhancement of ER 

and 50% increase of Q-factor, compared with an identical device (i.e. same radius, 

width and gap) but with single point coupling. The transmission spectrum for the pul-

ley-type device is shown in Figure 4.19 (b). 

 

 

       

 

Figure 4.19  (a) GDS image and (b) transmission spectrum of the MRR with pulley cou-

pling structure 

 

 
 
 

              (a)        (b) 
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4.6.2 Extraction of Losses and Coupling Coefficients 

The MRR performance is typically determined by three quantities:  

1- The transmission coefficient (t) 

2- The coupling coefficient (𝜿) 

3- The loss factor (α) 

The transmission coefficient (t) determines the amount of transmitted light through a 

bus waveguide, whereas the coupling coefficient (𝜅) specifies the fraction of the cou-

pled light into the ring resonator. The loss factor (α), which includes both transmission 

and scattering losses, determines the amount of light remaining after a complete round 

trip of the ring. Extraction of these coefficients is achieved by first calculating the free 

spectral range (FSR), the full width at half maximum (FWHM) and extinction ratio 

(ER) for each resonance [16]. The FSR is calculated by measuring the separation 

wavelength(s) between adjacent resonant peaks (assuming near zero dispersion across 

relatively small wavelength ranges), then determining the average. The FWHM and 

ER were directly obtained from the Lorentzian fitting. The loss factor and transmission 

coefficient can be estimated using the following equations [16]: 

 

 

 A = 	f
cos(π 𝐹⁄ )

1 + sin(π 𝐹⁄ )i ( 4.4 ) 

 

 B = 	1 − }
1 − cos(π 𝐹⁄ )
1 + cos(π 𝐹⁄ )�

1
𝐸𝑅 ( 4.5 ) 

 

 (𝛼, 𝑡) = K
𝐴
BL

!/#

±	K
𝐴
B − 𝐴L

!/#

 ( 4.6 ) 

 

Where, F is the finesse (F=FSR/FWHM). The values of α and t are interchangeable in 

Equation (4.6). In order to distinguish between α and t, they are plotted against a wide 

range of wavelengths. The transmission coefficient tends to exhibit a much stronger 

wavelength dependence (across relatively small spectral ranges), compared with the 
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loss coefficient [16, 17] and so they may be distinguished. Figure 4.20 illustrates the 

dependence of α and t on wavelength for a single ring resonator with R = 50µm, W = 

450nm and G = 200nm. 

 

 

Figure 4.20  Dependency of transmission coefficient (t) (red line) and loss factor (α) over 

a 50nm spectral range for MRR with R = 50µm W = 450nm and G = 200nm 

 
The coupling coefficient (𝜅) can be then calculated from t as 𝜅 = √1 − 𝑡#. Figure 4.21 

and Figure 4.22 show the average and standard deviation of coupling coefficient (𝜅) 

and loss factor (α) as a function of both G and W for the eighteen-strip waveguide-

based single MRRs.  

 

 

Figure 4.21  Coupling coefficient (𝜿) as a function of the separation gap (G) and wave-

guide widths (W) for (a) silica cladding (b) air cladding 

                  (a)        (b) 
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As W decreases, the evanescent wave extends further outside the core of the wave-

guide, which leads to higher coupling efficiency. Furthermore, the coupling coeffi-

cients can be controlled by adjusting the design G, for a given W. 

 

 

Figure 4.22  Loss factor (α) as a function of the separation gap (G) and waveguide widths 

(W) for (a) silica cladding (b) air cladding 

 

The loss factor exhibited a random behaviour with G but an increase of α as a function 

of W was observed for almost all measured data which indicates lower cavity losses, 

as shown in Figure 4.22.  

All MRRs with silica cladding exhibited over-coupled (i.e. α > t) condition except for 

the MRR with W = 500nm and G = 300nm which was functioning in under-coupled 

(α < t) state. MRRs with etched windows have showed over-coupled behaviour for all 

W = 400 data, as well as the MRR with W = 450nm and G = 200nm while the rest of 

the air cladded MRRs were operated in under-coupled regime. 

The over-coupled resonators with fixed coupling coefficients (i.e. coupling region is 

protected, as shown in Figure 4.12) are suitable for applications that require exposing 

the MRR to extra losses (e.g. implantation, high RI sensing and surface functionalisa-

tion) because the increase of the optical loss changes the coupling conditions towards 

critical coupling regime (α = t). However, excessive loss moves the resonator beyond 

the critical point and towards the under-coupled regime. In Figure 4.23, deionised (DI) 

water was drop cast on the surface of the over-coupled MRR (with W = 400 and G = 

200nm) in order to increase the cavity losses. 

              (a)        (b) 
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Figure 4.23 Measured and fitted transmission spectra for MRR with W=400nm and 

G=200nm with air cladding (blue curve) and water cladding (green curve) 

 

In this case, the average ER increases by approximately 3.3 dBm, going from air 

cladding to water cladding. On the other hand, the q-factor decreases slightly from 

3.9×103 to 3.4×103. This suggests that the strong power coupling (𝜅#), due to the 

small bus-to-ring gap, G, requires a relatively large power loss in the cavity in order 

to approach critical coupling point (i.e. 1 − 𝛼# ≈ 𝜅# or 𝛼 ≈ 𝑡) [18]. 

 

4.7 Performance Analysis 
One of the most vital characteristics of a photonic component is the loss, or attenua-

tion, that light waves experience during their propagation or coupling process. In MRR 

devices, the amount of losses are directly reflected in the MRR’s q-factor. Almost all 

optical applications including narrow-bandwidth filters, lasers and highly sensitive 

sensors require high q-factors. In this study, we have been able to produce q-factors 

ranging from 3.8 × 103, for standard MRR with W = 400nm, G = 200nm and silica 

cladding, to 7.8 × 104, using pulley-type MRR. All MRRs fabricated using CORNER-

STONE foundry without any special surface treatments. These values are considered 

above average as compared to similar SOI devices [19, 20]. Our devices can be further 
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improved by performing additional surface smoothening steps during the lithography 

process in order to reduce the sidewall roughness [21, 22] especially for devices with 

an etched upper cladding. 

Mature foundries such as IMEC demonstrated that their typical value of loss, for a 

straight strip-based waveguide with W = 450nm operating at 1550nm, is less than 2 

dB/cm [23] whereas CORNERSTONE declared, in the chip delivery report of 

MPW#10, that a similar device (i.e. W = 450nm) has achieved 4.3 dB/cm [11, 24]. 

However, ultra-low loss waveguides and thus extremely high q-factors (ranging from 

105 to 2.2 × 107 [25, 26]) have been reported in the past few years. These devices are 

usually fabricated using non-standard SOI process and relatively large waveguide di-

mensions in order to minimise the sidewall interaction with the fundamental mode 

[26]. This prevents such devices to operate as highly sensitive evanescent sensors due 

to the reduced interaction between the surrounded cladding and the evanescent tails. 
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4.8 Code Listings 
 

Listing 4.7.1 Curve flattening 

 
 

Listing 4.7.2 Lorentzian curve fitting 

 

%Flatten MRR Curve 
 
% First import raw data from a text or csv file  
% Choose small wavelength range for better poly fit 
cut_xdata=Wavelength (1000:3500); 
cut_ydata=Intensity (1000:3500); 
  
% Apply 4th degree polynomial curve fit 
p = polyfit(cut_xdata,cut_ydata,4); 
% Evaluates the polynomial p at each point in x 
y_polyfit = polyval(p,cut_xdata); 
% Flatten the curve 
y_flat= (cut_ydata - y_polyfit)- max (cut_ydata - y_polyfit); 
  
% Plot results 
figure(1) 
plot (cut_xdata, y_flat,'k', 'DisplayName','Flattened Data','lin-
ewidth',1) 
hold on 
plot (cut_xdata,cut_ydata,'r', 'DisplayName','Raw Data','lin-
ewidth',1) 
xlabel('Wavelength (nm)','fontweight','normal','FontSize', 11) 
ylabel('Transmission (dBm)','fontweight','normal','FontSize', 11) 
legend 

% Lorentzian fit 
 
% First import raw data from a text or csv file  
% Lorentzian Function 
lorentzian = @(a, x) a(1) + (2*a(4)/pi)*(a(3)./(4.*(x-a(2)).^2 + 
a(3).^2)) 
 
%Loop for fitting all peaks in the spectrum 
for i=1:length(peak_row) 
    Range=6; % Recommended number between 6 and 30 
 
% Choose peak:  
peak_no=i; 
x= cut_xdata(loc_row(peak_no)-Range:loc_row(peak_no)+Range,:); 
y= y_flat(loc_row(peak_no)-Range:loc_row(peak_no)+Range,:); 
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  % Increase number of points in x-axis to smooth the fit 
x1 = linspace(min(x), max(x), 800);  
% Make initial guess of the parameters: 
init_area= 1.57*width(peak_no);  
a0 = [max(y) locations(peak_no) width(peak_no) init_area]; 
% Perform a least-squares fitting to the measured data 
a = lsqcurvefit(lorentzian, a0, x, y);  
  
plot(x1, lorentzian(a, x1), 'r-','linewidth',1); 
xlabel ('Wavelength (nm)', 'fontweight','normal','FontSize', 11) 
ylabel ('Transmission (dBm)', 'fontweight','normal','FontSize', 
11) 
legend('Data',  'Lorentzian fit','Location', 'Best'); 
  
% store each fitted peak in a matrix 
y1=lorentzian(a, x1); 
Lor_x(i,:)= x1; 
Lor_y(i,:)=lorentzian(a, x1); 
  
%%% peak analysis 
ER = - (a(1)+2*a(4)/(a(3)*pi)); 
% Peak analysis 
ER = - (a(1)+2*a(4)/(a(3)*pi)); 
Wavelength(i,:)= a(2); 
  
% Normalise data 
max_norm= max(10.^(y1./10));min_norm= min(10.^(y1./10)); 
y1_norm= (((10.^(y1./10))-min_norm)./(max_norm-min_norm)); 
  
halfHeight= max(y1_norm)/2; 
y11=y1_norm'; 
x11=x1'; 
% Find left edge 
index1 = find(y11 <= halfHeight, 1, 'first'); 
xa = x11(index1); 
% Find right edge 
index2 = find(y11 <= halfHeight, 1, 'last'); 
xb = x11(index2); 
% Compute the full width, half max. 
FWHM = xb - xa; 
Q_factor= a(2)/FWHM; 
  
%save ER and Q only if the fitting is reasonable (converged) 
if ( ER < 20) && (ER > 0) && Q_factor>100                      
ER_tbl(i,:)= ER_W400_G200_OpenWindow; 
Q_factor_tbl(i,:)=Q_factor; 
FWHM_tbl(i,:)=FWHM; 
end 
end 
 
%Remove zeros from the array 
ER_tbl_corrected = ER_tbl(ER_tbl~=0);  
Q_factor_tbl_corrected = Q_factor_tbl(Q_factor_tbl~=0); 
number_of_peaks= size(ER_tbl_corrected,1); 
 
%calculate the average 
avg_ER_tbl = mean(ER_tbl_corrected); 
avg_Q_factor_tbl = mean(Q_factor_tbl_corrected); 
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5 Vapour Sensing 

Vapour detection is essential in many applications ranging from healthcare, environ-

mental monitoring to security. In particular, gases or vapours emitted from volatile 

organic compounds (VOCs) are considered as one of the most hazardous and harmful 

materials to human health [1]. VOCs are widely used in indoor household products 

such as paints and wax, as well as outdoor industrial processes including petroleum 

and oil production. This has motivated us to undertake a study on a wide-range of 

VOCs using the silicon MRR based photonic integrated circuit designs described here. 

The study incorporates the use of (i) conventional (single waveguide) MRR structures, 

(ii) slotted (double waveguide) MRRs and (iii) graphene oxide (GO) integrated (slot-

ted) MRRs (from here on referred to as GOMRR), all tested against the following 

common VOCs; m-xylene, ethylbenzene (EB), water, toluene, ethanol, benzene, hex-

ane, tetrahydrofuran (THF) and acetone. The aim of this study was to determine the 

effectiveness of each device type as a potential accurate, cost-effective sensing tool 

with the potential for mass scalability and wide applicability in the various sensing 

arenas, with the goal of determining both sensitivity and selectivity (the ability to de-

termine the presence of different VOCs.    

Figure 5.1 illustrates the schematic structures for all of the sensor types studied here.  
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Figure 5.1  Schematic structure of (a) strip-MRR (b) slot-MRR (c) GOMRR 



5 Vapour Sensing 

 
 

116 

 
The VOCs in this study can be classified, based on their chemical structure, into three 

categories: (i) oxygenated VOCs (i.e. ethanol, acetone, water and THF), (ii) aromatic 

VOCs (i.e. benzene, toluene, EB and m-xylene) and (iii) hydrophobic VOC, namely 

hexane which lacks both hydroxyl group and the aromatic ring structures. The molec-

ular formula and chemical structure of all VOCs are reported in Table 5.1. 

 

Table 5.1 The molecular formula and chemical structure of all VOCs 

 Category VOC Molecular Formula 
[2] Chemical Structure [3] 

1 

Ethanol C2H6O 
 

Acetone C3H6O 

 

Water H2O 
 

Tetrahydrofuran 
(THF) C4H8O 

 

2 

Toluene C7H8 
 

Ethylbenzene 
(EB) C8H10 

 

m-xylene C8H10 

 

Benzene C6H6 

 

3 Hexane C6H14 
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physical properties of the VOCs studied are shown, for reference, in Table 5.2. The 

RI here corresponds to that of the liquid phase of the organic solvents (before evapo-

ration). However, the actual delivered refractive indices (e.g. RI of the vapour phase) 

are evaluated in section 5.5. 

 

Table 5.2 Physical properties of VOCs tested in this study 
 

VOC 
Molecular 

weight 
(g/mol) [4] 

Kinetic diam-
eter (Å) [5, 6, 

7, 8] 

Relative Po-
larity [9] 

Refractive 
index (RI) at 
1.55 µm [10, 

11] 
Hexane 86.18 4.3 0.009 1.369 
Benzene 78.11 5.3 0.111 1.479 
Ethanol 46.07 4.5 0.654 1.352 
Acetone 58.08 4.6 0.335 1.348 
Water 18.02 2.6 1 1.318 

Tetrahydrofuran (THF) 72.11 6.3 0.207 1.397 
Toluene 92.14 5.3 0.099 1.476 

Ethylbenzene (EB) 106.17 5.8 0.074 1.476 
m-xylene 106.16 6.8 0.074 1.477 

 
 

The saturated vapour pressures in the unit of a millimetre of mercury (mmHg), which 

is equivalent to torr, for all VOCs were calculated using Antoine’s equation [12]: 

 

 
 𝑃 = 	10=$

>
?@A ( 5.1 ) 

 
 
Where, A, B and C are substance-specific coefficients (i.e., Antoine coefficients) and 

T is the temperature in Celsius (oC). These constants with the vapour pressure are 

tabulated in Table 5.3 [13]. 
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Table 5.3 Antoine coefficients and calculated vapour pressure VOCs. 
 

VOC A [13] B [13] C [13] Vapour pressure 
(Torr at 20oC) 

Hexane 6.87601 1171.17 224.41 121.39 
Benzene 6.90565 1211.033 220.79 75.20 
Ethanol 8.32109 1718.1 237.52 44.60 
Acetone 7.11714 1210.595 229.664 185.45 
Water - - - 17.535 

Tetrahydrofuran (THF) 6.99515 1202.29 226.25 129.64 
Toluene 6.95464 1344.8 219.48 21.83 

Ethylbenzene (EB) 6.95719 1424.255 213.21 7.08 
m-xylene 7.00908 1462.266 215.11 6.16 

 

5.1 Experimental and Simulation Details 
Before beginning the measurements, the strip-MRR and slot-MRR chips were im-

mersed in acetone solution for one hour then placed in a separate glass container that 

contains isopropyl alcohol (IPA) for another hour in order to remove any residue from 

the acetone bath. Deionised (DI) water was then used to rinse the chips from any fur-

ther contaminations. Finally, the chips were dried using a purified nitrogen flow. This 

cleaning procedure can clean oils and organic residues that usually exist on glass sur-

faces. The chip was glued inside the gas cell to prevent any movement during the gas 

flow.  

The schematic of the gas sensing setup shown in Figure 4.1 was used to evaluate the 

response of the optical sensors to different vapours. A hot plate and temperature con-

troller were used to maintain the temperature of the liquid phase VOC at 20℃. During 

each measurement, the optical spectrum analyser (OSA) was set to save the optical 

spectrum every 3 seconds. Initially, three different VOCs, from each VOC category, 

namely; ethanol, benzene and hexane were tested to assess the sensitivity perfor-

mance, as well as response and recovery times of each optical sensor. In the real-time 

measurements for each device, all three VOCs had experienced an additive baseline 

drift as the flow rate increases which might be due to the adsorption of the molecules 

on the surface of the sensor [14], localised electric charge trapping [15] or temperature 

variations [16]. Different approaches were utilised in the past few years to eliminate 
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this issue and improve the recovery response [14]. This includes, applying continuous 

ultraviolet (UV) light illumination during detection measurement [17], utilising on-

chip micro-heaters to control the device temperature [18] or implementing a p-n junc-

tion to reset/control the wavelength position after each flow rate [19]. In this study, 

the drift baseline, in all real-time measurements, was subtracted using OriginPro soft-

ware [20].  

The first N2 line (vapour carrier flow) shown in Figure 4.1 was used to vary the vapour 

delivery rate between 0 and 0.5 litres/min, while the second N2 line (dilution flow) 

was fixed at 1 litre/min throughout the experiment. The weights of the VOCs in their 

liquid phase were measured before opening the vapour carrier flow line and after five 

minutes of N2 flow for all flow rates (i.e. 0.05 to 0.5 litres/min). The flow rate showed 

a linear relationship with the weight difference, indicating that the flow rate is also 

linearly proportional to the VOC concentration. 

The refractive index (RI) of a gas or vapour depends on many factors such as pressure, 

density, temperature and, more importantly, the frequency of light. The RI can be cal-

culated from the ratio of the velocity of light in a vacuum to the velocity of light in the 

gas/vapour. In this study, we have determined the RIs of the different VOCs using a 

simulation approach that combines the use of a Finite Difference Eigenmode (FDE) 

solver with the homogeneous sensitivity formula (described in section 2.6.1). From 

this, we have been able to determine the sensitivity of our devices under test, in the 

commonly employed unit of nm/RIU. For our calculations, the RI of the silicon wave-

guides and SiO2 buried oxide (BOX) were set as 3.48 and 1.44, respectively. The bulk 

(homogeneous) sensitivity and the theoretical peak shift of the MRRs are written again 

below [21]: 

 

 𝑆>BCD =
∆𝜆7(8
∆RI  ( 5.2 ) 

 

 ∆𝜆7(8 =
∆𝑛/22	(∆RI, ∆𝜆7(8)

𝑛3	(𝜆7(8&)
	𝜆7(8& ( 5.3 ) 
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Where, (∆𝜆7(8) is the magnitude of the MRR resonance shift with a change, ∆RI of the 

bulk (top cladding) index, after the introduction of a certain concentration of test VOC. 

∆𝑛/22	(∆RI, ∆𝜆7(8) is the effective index change of the optical (guided) mode, which 

is a function of both the RI change and the resonant peak shift, and nE	(𝜆7(8&) is the 

group index at the unperturbed resonance wavelength (𝜆7(8&). In our simulations, the 

unperturbed resonance wavelength 𝜆7(8& and the group index nE	(𝜆7(8&) were obtained 

from the experimental data for each MRR. 

The theoretical peak shift (∆𝜆7(8) was calculated using the iterative method described 

in [21]. Each initial iteration involves running the FDE simulation twice and recording 

the effective index of the resonant mode: once for unperturbed condition, and once 

after introducing an arbitrarily small increment in cladding refractive index (RI) and 

resonant wavelength (𝜆7(8). The iterative FDE simulation is terminated when the res-

onant wavelength shift converges within 5×10-3 nm. The complete process flow of 

this iterative approach is described in Figure 5.2. Once the theoretical sensitivity is 

acquired, the refractive index for each concentration of VOC can be calculated from 

the linear interpolation with the experimentally determined resonant peak shift 

(∆𝜆7(8). 
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Figure 5.2  Flow chart of the iterative FDE simulation process for determination of the 

MRR device sensitivity [22] 

This iterative technique was verified and validated by comparing it with existing em-

pirical literature results. Sensors employing slotted MRR structures with different plat-

forms; namely SOI and Si3N4 were utilised in this validation. Both sensors target aque-

ous solutions at operational wavelength of 1550nm and 1300nm for SOI and Si3N4, 

respectively. The percentage errors between the experimental bulk sensitivities and 

the modelled sensitivity using the proposed iterative method are 7.2% and 2.9% for 

SOI and Si3N4, respectively as shown in Table 5.4. 
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Table 5.4 Comparison between empirical sensitivities from literature and the proposed 

iterative method 

 VOC 
Experimental 

Bulk Sensitivity 
(nm/RIU) 

Estimated Sensitivity 
using Iterative Method 

(nm/RIU) 
Error (%) 

SOI-based  
Slotted MRR 

298 [23] 321.06 7.2 

Si3N4-based 
 Slotted MRR 

212.13 [24] 218.48 
2.9 

 

 

5.2 Strip Microring Resonator (Strip-MRR)  
The first experiment was performed on an SOI-based conventional (single) strip based 

MRR with R = 25μm, W = 400nm and G = 300nm. The rationale behind the choice of 

this specific device, specifically the smaller W, was that it should provide an evanes-

cent field that extends further beyond the waveguide core, permitting a stronger inter-

action with VOC molecules near the waveguide cladding interface. The 300nm sepa-

ration gap was chosen for its relatively high Q-factor and extinction ratio, which in 

principle provides a greater chance of detecting small wavelength shifts in the case of 

small changes in RI, especially at low VOC vapour concentrations. We studied three 

different VOCs with this device; ethanol, benzene and hexane. 

 

5.2.1 Strip-MRR Modelling 

The unperturbed resonance wavelength (𝜆7(8&)	and the group index nE	(𝜆7(8&) were 

obtained from the experimental spectrum, shown in Figure 5.3. The unperturbed res-

onance wavelength was chosen to be 1561.54nm which is shown in the left inset in 

Figure 5.3. The free spectral range (FSR) was calculated by fitting the Lorentzian line-

shape function to the measured resonance peak and estimating the average of five 

FSRs. The group index was then determined, using Equation (2.7) to be 4.617. 
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Figure 5.3  Experimental transmission spectrum of the single strip-MRR with the left 

inset showing a close-up of the unperturbed resonance peak (black circles) and Lo-

rentzian fit (red line). The right inset shows the simulated electric field distribution at 

the right bend of the 25μm strip-MRR 

 

5.2.2 Dynamic (Real-Time) Measurements of the Strip-MRR Sensor 

Real-time monitoring of ethanol, benzene and hexane vapours are shown in Figure 

5.4. The experiment involves first opening the N2 dilution flow (no VOC vapour pre-

sent) followed by opening the N2 + vapour carrier flow (red shaded areas in the figure). 

The vapour-dilution flow ratios (Fv/Fd), ranging from 0.05 to 0.5, are illustrated on top 

of each figure. 

For both the benzene and hexane experiments, extremely noisy and unstable resonant 

peak positions were observed, whereas for ethanol, a smoother more stable detection 

of the VOC is apparent, as shown in Figure 5.4. We note that both benzene and hexane 

lack hydrophilic functional groups such as hydroxyl (-OH) or carboxyl (-COOH) 

groups, which would lead to a lower probability of their molecules being adsorbed on 

the strip-MRR surface, which is essentially silicon with a ~10Å hydrophilic native 
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SiO2 (oxide) layer (hydroxide being the main termination) [25, 26]. The thin native 

oxide is naturally formed on the surface of silicon after atmospheric exposure [27]. In 

contrast, the ethanol is hydroxyl (-OH) terminated, leading to better adsorption on the 

native oxide/silicon waveguide surface. For this experimental arrangement, we also 

noted that the observed wavelength shifts (∆𝜆) were very small (always sub-100pm).  
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Figure 5.4  Dynamic (real-time) monitoring of spectral response and recovery of the sin-

gle strip-MRR with exposure to (a) ethanol, (b) benzene and (c) hexane. The red high-

lighted areas indicate the time range(s) when the N2+VOC vapour carrier flow is opened 

and white regions where it was closed (only N2 dilation flow open). The vapour-dilution 

flow ratio (Fv/Fd), ranging from 0.05 to 0.5, are illustrated on top of each figure 
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5.3 Slotted Microring Resonator (Slot-MRR)  
The second experiment was carried out for all nine of the VOCs described in Table 

5.1 and 5.2, using an SOI rib-based slotted MRR whereas controlled real-time meas-

urements were performed for one VOC from each group illustrated in Table 5.1, 

namely ethanol (oxygenated), benzene (aromatic) and hexane (hydrophobic). This de-

vice has R = 25μm, measured from the centre of the ring(s) to the centre of the slot 

between the concentric rings. The light is coupled from a bus waveguide with W = 

320nm to the ring waveguide consisting of an outer waveguide, W = 250nm, slot 

width, Wslot = 200nm and an inner waveguide, W = 290nm. This structure has an 

etched opening (‘window’) over the centre of the ring structure with dimensions of 

64µm × 35µm. 

The slotted structure should allow for improved sensitivity compared with the conven-

tional single strip-MRR because the field maximum of the propagating (guided) opti-

cal mode is within the (lower index) slot, implying stronger interaction with VOC 

molecules there.  

 

5.3.1 Slot-MRR Modelling 

Since the slot width (Wslot = 200nm) is much larger than the kinetic diameter of all 

VOC molecules studied here, we assume it will be (at least partially) filled for the 

purposes of the iterative simulation. The unperturbed resonance wavelength 

(𝜆7(8&)	and the group index nE	(𝜆7(8&) were calculated, as for the single strip-MRR 

(section 5.2.1) and these were determined, from Figure 5.5, to be 1552.21nm and 

3.404, respectively. The electric field distribution (Ex) shown in the right-hand side 

inset of Figure 5.5 indeed reveals the maximum to be within the (low index) slot re-

gion. However, the rib-based structure also leads to a significant field within the lower 

slab region beneath the slot. Generally, the Q-factor for such devices tends to be en-

hanced compared with strip-based structures [28]. 
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Figure 5.5  Experimental transmission spectra of the slot-MRR with left inset showing a 

close-up of the unperturbed resonance peak (black circles) and Lorentzian fit (red line). 

The right inset shows the simulated electric field distribution at the right bend of the 

25μm slot-MRR 

 

5.3.2 Real-Time Measurements of Slot-MRR 

The real-time measurements of ethanol, benzene and hexane are shown in Figure 5.6. 

When exposing this device to both ethanol and benzene, it was noted that, when the 

vapour carrier flow was opened (red shaded areas), after an initial rapid shift, the res-

onance peak took a longer time to reach steady state, compared with the single strip-

MRR. A similar trend was observed after the vapour carrier flow was turned off. The 

response of this device to hexane was much faster, although some instability in the 

steady state peak position during vapour flow was again observed, which may be due 

to the hydrophobic nature of hexane. 

 
 
 
 
 
 



5 Vapour Sensing 

 
 

128 

 

Figure 5.6  Real-time monitoring of spectral response and recovery of slot-MRR for (a) 

ethanol, (b) benzene and (c) hexane. The red highlighted areas indicate the time range(s) 

when the N2 + VOC vapour carrier flow was opened. The vapour carrier-dilution flow 

ratios are illustrated on top of each plot 
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5.4 Graphene Oxide Slotted Microring Resonator (GOMRR) 
Materials with a high surface-to-volume ratio, such as graphite derivatives can, in 

principle, offer improved molecular adsorption [29, 30]. In addition, the unique mo-

lecular sieving properties of these carbon-based materials have led to numerous appli-

cations, including the selective permeability of gas molecules from a mixture of gases 

[31, 32, 33, 34].  

In this section, we exploited graphene oxide (GO), which can be formed by the oxida-

tion of graphite, in an attempt to further enhance the ‘trapping’ and thus sensitivity of 

the slot-MRR device. The GO offers many advantages over graphite due to the chem-

ical oxidation process, where oxygenated functional groups are introduced on the GO 

surface, such as hydroxyl (−OH), carboxyl (−COOH), carbonyl (−C=O), epoxy 

(−C−O−C−) and ketone (−C=O) groups [35]. These terminations lead to an expansion 

of the interlayer separation as well as converting the intrinsic hydrophobicity of gra-

phene to a material with hydrophilic properties (e.g. graphene oxide) [36]. Addition-

ally, the existence of oxygen facilitates the GO dispersion in water [37]. 

 

5.4.1 Graphene Oxide (GO) Synthesis 

The GO utilised in this study was prepared by Mao et al. [38] where they used an 

adapted procedure from the Hummers method [39]. Pure graphite powder (SP-1 grade 

325 mesh, Bay Carbon Inc.) was used to synthesize graphite oxide. A mixture of 10g 

of graphite flakes and 5g of sodium nitrate (NaNO3) powder were dispersed in 230mL 

of concentrated sulfuric acid (H2SO4) in a 1.5 L beaker. This mixture was cooled down 

to maintain 0 °C temperature by immersing the mixture container in an ice-water bath 

in order to prevent any excess heat that might be generated due to reaction with oxi-

dising agents. With continuous stirring, 30g of potassium permanganate (KMnO4), 

which acts as a strong oxidising agent, was slowly added to the solution while main-

taining the mixture’s temperature below 20 °C. After that, the beaker was placed out-

side the ice bath where its temperature was allowed to elevate up to 35 °C. In order to 

complete deep oxidation, the mixture was stirred for 30 minutes at room temperature. 

Then, 460mL of distilled water was gradually added to the mixture which resulted in 

a fast exothermic reaction combined with some effervescence. An additional 1.4L of 
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distilled water was added to dilute the mixture followed by controlled addition of a 

total of 3% of H2O2 solution which changes the mixture colour from reddish brown to 

light yellow. Hydrogen peroxide compound plays an important role in eliminating the 

residual oxidants, namely permanganate and manganese dioxide. Microfiltration was 

achieved using a membrane with a controlled pore size distribution, namely Cyclopore 

polycarbonate membrane. 3.2L of distilled water was then used to disperse the mix-

ture. Residual salts and ions from the oxidation process were filtered out of the mixture 

using a two-week dialysis process. The remaining graphite oxide, which was collected 

from the filtering membrane, was left to dry in a 60 °C furnace. Stable dispersion of 

graphene oxide (GO) was attained by employing ethanol solvent. An ultrasonication 

bath for 3h was applied to the suspension, then centrifuged at 3000 rpm for half an 

hour. The liquid lying above the solid residue (supernatant) was extracted and left to 

settle for a period of 30 days. A final microfiltration step was performed where only 

the clear supernatant was utilised in this experiment. 

 

5.4.2 Graphene Oxide (GO) Coating 

A total of 0.6µL of 0.05mg/mL graphene oxide (GO) was drop-cast on the surface of 

the slotted ring resonator (slot-MRR) using a micropipette. The aquatic drop was com-

pletely evaporated after a few minutes, leaving only GO flakes coating the entire 

etched ‘window’ area (64µm × 35µm) over the slotted ring structure. 

Raman spectroscopy was employed in order to confirm the successful integration of 

the GO on the slot-MRR surface. GO can be distinguished by two main Raman spec-

tral bands, namely the D and G bands. The existence of structural distortions such as 

vacancies or dislocations in the GO structure results in the D band (located near 1350 

cm-1) in the GO Raman scattering spectrum. In addition, material defects and impuri-

ties which are introduced during GO preparation are also related to this band. The 

other characteristic peak (G band) appears around 1580 cm-1. This band is related to 

the in-plane vibration of sp2 hybridised carbon atoms [40] and can be used to analyse 

strain and electronically active defects within the sample [41]. The ratio of the inten-

sities of the D band to that of the G band (ID/IG), as well as their Raman peak positions, 
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are commonly used to determine the oxidation level, strain, stress, disorder and ther-

mal reduction of the GO layer [42, 43, 44, 45]. Raman spectroscopy of the GOMRR 

was conducted using a Renishaw inVia spectrometer equipped with a 633nm laser 

source and 50x microscope objective lens. A Raman ‘map’ with a spatial resolution 

of 1µm was performed across the whole ‘window’ region, highlighted by the white 

dashed box in Figure 5.7 (a). The laser power was set below 5% to avoid heating the 

GO coating. Figure 5.7 (b) illustrates a typical GO Raman scattering spectrum show-

ing the D (left peak) and G (right peak) bands, with ID/IG equal to 1.11. The aforemen-

tioned spectrum was obtained from the left-hand side bend of the GOMRR, as indi-

cated by the small white circle in Figure 5.7 (a). The Raman mapping result of the 

ID/IG ratio is shown in Figure 5.7 (c). The slightly darker colour in the map, which 

reveals the underlying ring structure, implies a lower ID/IG ratio where the GO is in 

contact with the device. The statistical histograms displayed in Figure 5.7 (d) indicates 

that a mean ID/IG ratio of 1.14, where the GO is in contact with the ring waveguide, 

whereas the mean ID/IG ratio for the entire ‘window’ area is 1.23. The statistical anal-

ysis was derived from around 2200 spectra recorded across the window area. This 

difference in the ID/IG ratios is likely attributed to localised (trapped) charges at the 

GO/silicon waveguide interface [46, 47]. 
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Figure 5.7 (a) Optical microscope image of the GOMRR showing the etched window area 

highlighted by the white dashed box (b) A typical Raman spectrum obtained from the 

ring waveguide region, as indicated by the small white circle in (a) with ID/IG ratio = 1.11 

(c) Raman map of the ID/IG ratio for the highlighted window area of the GOMRR with 

the darker region revealing the underlying ring structure with lower ID/IG ratio (d) His-

tograms and Gaussian fits (dashed lines) of the ID/IG ratio, determined from (Lorentzian) 

fits to the Raman spectral peaks, for each mapped spatial position [22] 

 
 

5.4.3 GOMRR Modelling  

In our simulations, the RI of the bulk GO cladding around 1550nm was assumed to be 

RI = 2, as reported from the near-dispersion-less values in [48, 49]. The lower refrac-

tive index contrast between the silicon waveguide (RI = 3.48) and bulk GO cladding 

leads to higher intensities of the evanescent field of the propagating (guided) mode at 

the interface of silicon/GO, as shown in the right-hand side inset of Figure 5.8. The 

unperturbed resonance wavelength (𝜆7(8&)	and the group index nE	(𝜆7(8&) were cal-

culated to be 1554.33nm and 3.388, respectively. The Q-factor and ER were slightly 

reduced after the GO deposition, presumably due to an increase in the propagation loss 
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associated with absorption by the GO layer. The Q-factor before and after GO depo-

sition was determined to be ~9000 and ~7500, respectively. This reduction in the Q-

factor however is much smaller than that observed for a similar graphene integrated 

device [46, 50]. 

 

Figure 5.8  Experimental transmission spectrum of the GOMRR with left inset showing 

a close-up of the unperturbed resonance peak (black circles) and Lorentzian fit (red 

line). The right inset shows the simulated electric field distribution at the right bend of 

the 25μm GOMRR 

5.4.4 Real-Time Measurements of GOMRR 

The GO layers have a high surface-to-volume ratio and the formation of capillaries 

facilitates ‘trapping’ and significant adsorption of the VOC molecules in close prox-

imity to the surface of the ring structure. In this case, the VOC vapours can condense 

(capillary condensation), forming a liquid. This phenomenon is typically observed in 

porous materials, especially when a relatively large interlayer space exists, such as is 

known to be the case for GO. The oxidation process (formation of hydrophilic func-

tional groups) acts to enlarge the space between adjacent GO laminates, which in-

creases the intercalation of molecules [51]. Figure 5.9 reveals continuous measure-

ments for the GOMRR when exposed to ethanol, benzene and hexane. 
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Figure 5.9  Real-time monitoring of the spectral response and recovery of GOMRR for 

(a) ethanol, (b) benzene and (c) hexane. The red highlighted areas indicate the time 

range(s) when the N2+VOC vapour carrier flow is opened. The vapour carrier-dilution 

flow ratios are illustrated on top of each plot 
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Once again, we observe a gradual shift of the resonance peak to steady state during 

vapour delivery for both ethanol and benzene and a rather more rapid increase for 

hexane. We also note that, for ethanol, a sudden jump in the peak shift appears for 

Fv/Fd = 0.40, which we believe indicates the transition from vapour to capillary con-

densation. The other striking feature for this data is the much larger peak shift, across 

the entire range of Fv/Fd, for both ethanol and benzene, compared with hexane, again 

likely due to the hydrophobic nature of the hexane (the effect being enhanced consid-

erably in this case). In general, although the GOMRR device appears to exhibit supe-

rior performance in terms of sensitivity (i.e. enhanced resonance peak shift for the 

same concentration of delivered VOC), it does exhibit longer response and recovery 

times. We believe that the mechanism of vapour adsorption, in this case, is a gradual 

build-up of molecular layer formation, gradually progressing from (possibly) mono-

layer to multilayer formation and ending with capillary condensation [52]. This pro-

cess takes longer to permeate through the GO membranes reaching the evanescent 

field of the propagating (guided) optical mode, close to the silicon/GO interface within 

the waveguide slot. 

 

5.5 Results and Discussion 
The FDE iterative method resulted in sensitivities (S) of 51.13, 52.65 and 114.74 

nm/RIU for strip-MRR, slot-MRR and GOMRR, respectively. Although the slot-

MRR enables direct interaction between vapours and the guided field, it has a compa-

rable (within experimental error) sensitivity with that of the strip-MRR, possibly be-

cause a considerable amount of the mode field is supported under the slot (i.e. slab 

region). 

The limit of detection (LOD) for each of the sensor types was determined, by dividing 

the measured uncertainty,  σ	(with 99.73% confidence interval	of the unperturbed peak 

positions) by the device sensitivity (S), according to [53]: 

 

 LOD = 	
3	σ
𝑆  ( 5.4 ) 
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The uncertainty of the resonance position (3 σ) was determined (from observation of 

the resonance peak fluctuations, in the absence of vapour flow) to be less than 10pm 

for all measurements. This leads to an estimate for the LOD of 1.96 × 10-4, 1.90 × 10-

4 and 8.72 × 10-5 RIU for the strip-MRR, slot-MRR and GOMRR, respectively. Table 

5.5 compares our strip and slot-MRRs performance (i.e. sensitivity and LOD) with 

similar previously reported SOI-devices [23, 54]. However, both devices from the 

aforementioned references are employed to detect aqueous solutions, indicating that 

the top cladding of these devices will have refractive indices higher than 1.3. This 

leads to notably longer penetration depth of the evanescent mode (see section 2.2) and 

improved sensitivity and LOD as compared to our devices that target gas/vapour 

which usually have refractive indices slightly higher than air. Also, the reported slotted 

MRR in [23] has strip-based structure (i.e. the waveguides are etched until the BOX 

layer), indicating that large portion of the confined electric field in the slot can directly 

interact with the target analytes whereas our slotted device is based on rib-structure 

where significant amount of the confined electric field is within the slab layer under 

the slot as depicted in Figure 5.5. 

 

Table 5.5 Comparison of the sensitivity and LOD between different MRR devices. 

 Device 
Target 

Substance 

System Res-

olution, d𝜆 

(pm) 

Sensitivity 

(nm/RIU) 

LOD 

(RIU) 
Ref. 

Strip MRR Aqueous 5 70 7.1 × 10-5 [54] 

Slotted MRR 

(Strip-based) 
Aqueous 12.5 298 4.2 × 10-5 [23] 

Strip MRR Gas 10 51.13 1.96 × 10-4 This work 

Slotted MRR 

(Rib-based) 
Gas 10 52.65 1.9 × 10-4 This work 

GOMRR 

(Rib-based) 
Gas 10 114.74 8.72 × 10-5 This work 
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The resonance shift as a function of flow ratio (Fv/Fd) can be described by a Hill-

Langmuir type function. This function is commonly used in pharmacological and bi-

ochemical sciences to describe the cooperative binding of ligands to enzymes or re-

ceptors as a function of ligand concentration [55]. The binding is considered coopera-

tive if the initial binding between a ligand and a macromolecule increases the binding 

affinity (interaction of ligands with their binding sites) for the next ligand/macromol-

ecule (and negative if the binding affinity is reduced). This leads to nonlinear behav-

iour in the binding dynamics, such as is observed for the binding of oxygen to haemo-

globin molecules [56]. Application of the Hill-Langmuir function has been extended 

to describe interactions such as surface adsorption of gas molecules (e.g. the number 

of adsorbed molecules per surface site) [57, 58]. In this study, the Hill coefficient (n) 

shown in Equation (5.5) was employed as an indication of the level of cooperative 

adsorption following exposure of the vapour phase VOCs to the MRR sensors. The 

Hill-Langmuir function can be written as [59]: 

 

 Δ𝜆(F =	
𝑥G

𝑘G + 𝑥G 	Δ𝜆HIJ ( 5.5 ) 

 

Where x represents the relative concentration of delivered vapour (in our case deter-

mined by the ratio of vapour carrier to the dilution flow, Fv/Fd), n is the Hill coefficient, 

k is the vapour flow ratio at which half the maximum resonance shift is achieved and 

Δλmax is the maximum observed resonance shift. 

Figure 5.10 presents the steady state (or equilibrium) wavelength shift (Δλeq) as a func-

tion of vapour-dilution flow ratio (Fv/Fd) for all VOCs employed in this study.  

The saturated resonance shifts for slot-MRR measurements were in general higher 

than that for the strip-MRR over the same range of vapour-dilution flow ratio (Fv/Fd). 

Since these sensors have comparable sensitivities, the higher wavelength shifts ob-

served for the slot-MRR suggest that the vapour concentration (i.e. RI of the VOCs) 

delivered to the surface of this device is actually higher than that for the strip-MRR 

for the same Fv/Fd, which might be attributed to the superior trapping mechanism in 

the slotted device. The fitting of Equation (5.5) confirms this by revealing a relatively 

higher Hill coefficient (n), indicating a greater level of cooperativity for slot-MRR 
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when compared to strip-MRR device, as shown in Figure 5.10 (a-c). For the GOMRR 

device, the data follows a rather more sigmoidal shape, consistent with the physisorp-

tion of gases that occur in type IV and V isotherm models [60]. These two models are 

part of six adsorption isotherm models that are classified by the International Union 

of Pure and Applied Chemistry (IUPAC) [61, 62]. Each model is used to characterise 

the adsorbent and adsorbate according to their pore structure [62]. Both observed IV 

and V isotherm models are commonly used to indicate the formation of capillary (or 

pore) condensation [60, 63]. The GOMRR fits (green dashed curves) in Figure 5.10 

are more closely matched with those of the type V isotherm-like relationship, for all 

VOCs tested, with the exception of ethanol, acetone and water where they show char-

acteristics similar to type IV isotherm (in this case, two distinct underlying mecha-

nisms, each with their own Hill coefficient (n), are required to adequately fit the data). 

In general, the integration of GO has resulted in higher n for all VOCs, with the ex-

ception of Hexane, indicating enhanced cooperativity.  
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Figure 5.10 Experimental resonance wavelength shift at equilibrium (Δλeq) as a function 

of vapour-dilution flow ratio (Fv/Fd) for various VOC vapours for strip-MRR (red) slot-

MRR (blue) and GOMRR (green) with the fitting of Hill-Langmuir model (dashed lines) 
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At low concentration levels, the GOMRR device resulted in smaller wavelength shifts 

(Δλeq) for all VOCs, except ethanol, acetone, water and hexane, compared with that of 

the slot-MRR. This can be attributed to the presence of the GO layer, initially restrict-

ing the interaction between VOC molecules and the evanescent field at the Si/GO in-

terface. This ‘blocking’ mechanism is less effective for relatively small molecules (e.g. 

ethanol, acetone, water and hexane), which can more easily intercalate between GO 

inter-layers. This leads to a comparable Hill coefficient (denoted by n1 for ethanol, 

acetone and water) with that observed for the slot-MRR device, at low vapour concen-

trations. However, as the concentration increases, much larger shifts (Δλeq) were ob-

served for almost all VOCs due to the formation of multilayer adsorption, followed by 

the capillary condensation within the pore structure of the GO. In the case of ethanol, 

acetone and water, the GOMRR models exhibit the largest Hill coefficients at high 

concentrations (denoted as n2), as shown in Figure 5.10 (c-e). This suggests signifi-

cantly increased cooperativity, as well as substantial molecular permeation between 

the GO interlayers (i.e. complete pore filling) [64]. The measurements in Figure 5.10 

were translated to sensitivity measurements in terms of wavelength shifts (Δλeq) and 

changes in the top cladding refractive index (ΔRI), as shown in Figure 5.11. The sen-

sitivities for each device were obtained theoretically using the iterative method de-

scribed by the flow chart in Figure 5.2, while the Δλeq shifts were measured experi-

mentally for each VOC. Therefore, ΔRI can be calculated from Equation (5.2) for each 

Δλeq, indicating the level of actual concentration delivered to each sensor. The range 

of ΔRI increases as a result of this trapping mechanism, where the GOMRR device 

exhibits the largest range for almost all measurements (with the strip-MRR having the 

smallest). This would indicate that the vapour concentration delivered to the GOMRR 

is significantly higher than for the other devices, despite the same vapour-dilution flow 

ratio. The sudden jump in ΔRI for ethanol, acetone and water, as shown in Figure 5.11 

(c-e), correlates well with the occurrence of cooperative binding at higher concentra-

tions, which is likely explained by the onset of microscopic capillary condensation 

(i.e. liquid formation in the saturated GO pore structure). These three VOCs share 

common characteristics where they all have relatively small molecular weight and ki-

netic diameter as well as relatively high polarity, compared with the other VOCs tested 

(see Table 5.2). This could explain this potential selective behaviour [31]. Hexane was 
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the only VOC that exhibited a rather weak interaction with the GOMRR device, which 

we attribute to the lack of hydroxyl or carboxyl functional groups, and absence of an 

aromatic ring structure, such as that of the hydrocarbon compounds (e.g. m-xylene, 

toluene and benzene). This can form π-π stacking with the basal plane of GO [65, 66] 

and might explain why the interaction between these VOCs and the GOMRR is 

stronger than hexane. 
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Figure 5.11  Sensitivity measurements showing equilibrium resonance shift (Δλeq) as a 

function of change in refractive index (ΔRI) for various VOC vapours for strip-MRR 

(red) slot-MRR (blue) and GOMRR (green) 
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In this context, routes towards determining the relative molecular selectivity of 

GOMRR as compared with slot-MRR can be described in terms of cooperativity level, 

namely the ratio of Hill coefficients (nGOMRR/nslot-MRR). It was noted that the combined 

effect of relative polarity and kinetic diameter of VOCs is strongly correlated with 

molecular permeation within GO layers, which lead to a high capillary condensation 

rate in the confined pore structure of GO. Figure 5.12 shows this cooperativity ratio 

(nGOMRR/nslot-MRR) as a function of molecular polarity relative to kinetic diameter. The 

error bars indicate the standard fitting error for the parameter nGOMRR and nslot-MRR.  

 
 

 

 

Figure 5.12  Hill coefficient ratio (nGOMRR/nslot-MRR) as a function of the relative polarity - 

kinetic diameter ratio for all VOCs tested, green dashed line is a guide to the eye [22] 

 

5.6 Summary and Future Work 
In summary, the integration of the GO layer resulted in an enhanced VOC vapour 

detection when compared to an identical, uncoated (control) device. Here the GO layer 

can act as very precise molecular sieve [67]. The characteristic sigmoidal behaviour 

of the GOMRR device suggests that most of the tested VOCs experience capillary 

condensation within the graphene oxide interlayers [60]. The extracted Hill coeffi-

cients showed that: nGOMRR > nslot-MRR > nstrip-MRR for almost all VOCs with the excep-

tion of Hexane where nGOMRR is actually lower than nslot-MRR due to Hexane’s inherent 
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incapability of forming multilayers on GO. In general, the oxygenated VOCs, espe-

cially ethanol, acetone and water, demonstrated the highest nGOMRR, suggesting that 

their molecules are adsorbed on the GO layers. The remaining oxygenated VOC, 

namely THF, has shown slightly lower nGOMRR as compared to the same VOCs cate-

gory, which might indicate its inability to permeate through the GO interlayers due to 

its large kinetic diameter, as shown in Table 5.2. The relationship between the molec-

ular characteristics (i.e. relative polarity and kinetic diameter) and the ratio of Hill 

coefficients (nGOMRR/nslot-MRR) provides a potential route to discriminating between 

different VOCs. 

In future work, we aim to design and fabricate strip-based slotted MRRs with a fixed 

(unetched) over-coupled region. Unlike the rib-based slotted MRR (described in this 

chapter), where a large portion of the confined fields are located under the slot, the 

strip structure allows the electric field to be fully concentrated within the slot region, 

allowing improved sensitivities. The over-coupled region between the bus and MRR 

should be carefully designed in order to ensure that the deposited GO can actually 

increase the ER of the MRR notches, as explained in section 4.6.2. In addition, we aim 

to adopt techniques to precisely measure and control the number of the GO layers [68, 

69] and study their effect on the device sensitivity and selectivity.   
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6 Novel Sensor Design based on Directional Coupler 

Integrated MRR (DC-MRR) with Ultra-Large FSR 

In this chapter, a novel and simple design with an ultra-large free spectral range (FSR) 

and high detection sensitivity is reported. The structure consists of a single racetrack-

type micro-ring resonator (MRR) connected to double directional couplers (DCs). 

This device can be employed as a powerful refractive index sensor based on Vernier 

effect. The device bulk sensitivity can reach values greater than 14,000nm/RIU which 

is about 47 times higher than the sensitivity of a single slotted ring resonator [1]. In 

addition, FSRs larger than 232nm can be achieved by optimising the length of the 

double DCs. 

 

6.1 Directional Couplers (DCs) 
DCs are a standard component in PICs for applications in broadband optical routing. 

The DC consists of two waveguides (WGs) brought into close proximity, as shown in 

the schematic in Figure 6.1. Light coupled to the device via port, P1 can efficiently be 

split to deliver an output optical signal at the two ports; P2 and P3. The length for which 

maximum energy transfer between the two waveguide cores is achieved is called the 

beating, or coupling length, Lc. This length is highly dependent on the effective index 

for the propagating mode. A coupling coefficient, κ, is used to describe the coupling 

strength between the two waveguides, which is itself a function of several parameters 

of the device: exact WG dimensions, WG and cover refractive indices, WG separation, 

G etc. The coupling length, Lc can be controlled by design to achieve, for instance, 

fraction of input/output power splitting/combining [2], polarisation splitting [3] and 

biochemical sensing [4].  
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Figure 6.1  A schematic diagram of the directional coupler 

 

Assuming the coupling contributions from S-bends are very small, the through (𝑃#) 

and coupled (𝑃K) powers can be expressed using coupled-mode theory (CMT) [5]: 

 

 𝑃# = 𝑃!𝑐𝑜𝑠# K
𝜋	𝐿L? 	Δ𝑛())

𝜆 L = 𝑃!𝑐𝑜𝑠# K
𝜋	𝐿L? 	
2𝐿"

L ( 6.1 ) 

 

 𝑃K = 𝑃!𝑠𝑖𝑛#(
𝜋	𝐿L? 	Δ𝑛())

𝜆 ) 	= 𝑃!𝑠𝑖𝑛# K
𝜋	𝐿L? 	
2𝐿"

L ( 6.2 ) 

 
Where LDC is the total length of the DC, Δ𝑛())	is the difference between the effective 

indices of even 𝑛(M(G (symmetric) and odd 𝑛NOO (anti-symmetric) supermodes, 𝜆 is 

the wavelength of the input light. The supermodes (𝑛(M(G and 𝑛NOO) can be calculated 

from the cross-section of the DC using FDE simulations with fine mesh grid size. The 

coupling length Lc can be obtained using simulations such as 3D FDTD and EME or 

theoretically by solving Equation (6.1) or (6.2). The expression for coupling length 

can be written as [6]: 

 𝐿" =
𝜆	

2	Δ𝑛())
 ( 6.3 ) 
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Figure 6.2 shows how the effective indices, for the even (red curve) and odd (blue 

curve) supermodes, vary with the coupling gap (50 £ G £ 800nm) for a DC with width, 

W = 350nm and height, H = 220nm. In this chapter, all dimensions of each individual 

WG of the DC are 350nm and 220nm for the width and height, respectively. The re-

fractive indices are 3.48 and 1.44 for the silicon core and buried oxide (BOX), respec-

tively [7, 8] with upper cladding as water (RI = 1.318) at 1550nm [9].  

             

Figure 6.2  Effective indices of the even (red curve) and odd (blue curve) modes for di-

rectional coupler with identical waveguide dimensions (350×220nm). The coupling 

length (black curve) as a function of the coupling gap is displayed in the secondary y-

axis. Insets show the even (upper) and odd (lower) modes profile for 50nm (left) and 

800nm (right) coupling gaps 

 
The corresponding Lc (to achieve maximum power transfer) is also shown (black 

curve, right axis). The insets show the modelled electric field (Ex) profiles of the fun-

damental TE mode. The left-hand side insets show the even (upper inset) and odd 

(lower inset) super mode profiles for G = 50nm and the right-hand side insets show 

even (upper inset) and odd (lower inset) profiles for G = 800nm. For a sufficiently 
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large separation gap, the even and odd effective indices tend towards the effective 

index of an isolated waveguide, leading to the requirement for much larger coupling 

lengths (to achieve efficient power transfer). 

Using CMT, the power exchange between two waveguides can be obtained, as shown 

in Figure 6.3. 

 

                    

Figure 6.3  Through and coupled powers as a function of DC length with inset of electric 

field distribution of identical SOI waveguides with gap (G), width and height of 50nm, 

350nm and 220nm, respectively. The dashed line indicates the coupling length Lc 

 

With the power coupling (normalised to the input, P1), Δ𝑛()) was obtained using FDE 

simulations. The inset (bottom) shows the electric field distribution of the two identi-

cal waveguides with gap (G), width (W) and height (H) of 50nm, 350nm and 220nm, 

respectively using EME simulation, where light at 1550nm is injected into P1 of the 

DC upper arm at L = 0. It is worth noting that for very small gaps such as 50nm, the 

electric field maximum of the propagating mode is often confined to the low index 

medium (between the coupled waveguides), which explains the efficient power trans-

fer, even for very small Lc. In this case, the EME simulation derived Lc (= 2.67μm) is 

in close agreement with that calculated using FDE and Equation (6.3) (i.e. = 2.60μm). 
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6.2  DC biochemical sensing 
The periodic nature of the output power as a function of distance or wavelength and 

the dependence of the coupling length on the cover refractive index provides a poten-

tial application of the DC as a sensor. The interaction between the evanescent field of 

the propagating mode and a target analyte will dictate the sensitivity of such a sensor. 

The refractive index contrast (between the silicon waveguide core and upper cladding) 

determines the mode confinement (or depth of evanescent wave penetration into the 

low index cladding) and effective index of the even and odd modes of the DC. The 

sensing modality can be realised by exploiting the fact that Lc (for maximum power 

transfer) is a function of the cover refractive index. If this changes, say as a result of 

the presence of a small perturbation, DRI (due to the presence of a target analyte), this 

can be detected, either by monitoring a change in (coupled) output power (intensity 

interrogation [10]) at a particular wavelength (with the unit of dB/RIU) or by the more 

traditional spectral interrogation [10], which determines the wavelength shift (D𝜆) in 

relation to the change in refractive index, DRI (with the unit of nm/RIU). 

 

6.2.1 Intensity Interrogation 

This technique relies on comparing the output intensity, of either the through or cou-

pled ports, when there is a change in the cover RI. When both arms of the DC are 

exposed to a small variation of DRI, their associated transmitted powers, as a function 

of DC length or wavelength, propagate with slightly different frequencies. The two 

signals gradually move out of phase until they reach a maximum phase difference of 

180°, leading to the highest sensitivity in dB/RIU. After this point, they start to move 

back into phase. The minimum DC length (𝐿P.QR) at which the two signals are nearly 

orthogonal for an arbitrary wavelength can be obtained from [10]:  

 

 

 𝐿P.QR =	
1
2 K

FSR&	FSR!
|FSR& −	FSR!|

L =
𝐿"&	𝐿"!

¶𝐿"& −	𝐿"!¶
 ( 6.4 ) 
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Where FSR& and 𝐿"& represent the free spectral range and coupling length for the un-

perturbed DC and FSR! and	𝐿"! are those parameters for the same DC with DRI	≠ 0. 

When the DC is operated at a fixed, single wavelength, the period or FSR of the trans-

mitted or coupled power can be expressed as: FSR = 2Lc.  

Since the output signals (with small Lc discrepancy) travel with similar frequency, it 

is possible to define a phase shift (or DLDC) between the two signals. Assuming the 

phase of P2 (when DRI= 0) to be zero, then the phase of P2 (when DRI≠ 0) lags or 

advances by DLDC according to: 

 

 ∆𝐿L? = K
𝐿"! − 𝐿"&
𝐿"!

L 𝐿L? 												0 ≤ 𝐿L? ≤ 𝐿P.QR ( 6.5 ) 

 

In Figure 6.4, the transmitted power, with respect to the input, (P2/P1) for DRI = 0.02 

were extracted using 3D EME solver. The length of the DC was swept from 0 to 

100μm at a wavelength of 1550nm for G = 50, 100, 200 and 300nm. The unperturbed 

and perturbed output signals tend to a 180o phase shift for DC lengths of 307.1, 404.1, 

820.2 and 1688.7μm for G = 50, 100, 200 and 300nm, respectively. 

 

 

Figure 6.4  Transmitted power for RI = 1.318 (black) and 1.338 (red) as a function of the 

DC length for different separation gaps, G 
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6.2.2 Wavelength Interrogation 

When a broadband light source is coupled to one arm of the DC, the transmitted or 

coupled power, at a fixed DC length, varies sinusoidally with wavelength. The expres-

sion for the FSR of the transmitted and coupled powers are no longer independent of 

length and can be expressed as: 

 

 𝐹𝑆𝑅L?(𝜆) = 	
𝜆#

𝐿L? 	Δ𝑛())
=	 K

2𝐿"
𝐿L?

L 𝜆 ( 6.6 ) 

 
Where Δ𝑛()) is the difference of the effective indices of the even and odd supermodes. 

The wavelength shift (∆𝜆), due to a change in RI, is evaluated in a similar manner as 

∆𝐿L? . The expression for ∆𝜆 can be written as [11]: 

 

 ∆𝜆L? = K
𝜕𝑛(M(G
𝜕𝑅𝐼 −

𝜕𝑛NOO
𝜕𝑅𝐼 L

𝜆&
Δ𝑛3&

 ( 6.7 ) 

 

Where 𝜆& is the unperturbed wavelength, SG!"!#
STU

 and SG$%%
STU

 represent the change of ef-

fective index due to a change in RI for the even and odd supermodes, respectively and 

Δ𝑛3& is the difference of the group index of the even and odd modes of the unperturbed 

DC. The device sensitivity can be obtained, as described in section 2.6.1, from 𝑆 =

∆𝜆L? ∆𝑅𝐼⁄ . 

Figure 6.5 demonstrates the wavelength shift due to a change, DRI. The device sensi-

tivities were found to be 177, 159, 113 and 86nm/RIU for G = 50, 100, 200 and 300nm, 

respectively.  
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Figure 6.5  Transmitted power for RI = 1.318 (black) and 1.338 (red) as a function of 

wavelength for different separation gap, G 

 

6.3  Novel DC coupled racetrack-type MRR 
Here we describe a novel approach by coupling a relatively long DC to a racetrack-

type MRR, Figure 6.6. This device can achieve an ultra-large FSR, compared with 

either the isolated DC or MRR sensors described earlier. This novel device exploits 

and combines the sensing and operation mechanism of the DC described by 

Uchiyamada et al [4] and the powerful behaviour of the ring resonator [12]. 
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Figure 6.6  Schematic diagram of the proposed DC coupled MRR sensor illustrating 

input and output ports  

 
A similar design, which merges a strip-based and a slot WG via a strip-to-slot mode-

converter, was presented by Steglich et al. in which the input light was coupled to the 

MRR cavity via straight coupling section [13], whereas our proposed device couples 

the input signal via single-point coupler and introduce the slot WG (or DC) abruptly 

(i.e. without mode-convertor). The main objective in that work was to enhance the 

MRR Q-factor, enhancing spectral sensitivity, whereas the design proposed here is 

based on MRR cavity ‘loss modulation’, enabling a sensing modality based on detec-

tion of signal amplitude (rather than spectral) changes. 

One of the critical aspects of this design is the extension of the FSR, which the DC 

provides. Large FSRs are essential in many applications, such as filters and sensing, 

especially when a large tuning range (dynamic range) is required. A straightforward 

method to increase the FSR of a microring resonator (MRR) is by directly reducing 

the overall roundtrip length for the light because the FSR is inversely proportional to 

cavity circumference, as shown in Equation (2.7). However, resonators with very 

small radii (less than 4μm) can lead to significant radiation (bend) losses, as shown in 

Figure 6.7. These radiation losses were obtained directly from FDE Lumerical simu-

lation. 
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Figure 6.7  Simulations of the attenuation losses of the fundamental mode as a function 

of the bend radius for different waveguide widths (circles) with its exponential fit 

(dashed line) 

 

This has motivated many researchers to design novel structures that are capable of 

extending the FSR of a given MRR without reducing its physical roundtrip length. Li 

et al. had demonstrated a ring connected to a Mach–Zehnder interferometer (MZI) and 

a Sagnac mirror which is capable of producing 150 nm FSR due to internal reflection 

inside the ring [14]. Another well-known approach to extend the FSR is by exploiting 

the Vernier effect where dual ring resonators with slightly different cavity lengths are 

connected together to generate an envelope signal with a wider FSR [15, 16, 17]. The 

drawback of the first device is its (still) limited FSR. The second approach lacks design 

flexibility where any fabrication error on the dual cavity lengths can modify or cancel 

the Vernier effect.  

 

6.3.1 Single DC coupled MRR - modelling 

In Figure 6.8, the input light (E1) is coupled to the racetrack MRR via a single-point 

coupler in order to minimise the dependency of the transmission coefficient (t1) on 
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wavelength [18]. On the other hand, the long(er) coupling length associated with the 

DC-MRR means that the transmission coefficient (t2) will exhibit a strong wavelength 

dependence [19]. In other words, if the structure includes only a lossless single-point 

coupler (k1) without the attachment of the DC (k2), the output light, in theory, will 

reveal “notches” or peaks with approximately equal extinction ratio (ER). However, 

the attachment of the DC will cause the resonant light to be modelled by a sinusoidal 

function. These resonant light will eventually couples back to the output port display-

ing peaks with unequal ER. 

 

 
 

 

Figure 6.8 Schematic illustration of the single DC coupled MRR model 

 

The proposed device can be described using the well-known matrix analysis of an 

MRR [20], where the output fields can be related to the input fields via the following: 

 

 �𝐸2𝐸3� = K 𝑡! 𝑖𝜅!
𝑖𝜅! 𝑡!

L �𝐸1𝐸6�	 ( 6.8 ) 

 

 �𝐸5𝐸8� = K 𝑡# 𝑖𝜅#
𝑖𝜅# 𝑡#

L �𝐸4𝐸7�	 ( 6.9 ) 

 

 �𝐸4𝐸6� = º𝛼	𝑒
:;V 0

0 𝛼	𝑒:
K;
V
» �𝐸3𝐸5�	 ( 6.10 ) 
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Where t1 and k1 represent the transmission and coupling coefficients of the single-point 

coupler and t2 and k2 correspond to the DC, respectively. The loss factor 𝛼 accounts 

for all cavity losses and 𝜃 represents the phase delay around the racetrack MRR and 

can be written as: 

 
𝜃 =

2𝜋𝐿	𝑛())
𝜆  

	

( 6.11 ) 

Where, L is the total roundtrip length and 	𝑛()) is the weighted average of the effective 

indices of DC, radial and straight waveguides of the racetrack MRR as follows [13]: 

 

 	𝑛()) = K
𝐿L?
𝐿 L 𝑛())8 + K

2𝜋𝑅
𝐿 L 𝑛())W + K

𝐿L?
𝐿 L 𝑛())(L?) ( 6.12 ) 

 

Where R is the radius of the cavity, 𝑛())8 and 𝑛())W represent the individual effective 

indices of the straight and bent (radial) waveguide sections, respectively and 𝑛())(L?) 

is the difference between the effective index of the straight waveguide and the mean 

value of the even and odd supermodes and can be expressed as [21]: 

 

 𝑛())(L?) = 𝑛())8 − K
𝑛(M(G + 𝑛NOO

2 L ( 6.13 ) 

 

Assuming E1 = 1, E7 = 0 and a lossless single-point coupler (i.e. 𝜅!# 	+ 	𝑡!# = 1), then 

the output power (at E2) can be obtained by solving equations (6.8 - 6.10) using a 

Matlab program, as shown in Listing 6.5.1, The output power can be written as: 

 

 𝑃NBZ = �
𝑡#	𝑒:; 	𝛼# − 𝑡!
𝑡!	𝑡#	𝑒:; 	𝛼# − 1

�
#

 ( 6.14 ) 

 

The transmission coefficient t2 is strongly dependent on the physical DC length (LDC) 

and the coupling length (Lc), as shown in the following equation [19, 21]: 
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 𝑡# = 𝑐𝑜𝑠	 K
𝜋	𝐿L? 	
2𝐿"

L	𝑒:[
#\	G!&&(())

] ^_() ( 6.15 ) 

Integration of the DC here enables the (isolated) MRR FSR to be extended signifi-

cantly. The proposed structure can be designed to have a periodic envelope output 

spectrum (𝑃NBZ) comprising of constituent peaks where the envelope FSR is the same 

as the DC FSR illustrated in Equation (6.6). 

 An ultra-large FSR response for a DC coupled racetrack MRR with LDC = 20.7μm 

and R = 10μm is shown in Figure 6.9. The mean group effective index (	𝑛3) was used 

in the model in order to account for dispersion and can be expressed as [13, 21]: 

 

 	𝑛3 = 	𝑛()) − 𝜆f
𝜕𝑛())
𝜕𝜆 i ( 6.16 ) 

 

In Figure 6.9 (a), the cavity losses were assumed to be 𝛼  = 0.80 (i.e. higher) than 

losses of Figure 6.9 (b) which was assumed to be 𝛼  = 𝑡! = 0.95. This resulted in 

deeper notches and slightly narrower FWHM of the envelope output for the latter. 

     

    

Figure 6.9 Normalised transmission (𝑷𝒐𝒖𝒕) for a DC coupled racetrack MRR with LDC 

= 20.7μm, 𝒕𝟏 = 0.95 and (a) 𝜶  = 0.80 (b)	𝜶  = 0.95  

 

The wavelength shift of the envelope (∆𝜆(GM), due to a change of cover RI, for a fixed 

DC length can be simply derived from the phase shift of the DC, leading to: 
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 ∆𝜆(GM =	∆𝜆L?  ( 6.17 ) 

 

For the aforementioned device parameters, the sensitivity and FSR can reach up to 

183nm/RIU and 390nm at 1550nm wavelength, respectively. These values can be fur-

thered enhanced when the DC length is optimised, or by using Vernier cascaded DCs, 

as will be described in the next section. 

 

6.4 Vernier Cascaded DCs 
This section aims to demonstrate a novel design consisting of a double DC integrated 

racetrack MRR so as to produce a Vernier effect. One of the DCs in this design acts 

as a reference and the other as a sensor. The sensor DC is exposed to the environment 

in order to detect variations in the near field refractive index, whereas the reference 

DC is protected from these changes by a cover SiO2 cladding, as shown in Figure 6.10.  

 

 

 

 

Figure 6.10 Schematic diagram of the double DC coupled MRR 
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As the input light couples to the racetrack cavity and passes both DCs (reference and 

sensor), the overall output spectrum (𝑃NBZ) will be a complex combination of the total 

transmission and coupling coefficients. The Vernier effect is achieved by having dis-

similar (reference and sensor) DC transmission coefficients, e.g. by ensuring a differ-

ence in the gap (G) or length (LDC) between the reference and sensor DCs. 

 

6.4.1 Double DC coupled MRR - modelling 

The schematic illustration of the model is shown in Figure 6.11. 

 

 

 

Figure 6.11 Schematic illustration of the ring with DC model 

 

Analogous to the previous section, an analytical expression for the device output 

power can be obtained by solving the following matrices: 

 

 �𝐸2𝐸3� = K 𝑡! 𝑖𝜅!
𝑖𝜅! 𝑡!

L �𝐸1𝐸8� ( 6.18 ) 

 

 � 𝐸5𝐸10� = K 𝑡# 𝑖𝜅#
𝑖𝜅# 𝑡#

L �𝐸4𝐸9� ( 6.19 ) 
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 � 𝐸7𝐸12� = K 𝑡K 𝑖𝜅K
𝑖𝜅K 𝑡K

L � 𝐸6𝐸11� ( 6.20 ) 

 

 º
𝐸4
𝐸6
𝐸8
» =

⎝

⎛
𝛼	𝑒:

;
V 0 0

0 𝛼	𝑒:
;
# 0

0 0 𝛼	𝑒:
;
V⎠

⎞º
𝐸3
𝐸5
𝐸7
» ( 6.21 ) 

The normalised output power was obtained using Matlab, as shown in Listing 6.5.2, 

and can be written as: 

 

 𝑃NBZ = �
𝑡#	𝑡K	𝑒$:; 	𝛼K − 𝑡!
𝑡#	𝑡K	𝑒$:; 	𝛼K	𝑡! − 1

�
#

 ( 6.22 ) 

 

Where t1, t2 and t3 correspond to the transmission coefficients of the single-point cou-

pler, reference and sensor DCs, respectively. 

Variational FDTD (varFDTD) solver from Lumerical software was utilised to verify 

the accuracy of our model. The employed parameters in the simulation and model 

were: R=3.1μm, 𝐿L?+!&= 𝐿L?,!#,$+ = 100μm. The transmission spectrum of the model 

showed a good fit to the varFDTD result, as depicted in Figure 6.12. 

 

   

Figure 6.12 The transmission spectrum of the varFDTD simulation (black curve) and 

our model (red curve) for (a) wide wavelength range and (b) zoomed wavelength range 

of 1560-1595nm 
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When the periods of the transmitted powers from reference and sensor DCs are imbal-

anced, the Vernier effect is realised. Under these conditions, the FSR and sensitivity 

of this device (compared to the single DC coupled racetrack MRR) are improved by a 

factor called the Vernier coefficient (C): 

 

 𝐶 = 	
FSR7()

FSR7() − FSR8(G8N7
 ( 6.23 ) 

 

Where FSR7() and FSR8(G8N7 represent the individual FSRs of the reference and sen-

sor DCs. The overall wavelength shift (∆𝜆`(7G:(7) and sensitivity (𝑆`(7G:(7), due to a 

change, DRI, can be written as: 

 

 ∆𝜆`(7G:(7 = 𝐶 ∙ ∆𝜆8(G8N7 ( 6.24 ) 

 

 𝑆`(7G:(7 =
∆𝜆`(7G:(7
DRI  ( 6.25 ) 

 
 
Where ∆𝜆8(G8N7 is the wavelength shift of the sensor DC. The Vernier sensitivity 

(𝑆`(7G:(7) can be extremely high by designing a large C. Although large C is usually 

desirable, this can very quickly push the wavelength shift outside of the transparency 

range of the SOI platform, or detection instrumentation, even for relatively small 

changes in RI. Hence, C must be chosen to achieve high sensitivities simultaneously 

with reasonable Vernier FSR. The overall FSR (FSR`(7G:(7), neglecting dispersion, 

can be written as [15]:  

 

 FSR`(7G:(7 =	
FSR7() ∙ FSR8(G8N7
¶FSR7() − FSR8(G8N7¶

 ( 6.26 ) 

 

In Figure 6.13, the 𝑆`(7G:(7 (black curve) and FSR`(7G:(7 (red curve) were calculated, 

using Equation (6.25) and (6.26) as a function of 𝐿L?,!#,$+ for the double DC coupled 
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MRR with 𝐿L?+!& = 2590μm. The inset shows the zoomed-in range of 𝐿L?,!#,$+ which 

produces a practical FSR`(7G:(7. 

 

Figure 6.13 The Vernier sensitivity,	𝑺𝑽𝒆𝒓𝒏𝒊𝒆𝒓, (black curve) and free spectral range, 

𝐅𝐒𝐑𝑽𝒆𝒓𝒏𝒊𝒆𝒓, (red curve) as a function of the length of the sensor DC,	𝑳𝑫𝑪𝒔𝒆𝒏𝒔𝒐𝒓. The inset 

shows the zoomed range of 𝑳𝑫𝑪𝒔𝒆𝒏𝒔𝒐𝒓 

 

At 𝐿L?,!#,$+ =2740μm, 𝑆`(7G:(7 reaches values larger than 14,000 nm/RIU with 

FSR`(7G:(7 = 232nm. Hence, this novel SOI device can be employed as a powerful 

sensor for a system operating around the range of 1400 to 1700nm. In this study, the 

Vernier coefficient was improved by decreasing the FSR difference between reference 

and sensor DC (i.e.|FSR7() − FSR8(G8N7 |) which increased both 𝑆`(7G:(7 and 

FSR`(7G:(7. However, the 𝑆`(7G:(7 can be further enhanced by optimising the sensor 

DC parameters (e.g. width, depth and separation gap G). 
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6.5 Code Listings 
 

Listing 6.5.1 Output of single DC coupled MRR 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Listing 6.5.2 Output of double DC coupled MRR 

 
 
 

i= sqrt(-1); 
syms E1 E2 E3 E4 E5 E6 E7 E8 t1 t2 k1 k2 alpha theta 
%assume E1=1 and E7=0 
E1=1; 
E7=0; 
  
eqn1= E2 - E1*t1 - E6*k1*i; 
eqn2= E3 - E6*t1 - E1*k1*i; 
eqn3= E4 - E3*alpha*exp(i*theta/4); 
eqn4= E5 - E4*t2 - E7*k2*i; 
eqn5= E6 - E5*alpha*exp(i*theta*0.75); 
eqn6= E8 - E7*t2 - E4*k2*i; 
  
sol=solve(eqn1,eqn2,eqn3,eqn4,eqn5,eqn6,E2,E3,E4,E5,E6,E8) 
sol.E2 

i= sqrt(-1); 
syms E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 t1 t2 t3 k1 k2 k3 al-
pha theta 
E1=1; 
E9=0; 
E11=0; 
  
eqn1= E2 - E1*t1 - E8*k1*i; 
eqn2= E3 - E8*t1 - E1*k1*i; 
eqn3= E4 - E3*alpha*exp(i*theta/4); 
eqn4= E5 - E4*t2 - E9*k2*i; 
eqn5= E6 - E5*alpha*exp(i*theta/2); 
eqn6= E7 - E6*t3 - E11*k3*i; 
eqn7= E8 - E7*alpha*exp(i*theta/4); 
eqn8= E10 - E9*t2 - E4*k2*i; 
eqn9= E12 - E11*t3 - E6*k3*i; 
  
sol=solve(eqn1,eqn2,eqn3,eqn4,eqn5,eqn6,eqn7,eqn8,eqn9,E2,E3,E4,E
5,E6,E7,E8,E10,E12) 
  
sol.E2 
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7 Tuneable Superluminal and Slow Light in coupled ring 

resonators 

In this chapter, a full control of resonance splitting, as well as tuneable fast and slow 

light are demonstrated using SOI-based coupled ring resonators (CRRs). Comprehen-

sive analytical modelling combined with FDTD simulations were employed to study 

the nonlinear characteristics of the fabricated devices.  

 

 

7.1 Introduction 

It is well known that light travels at a constant speed (c = 2.99792458 × 108 m/s) in a 

vacuum [1]. In general, the velocity of light propagating in a dispersive medium is 

usually described by the phase velocity (Vp = c/n) for a monochromatic beam and 

group velocity (Vg = c/ng) for a beam, consisting of a finite spread of wavelengths, 

where n and ng represent the material refractive index and group index, respectively.  

Recent studies have shown that the group velocity (Vg) can be manipulated, achieving 

superluminal (fast) and subluminal (slow) propagation in the same material [2, 3, 4, 

5]. This concept was also recently observed in single and coupled optical ring resona-

tors where the resonant modes can experience a significant time delay (i.e. Vg < c) [6, 

7]. The observation of ‘fast’ light (i.e. Vg > c or Vg < 0 ) is usually achieved under 

conditions of anomalous dispersion [8, 9]. The device dispersion can be controlled by 

manipulating the coupling strength and the overall cavity loss (𝛼). Normal dispersion 

usually occurs in over-coupled ring resonators (i.e. the coupling coefficient (𝜅) is large 

compared with the cavity loss), whereas anomalous dispersion occurs in under-cou-

pled cavities where 𝜅 < 𝛼	[10]. It is worth mentioning that the ‘fast’ light phenomenon 

does not violate the ‘Einstein Causality’ where a cause must precede its effect [4, 11, 

12]. When Vg exceeds the speed of light (or is negative), the centre of the transmitted 

peak signal arrives at the output port before the input signal, as shown in Figure 7.1. 

This unusual peak advancement is attributed to the nonlinear pulse reshaping or re-

phasing effect caused by the anomalous dispersion (ng < 0) [4, 13, 14, 15]. However, 
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the true information is carried by the nonanalytical points (i.e. the front edge of the 

pulse) and can be described by the front velocity (Vf) [16]. This velocity is always £ 

the speed of light in vacuum, as described by Sommerfeld and Brillouin [12]. 

 

 

Figure 7.1 Schematic illustration of pulse propagation from Z = 0 to Z = L in Vacuum 

and in a medium with anomalous dispersion. The front edges of the pulses (i.e. the non-

analytical points in the leading edge of the peaks) always propagate with Vf = c, whereas 

the centre of the peak passing a medium with anomalous dispersion propagates with 

superluminal group velocity (i.e. Vg (Anomalous) > Vg (Vacuum) = c) 

 

The characteristics of fast and slow light, which are commonly described by the group 

delay (𝜏3), can be enhanced considerably in devices exhibiting high nonlinearity. Such 

nonlinearity is observed in strongly coupled resonators, characterised by a signature 

electromagnetic induced transparency (EIT)-like effect [17, 18, 19]. This interesting 

fundamental phenomenon was first observed in the gas-phase atomic media [20]. It 

originates from the quantum interference of optical transitions, induced by coherent 

interference in atomic systems [21]. In the last decade, the realisation of the optical 

analogue of EIT has drawn a considerable amount of attention due to the various po-

tential applications; in sensing [22, 23], slow light/optical storage [24], optical 

switches, modulators [25, 26], gyroscopes [27] and enhanced nonlinear optics [28]. 

Different platforms and structures were developed to generate the EIT-like effect, such 

as optical coupled ring resonators (CRR) [29, 30], metamaterials [31] and hybrid con-

figurations [32]. Among the different platforms, SOI coupled ring resonators have 
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proven to be an excellent platform due to their small footprint, ultra-high index con-

trast and compatibility with CMOS. Recent approaches have been able to generate and 

dynamically tune the EIT-like effect in indirectly CRRs [29], directly CRRs [33] and 

even graphene-based CRRs [26], all of which have the common feature of dynami-

cally introducing small differences between the two CRR optical path lengths to de-

tune their resonances. 

 

7.2 3×3 Coupler based dual (Coupled) Ring Resonator (CRR)  
In this chapter, we present a novel design comprised of a set of coupled ring resonators 

(CRRs), each with the same (designed) geometry (ring radius) with independent ther-

mal tuning capability, with which it is possible to demonstrate EIT-like (and resulting 

Fano-like resonant spectral line-shapes.  

The light is coupled to the device using a common grating coupler and split (3dB) 

using a y-splitter, which feeds two bus waveguides for delivery of (in theory) half of 

the power to each of the rings of the CRR, simultaneously. An output (transmit-

ted/through) signal may be measured independently from these two bus waveguides 

via grating couplers (T1, T2). The rings forming the CRR are coupled, via a third bus 

waveguide, which serves as a common ‘drop port’, also incorporating a grating cou-

pler for measurement (D1), as illustrated in the schematic diagram in Figure 7.2.  

 
 

Figure 7.2  Schematic of the 3x3 coupler based CRR design, with rings (R1, R2), cou-

pled via common drop port. Optical Input (In) and Output (T1, T2 and D1) ports are la-

belled 
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Utilising this design, we demonstrated on-chip thermo-optic tuning of an EIT-like ef-

fect using integrated titanium nitride (TiN) micro-heaters. The thermo-optic tuning of 

one of the MRRs (with the other being static) reveals an anti-crossing behaviour and 

a controllable group delay. We show that, by tuning the device in this way, we can 

control the group delay over the range -239.2ps to 16.3ps. In this section, we discuss 

the device operation in more detail and explore the potential applications in e.g. low 

power optical switching, modulation, optical memory/storage, gyroscopes and sens-

ing. Analytical modelling and FDTD simulations support the experimental data. 

 

7.2.1 Experimental and Modelling Methods 

The proposed coupler system was fabricated on an SOI platform via CORNERSTONE 

foundry. All fabricated waveguides are 220 ± 20 nm strip-based waveguides with un-

derlying buried oxide (BOX) layer of 2μm and a 1μm thick top cladding oxide layer. 

For the purpose of the thermo-optic tuning, 60nm-thick titanium nitride (TiN) heaters 

were deposited on top of the SiO2 top cladding layer. The full fabrication process is 

shown in section 3.3.  

Both rings (R1 and R2), which were illustrated in Figure 7.2, have (nominally, by de-

sign) radii of 25μm with a waveguide width of 400nm and (bus-to-ring) coupling gaps 

of 250nm.  

Light from either an SLD (model: S5FC1005S Thorlabs, Inc.) or tuneable (external 

cavity) laser (model: TLK-L1550M, Thorlabs, Inc.) with 3pm wavelength tuning res-

olution, was coupled into the chip via grating coupler (with a designed centre wave-

length of 1550nm) and collected (from the output ports), using a fibre coupled optical 

spectrum analyser (OSA 203B, Thorlabs), as demonstrated in section 4.2.2. Independ-

ent thermo-optic tuning of resonator, R2 was realised by using electrical probes con-

nected to a 30V power supply unit. A DC current in the micro-heaters dissipates en-

ergy, locally, in the form of heat which alters the mode effective index in the tuned 

resonator, thus shifting its resonance spectrum (with respect to that of the static reso-

nator, R1). 
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The CRR design can be modelled using the scattering matrix method (SMM) which 

describes the behaviour of travelling light in a system where each electric field in each 

section of the device is modified when it gets transmitted, coupled or attenuated [34]. 

The schematic in Figure 7.3 illustrates all inputs, outputs and circulating electric fields 

(E1 to E14), as well as the transmission coefficient, t, coupling coefficient, 𝜅 and the 

loss factor, 𝛼	(which includes all cavity losses) [35]. 

 
 

Figure 7.3  Schematic diagram of the 3x3 coupler model as used in the SMM approach 

 

A set of matrices can also be employed to describe the relationship between input and 

output electric fields in a similar manner, as described in section 3.1.5. The uppermost 

and lowermost couplers define the through ports (T1 or E2 and T2 or E14) with their 

corresponding inputs (E1 and E13). This relationship is described by the 2x2 matrices, 

as shown in Equation (7.1) and (7.2): 

 

 �E2E4� = K 𝑡! 𝑖𝜅!
𝑖𝜅! 𝑡!

L �E1E3� ( 7.1 ) 
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 �E12E14� = K 𝑡V 𝑖𝜅V
𝑖𝜅V 𝑡V

L �E11E13� ( 7.2 ) 

 
 
The output of the centre waveguide (D1 or E8) can be modelled by a 3x3 matrix since 

it contains two couplers. The following matrix describes the coupled and transmitted 

fields at the shared drop port: 

 

 º
E6
E8
E10

» = 	Ä
𝑡# 𝑖𝜅# 𝑖𝜅#𝑖𝜅K
𝑖𝜅# Å1 − 𝜅## − 𝜅K# 𝑖𝜅K

𝑖𝜅#𝑖𝜅K 𝑖𝜅K 𝑡K
Æº

E5
E7
E9
» ( 7.3 ) 

 
	 

The cavity loss contributions (𝛼!, 𝛼#) are incorporated into the entire coupled system 

by defining the fields (E3, E5, E9 and E11), as shown in Equation (7.4) and (7.5). 

 

 

 �E3E5� = Ä𝛼!𝑒
:;-# 0

0 𝛼!𝑒:
;-
#
Æ�E6E4�	

( 7.4 ) 

 
 

 � E9E11� = Ä𝛼#𝑒
:;.# 0

0 𝛼#𝑒:
;.
#
Æ�E12E10� ( 7.5 ) 

 
 
Where, (𝛼!, 𝛼#) represent the half round-trip loss coefficients of the upper and lower 

ring resonators, respectively and 𝜃!and 𝜃# are the corresponding phase delays in the 

rings. The last two terms were divided by two because their associated fields only 

complete half-circular trips. 

The phase delay around each ring (𝜃) can be expressed in terms of wavelength (𝜆) or 

angular frequency (𝜔) by: 

 

 𝜃 =
𝜔(2𝜋𝑅)	𝑛())

𝑐 =
4𝜋#𝑅	𝑛())

𝜆  ( 7.6 ) 
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Where, 𝑛()) is the mode effective index, 𝑅 is the radius of the ring measured from the 

centre of the ring to the centre of the circular waveguide and c is the vacuum speed of 

light (equal to 2.99792458 × 108 m/s). 

Utilising the law of conservation of energy, we can define the relationship between 

the transmission and coupling coefficients as t2 +	𝜅2 = 1. Exploiting this and assuming 

the input fields E1 = E13 = 1 and E7 = 0, then solving Equations (7.1–7.6), the power 

output of the shared drop port can be written as:  

 

 

 !
E8
E1!

!

= &	
𝑒"#𝑒"

$!
! 𝑒"

$"
! )−𝐴𝑒"

$!
! − 𝐵𝑒"

$!
! − 𝐶𝑒"

$"
! − 𝐷𝑒"

$"
! − 𝐸𝑒%"

$"
! − 𝐹𝑒%"

$!
! 1

𝐺𝑒"$!𝑒"$" +𝐻𝑒"$!𝑒"$" + 𝐼𝑒"$! + 𝐽𝑒"$" − 1 &

!

 ( 7.7 ) 

 
 
 

Where,  

𝐴 = 	−𝑡!𝑡#𝜅K𝜅V𝛼!#𝛼# 

𝐵 = 	−𝑡!𝜅##𝜅K𝜅V𝛼!
#𝛼# 

𝐶 = 	−𝑡K𝑡V𝜅!𝜅#𝛼!𝛼## 

𝐷 =	−𝑡V𝜅!𝜅#𝜅K#𝛼!𝛼#
# 

𝐸 = 	𝛼!𝜅!𝜅# 

𝐹 = 	𝛼#𝜅K𝜅V 

𝐺 = 	−𝑡!𝑡#𝑡K𝑡V𝛼!#𝛼## 

𝐻 =	−𝛼!#𝛼##𝑡!𝑡V𝜅##𝜅K# 

𝐼 = 	𝛼!#𝑡!𝑡# 

𝐽 = 	𝛼##𝑡K𝑡V 

 
This lengthy equation expressing the complex fields at the shared drop port (D1) was 

solved by hand and confirmed by Matlab symbolic math toolbox [36].  

The effective phase shift (Φ) is described as the argument of the complex transmitted 

field intensity. The phase shift of the drop port can be expressed as: 

 

 𝛷 = 	𝑎𝑟𝑔 K
E8
E1L ( 7.8 ) 
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The group delay (𝜏3) is determined from the rate of change of the phase shift (Φ) with 

respect to the angular-frequency, as [37]:  

 

 𝜏3 =	
𝑑𝛷
𝑑𝜔 ( 7.9 ) 

 
 
 

7.2.2 Device Characterisation  

In order to determine the CRR device output spectral characteristics, from either the 

drop (D1) or through (T1, T2) ports, the input wavelength (initially using the tuneable 

laser) was varied across approximately a single free spectral range, FSR (expected for 

an isolated ring of 25μm). Spectral measurements were combined with imaging, using 

a purpose-built microscope (including IR camera and 24x zoom lens) in order to cor-

relate the spectra with scattered light in the waveguides. Figure 7.4 shows the unper-

turbed (i.e. no thermal tuning, I = 0mA) transmission spectrum (top) and (inset) the 

scattered IR image from the device for three wavelengths across the spectrum. The red 

dashed circles and lines indicate the location of the CRRs and the shared drop port. 
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Figure 7.4  (top) Combined experimental unperturbed drop port spectrum with (inset, 

bottom) IR scattered light microscope images of the CRRs (TiN electrical contacts in 

Gold and CRR with their shared drop port positions are illustrated by the dashed red 

circles and lines) at a wavelength of (a) 1545.31nm, (b) 1545.68nm and (c) 1545.94nm 

 

The combined drop spectrum reveals a broad background with a deep, narrow notch 

at its centre. It is noteworthy that the background signal is much broader than would 

be expected from a mixture of the two isolated resonators. The much narrower (and 

deep) notch appears at a wavelength of 1545.68nm and the central (inset) image re-

veals that, at this wavelength, the driving signal is coupled equally into both rings of 

the CRR, evidenced by the strong, approximately equal, scattering in both. We also 

note that the corresponding return signal to the drop port, D1 is small (or near absent), 

which explains the ‘notch’ depth, whereas scattered light (of broadly equivalent inten-

sity) can still be observed in both the through ports (to outputs T1, T2) of the device. 

This suggests that, for this wavelength, the dual resonator system is strongly ‘coupled’ 
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and light can pass from one ‘arm’ of the device to the other (via the ‘drop’ bus), and 

vice versa, with little ‘resistance’. In this condition, we can also see that there should 

be a strong interaction between counter-propagating modes in the dual resonator sys-

tem. For the shorter (longer) wavelength of 1545.31nm (1545.94nm), the correspond-

ing images (insets – bottom left, right) reveal that the light is preferentially coupled to 

resonator, R2 (R1), with the light level at T2 (T1) approaching zero. In comparison, the 

scattered light levels in R1 (R2) are much lower/near zero, indicating no coupling of 

light to this ring, with correspondingly high light levels passing to T1 (T2). In either of 

these latter cases, the resulting signal at D1 is therefore predominantly associated with 

light ‘dropped’ from R2 (R1). 

The modelling described in the previous section shows that the EIT-like spectrum can 

be produced for identical rings in such a CRR system by: (i) introducing a relative 

difference in cavity loss between the individual rings, (ii) slightly detuning the reso-

nance wavelength for one ring with respect to the other, i.e. by modifying the mode 

effective index (neff) or (iii) varying the coupling or transmission coefficients.  

In case (i) small differences in the cavity losses could arise from even small variations 

in fabrication, e.g. etch non-uniformity and variations in surface roughness. Differ-

ences in loss can lead to slight differences in the effective index of the resonant mode; 

thus, transmission transparency can be observed due to the relative difference in reso-

nant position between the two MRRs. Just a few nanometres difference in waveguide 

depth (or width) between the two rings can lead to EIT-like effects. Finite-Difference 

Time-Domain (FDTD) from Lumerical software was utilised to compare the behav-

iour of the electric field distribution when small differences in cavity loss are present. 

Figure 7.5 shows the transmission spectra and electric field distribution for two, nearly 

identical coupled rings (each with 5μm radius, for computational efficiency) when a 

2nm difference is introduced to their waveguide widths. The results in Figure 7.5 (b-

d) were captured at the different wavelengths across the EIT-like spectrum. The elec-

tric field distribution in FDTD shows a similar pattern to that observed experimentally 

in Figure 7.4. 
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Figure 7.5  FDTD simulation for a CRR system with rings of 5μm radius and a small 

(2nm) difference in the waveguide width. (a) D1 output spectrum and E-field distribution 

in the CRR system for (b) the shorter wavelength peak, (c) the central transparency and 

(d) the longer wavelength peak 

In order to overcome the limitations of FDTD for the actual (25μm radius ring) CRR 

system, the analytical model (proposed in Equation (7.7)) was used to investigate cases 

(ii) and (iii). Figure 7.6 (a-c) shows the effect of changing the individual parameters 

of one ring with respect to the other; ring radius, R, effective index, neff and transmis-

sion coefficient, t on the combined drop port (D1) spectrum. 
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Figure 7.6  Analytical modelling of 3x3 CRR for (a) R1 = 25μm, neff1 = neff2 = 2.45, 𝜶𝟏,𝟐 = 

0.99 and t1,2,3,4 = 0.98 (b) R1 = R2 = 25μm, neff1 = 2.45, 𝜶 = 0.99 and t1,2,3,4 = 0.98 (c) R1 = R2 

= 25μm, neff1 = neff2 = 2.45, 𝜶𝟏,𝟐 = 0.98, t1,2 = 0.99 and t3 = 0.90 

In Figure 7.6 (a) and (b), the transparency peak can be turned on and off by increasing 

the radius of the upper ring (R2) by 3nm or by slightly altering the effective refractive 

index of mode of R2. This implies that this structure can be used as a very sensitive 

(a) 

(b) 

(c) 
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sensor if only one ring is exposed to analytes and the other ring is used as a reference 

ring. Furthermore, the mode splitting was also observed when manipulating the coef-

ficients of only one coupler, as illustrated in Figure 7.6 (c). 

 

7.2.3 Thermo-Optic Tuning 

The integration of TiN heaters in our device allows us to induce perturbations in the 

effective index of either ring with respect to the other. This was simulated using the 

HEAT transport solver (HT) from Lumerical. The heater can be modelled as a uniform 

power source located at ~1μm above the waveguide. A simulation sweep, from 0 to 

21mA was implemented and the thermo-optic coefficient for silicon, dn/dT = 1.8×10-

4 K-1 at 1550nm [38] was used to convert the temperature map into a change in the 

effective refractive index of the mode. The temperature profiles for the different input 

heater powers in the proximity of the buried waveguide are shown in Figure 7.7. 

 

 

 

Figure 7.7  (a) Effective index (neff) and local temperature close to the waveguide as a 

function of injected (heater) power and (b) thermal distribution close to the waveguide 

(red box) for heater powers; 0, 17 and 21mA (colour bar labels are temperature in K) 

Tuning the resonance wavelength of one of the rings (R2) reveals changes in the EIT-

like effect at the drop port (D1), as shown in Figure 7.8. 
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Figure 7.8 Experimental vs modelled drop port (D1) spectra as a function of R2 heater 

currents in the range 0 to 12mA (as indicated in (a) to (l)). The dashed blue line indicates 

the original position of the transparency 

 

As the heater current is increased, the ‘transparency’ in the drop spectrum initially 

narrows (at I = 2mA) before becoming shallower and broader (I = 4mA) and eventu-

ally disappearing as the background turns into a single peak at I = 6mA, Figure 7.8 (f). 

We note that, for this heater current, the single peak in the combined spectrum is 

shifted up in wavelength, from the original position of the transparency, by 0.23nm. 
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For larger heater currents, I > 8mA, a much wider ‘notch’ re-appears in the combined 

drop spectrum, and the system begins to resemble two distinct (isolated) resonances 

(one from each ring). As the heater current is further increased, the longer wavelength 

peak (associated with R2) continues to move further away from the ‘static’, shorter 

wavelength peak associated with R1. There are a number of curious aspects associated 

with this data; firstly, for zero (or very low heater currents), when the two rings are 

strongly coupled, the background signal (at the wavelength extrema) is rather high 

(~40% of the peak amplitude), whereas for larger heater currents (when the rings are 

apparently de-coupled), the background signal level at the wavelength extrema is 

much lower, i.e. the bandwidth of the individual (uncoupled) resonances appears to be 

smaller than when they are combined (coupled), suggesting that the two resonant 

modes (i.e. R1 and R2) hybridize to form “supermodes” for the strongly coupled sys-

tem [39]. Secondly, the (apparent) steady-state position of the un-tuned ring, R1 (for I 

= 12mA on R2) is at the wavelength of the combined peak (for I = 6mA), i.e. shifted 

(up in wavelength) by ~0.23nm from the position of the transparency (at I = 0mA)    

The net effect of this is that, as the detuning decreases (i.e. as the resonant modes of 

the individual rings are brought closer together, by reducing the heater current on R2) 

the coupling increases, until, for very small detuning, the combined resonance spec-

trum rather describes that of a super-mode, consisting of symmetric and anti-symmet-

ric modes at the frequency (𝜔8) and (𝜔I8), respectively (which explains the broad 

background signal with the narrow transparency). In general, the overall CRR cavity 

response can be described by [40]: 

 

 𝜔8,I8	 =
𝜔T! + 𝜔T#	

2 ± Ñ
(𝜔T! − 𝜔T#	)#

4 + 𝛾# ( 7.10 ) 

 

Where,	𝜔T!	and 𝜔T# are the resonance frequencies of the stationary (un-tuned) (R1) 

and travelling (tuned) (R2), respectively and 𝛾	is the coupling rate between the rings.  

Increasing the heater current (I) on the tuned ring (R2) causes a redshift for both reso-

nances, according to		𝜔T!,T# = 𝜔𝑜T!,T# − (𝜂T!,T# × 𝐼), where 𝜔𝑜T!,T# is the un-tuned 
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resonant frequency and 𝜂T!,T#	is the tuning efficiency of both rings. The measured 

peak positions were fitted with the anti-crossing model, as shown in Figure 7.9.  

 

 

Figure 7.9  Contour plot showing the spectral intensity of the CRR as a function of heater 

current on R2. The black lines represent the uncoupled system, whereas the green and 

blue curves correspond to the theoretical fit of the stationary and travelling peak posi-

tions, respectively using the avoided crossing model, Equation (7.10) 

 

The black lines correspond to CRR with 𝛾 = 0 whereas the green and blue curves 

resemble the theoretical fit for a strongly coupled system with 𝛾 = 2π × 19 GHz. The 

tuning efficiencies were extracted from the model. The tuned ring (R2) exhibited a 

tuning efficiency (𝜂T#) of 2π × 25 GHz/A whereas the un-tuned ring (R1) has 𝜂T! = 

0, suggesting that heat, due to injected current, is localised on R2 and thermal crosstalk 

between the CRR can be neglected. 

Figure 7.10 shows the phase relationship with thermo-optic tuning for the CRR modes. 

We note that, for small heater currents (I < 5mA), where the coupling regime is strong, 

an abrupt π phase shift occurs near each cavity resonance, as well as at the transpar-

ency wavelength. For heater currents, 4mA < I < 10mA, only a single π phase shift is 

observed, similar to that which would be expected across the resonance of a single 

MRR [41].  
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Figure 7.10  Effective phase shift, 𝜱, (green dashed curves) and group delay, 𝝉𝒈, (blue 

curves) of the output signal collected by the shared drop port for heater current on R2 

of I = 0mA to 12mA (as indicated) 

 

By taking the first derivative of the phase, the group delay can be obtained using Equa-

tion (7.9). The group delays (𝜏3), shown by the blue curves in Figure 7.10, reveal 

negative 𝜏3 (i.e. fast light) at the transparency wavelength for I < 5mA whereas only 

positive 𝜏3 (i.e. slow light) was observed for 4mA < I < 10mA. At the transparency, 
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the minimum 𝜏3 was realised for I = 3mA where 𝜏3 = -239.2ps. Beyond this tuning 

current, the light near the transparency started to slow down, with 𝜏3 reaching a max-

imum of 1.6ps at I = 6mA. However, higher group delays were observed near each 

cavity resonance where the slowest light was found near the left (travelling) peak for 

I = 2mA with 𝜏3 = 16.2ps. Thus, the drop port can realise a controllable 𝜏3	over the 

range of -239.2ps to 16.2ps by only 3mA tuning current on R2, suggesting that this 

device can be utilised in a range of applications, including optical telecommunication, 

where the controllable slow light can act as an optical buffer [11, 42], and interferom-

etry, where careful engineering of the group index (ng) can lead to significant improve-

ments in the spectral sensitivity [43, 44]. Also, the on/off control of the EIT-like res-

onance peak suggests a great potential in switching applications. The off state (zero 

tuning current) is represented by the sharp EIT peak whereas the disappearance of the 

EIT resonance indicates the on state. This state can be acquired by tuning one MRR 

by 6mA (i.e. the tuned MRR should be heated to 305.6 K, as shown in Figure 7.7). 

We have modelled the heat flow from the on-chip microheaters through the 1-μm SiO2 

cover using the HEAT solver from Lumerical. The temperature profile near the wave-

guide’s surface was monitored as a function of time, as shown in Figure 7.11. The 

steady-state time (i.e. time required to turn on the EIT resonance) is around 50μs. This 

speed can be significantly improved by employing p-n junctions around the cavity 

waveguide [45], allowing fast modulation (typically ≤ 1ns [46]).  

 

Figure 7.11 Simulation of the temperature rise as function of time at the waveguide’s 

surface    
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8 Conclusions and Future Work 

8.1 Summary 
Silicon photonics-based devices have tremendous potential in areas as diverse as 

healthcare, food safety, environment and security [1]. The Silicon-On-Insulator (SOI) 

platform can provide major advantages, especially regarding device portability, cost 

and accuracy. In the present work, we have been able to demonstrate novel structures 

based on the established SOI optical microring resonator (MRR), which can be utilised 

in different applications, including sensing [2] and telecommunications [3]. 

Firstly, we have designed and experimentally presented simple strip-based MRRs with 

different coupling conditions. The photonic components (e.g. grating couplers, and 

waveguides) were fabricated based on the simulation results. The q-factors of these 

MRRs reveal a competitive performance as compared to literature [4, 5]. By fixing all 

MRR’s parameters and only increasing the coupling gaps gradually from 200nm to 

300nm, over-coupled (α > t), almost critically-coupled (α ≈ t) and under-coupled (α < 

t) resonators were demonstrated. Each coupling condition is designated for different 

applications. The over-coupled resonators are suitable for application requiring im-

plantation or surface modification whereas critically-coupled resonators are practical 

for application requiring high extinction ratio (ER). The under-coupled devices are 

usually realised for areas that demand anomalous dispersion [6]. 

Secondly, we have employed the aforementioned MRRs, as well as slotted MRR struc-

tures in an attempt to demonstrate detection of volatile organic compounds (VOCs) 

using an appropriate setup for gas/vapour delivery. We showed that integrating two-

dimensional (2D) materials, namely graphene oxide (GO) on the sensor surface, 

GOMRR, can improve the spectral sensitivity by a factor of ~2, which we attribute to 

the GO’s ability to efficiently trap the VOC molecules within its interlayer structure 

[7]. This leads to a capillary condensation, which depends on the VOC’s specific at-

tributes, hinting at a potential route to selectivity in optical detection. The optical re-

sponses against different flow rates were analysed based on the Hill-Langmuir absorp-

tion isotherm [8]. The degree of cooperative molecular binding is determined by the 

Hill coefficient (n). Here the modelling reveals that this cooperativity is significantly 
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enhanced for GOMRR as compared to control slot-MRR and strip-MRR (nGOMRR > 

nslot-MRR > nstrip-MRR) for all VOCs with the exception of Hexane. In case of GOMRR, 

the oxygenated VOCs exhibited the highest Hill coefficient. Also, it was shown that 

cooperativity is enhanced for molecules with a polarity that is high relative to their 

size (kinetic diameter). 

Thirdly, a novel device incorporating single or double DC coupled MRRs was pre-

sented. The supported multiple resonances inside the cavity combined with the sinus-

oidal behaviour of the DC can provide a unique and improved optical output. Using 

only one DC produces a substantial improvement in the device’s FSR while employing 

two DCs, with one covered (unetched) and the other being exposed to the surrounded 

environment, demonstrated a Vernier effect. In the latter device, the analytical model-

ling using SMM approach, combined with FDTD revealed a significant enhancement 

of both FSR and device sensitivity, compared with conventional or slotted MRRs. In 

our study, we have shown that the device sensitivity and FSR can reach values large 

than 14,000nm/RIU and 232nm, respectively. 

Finally, an electromagnetically induced transparency (EIT)-like effect and controlla-

ble group delay (𝜏3) was achieved in a 3×3 coupler based dual (coupled) ring resonator 

(CRR). This EIT-like effect was observed in the output spectrum of the shared drop 

port of an identical MRRs where both rings are strongly coupled and acts as one whole 

system [9]. Using mathematical modelling combined with FDTD, it was shown that 

EIT can arises when: (i) a relative difference in cavity loss between the individual 

rings is introduced, (ii) the mode effective index (neff) is modified or (iii) the coupling 

or transmission coefficients are varied. By applying an electrical current on the inte-

grated micro-heaters of only one of the MRRs, we were able to switch the EIT trans-

parency on and off and demonstrate an anti-crossing behavior. The time required to 

switch on the device, using thermo-optic effect, is around 50μs. Also, The general 

nature of the anomalous dispersion in this CRR system can greatly influence the group 

index (ng) near the resonance wavelengths. This leads to tuneable group delays where 

we demonstrated a 𝜏3 ranging from -239.2ps to 16.2ps. 
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8.2 Future Work 
The promising results and outcomes of this study have real potential in sensing and 

telecommunication applications and pave the way for numerous future works. Hun-

dreds of optical SOI-based devices have been designed and fabricated during my PhD 

study, although here the focus has only been on a selection of them, with potential for 

the remaining for future research. The sensing aspects of the research can be extended 

further to investigate the detection of other, relevant molecules and the nonlinear be-

haviour of the devices can be investigated with specific applications in mind; notably 

four-wave-mixing (FWM), e.g. for frequency comb generation. 

In this study, the integration of graphene oxide (GO) was performed on critically cou-

pled resonators, where we noticed a slight decrease in ER and q-factor after GO dep-

osition due to absorption loss, suggesting that the device has switched to under-cou-

pled regime [10]. However, the integration of a lossy material on an over-coupled 

resonators can actually switch the device to critical coupling region (i.e. when cavity 

loss factor, α = transmission coefficient, t), resulting in an increased in the ER.     

Our study of GO integrated MRR sensors motivates further exploration of the capa-

bilities of other 2D materials such as ZnO and MoS2, where, for example, one might 

consider an array of optical sensors, coated with different functional materials, that is 

capable of distinguishing between a wide range of different target molecules.  

The current optical gas sensing setup can be further improved by incorporating a tem-

perature controller along with two electrical probes inside the gas cell which allow 

thermo-optic tuning via integrated on-chip micro-heaters during the gas measure-

ments. This provides further controlled environment and precise results. 

The thermo-optic setup can be upgraded to be compatible with techniques that offer 

high coupling efficiencies between the optical fibre and the sub-micron waveguides 

such as butt or end-fire coupling [11, 12] especially for devices with multiple coupling 

sections and relatively long dimensions such as the double DC coupled MRR (ex-

plained in chapter 6). These devices need to be fabricated with spot-size converter and 

cleaved facets to enable the edge coupling. 

Further optimisation needs to be performed on the coupling gap, G, and style between 

the bus waveguide and MRR. In this thesis, all MRR designs were replicated three 

times with G = 200nm, 250nm and 300nm. However, for future work, the gap distance, 
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G, and style (e.g. single-point and pulley-type couplers) need to be carefully designed, 

by including the effect of waveguide’s surface roughness, using FDTD simulations in 

order to produce devices with improved q-factors and ERs. 

Along with the careful optimisation, high standard lithography process needs to be 

employed in order to improve our devices’ performance especially when long wave-

guides are utilized. 

In this thesis, only the near-IR spectral range was considered due to the restricted 

transparency range of conventional SOI platforms, as well as the limited bandwidth of 

the fabricated grating couplers. However, the study can be extended to the mid-infra-

red range. This wavelength range is interesting since oscillation frequencies of light 

waves in the mid-infrared region match the frequencies of characteristic vibrations of 

molecular bonds [13], which provides a method for unambiguous fingerprinting of 

particular gases/vapours. In order to realise this sensing range, the current equipment 

such as input laser source, optical spectrum analyser (OSA) and camera need to be 

changed. Also, mid-IR compatible materials, such as germanium and under-cut silicon 

can be employed as the photonic integrated circuit components, the fabrication of 

which is now readily accessible under the EPSRC CORNERSTONE 2 programme at 

the University of Southampton [14]. 

Alternative detection schemes such as on-chip Raman scattering [15] may also be em-

ployed with the current device designs, applied to materials capable of guiding higher 

energy (visible) light, e.g. silicon nitride, also accessible through various multi-project 

wafer fabrication facilities (Southampton and IMEC). On-chip (guided) Raman has a 

number of advantages in PIC-based sensing (e.g. scattering efficiency and specificity 

of molecular detection) and may be a natural extension of the work described here. 
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