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Zehnder interferometer (MZI). A microring resonator with high quality factor is 

cascaded before the Mach-Zehnder interferometer to pre-filter the input spectrum 

while the MZI is exploited to reconstruct the pre-filtered spectra. The proposed RAFT 

spectrometer has both high resolution (0.47 nm) and very large bandwidth (90 nm) 

due to the large transparency widow of Mach-Zehnder interferometer and high 

quality factor (Q) of microring resonator. It has a small footprint of 2.2 mm2. The 

model of MZI thermal tuning exploiting TO effect is built and theoretically analysed. 

Low-loss Si rib waveguide is designed, fabricated and experimentally tested to reduce 

insertion loss and improve resolution. A low loss rate of 0.1 dB/m is experimentally 

tested. Thermal isolation trenches are implemented and experimentally tested to 

reduce thermal consumption and thermal crosstalk. 

The third part of the thesis focuses on the development of core fabrication 

technology of nano-silicon-photonic fabrication technology, including silicon strip 

waveguide, inverse taper fibre-chip coupler, rib waveguides, directional couplers, 

and titanium nitride (TiN) heaters and thermal isolation trenches. Si3N4 strip 

waveguide, microring resonator, and directional coupler are also designed and 

fabricated. The fabrication processes are developed. The problems encountered in 

optical lithography are discussed. The fabrication processes of a waveguide-coupled 

Ge-on-SOI photodetector (PD) are also presented. The dark current is 4.4 nA at 0 

bias. The responsivity is 0.81 A/W at 1538.5 nm. A spectrometer using a thermally 

tunable MRR integrated with a Ge-on-SOI PD is designed and experimentally 

demonstrated. 
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INTRODUCTION 

1.1 Motivations 

This PhD research topic is motivated by the potential impact of the integrated 

photonic technology in developing on-chip spectrometers. 

Integrated photonic or integrated optics platform has the advantage of high 

compactness, low cost, and high robustness, compared to the benchtop optics. Free 

space optics requires various components such as lenses, prisms, mirrors, beam 

splitters, attenuators, gratings, optical detectors, and so on. To make the whole optical 

system work well, each component needs good alignment in the optical transmission 

space. Besides, free-space optical components are expensive and bulky. The 

emergence of optical fibre makes the delivery of optical signal much more convenient 

and makes the long-distance transmission possible. Integrated optics targets to make 

the optical system on a single chip called photonic integrated circuits (PICs), 

eliminating the assembly and alignment processes and the unstableness due to 

environment fluctuations. Besides, the trend of data transmission and processing 

carried by optical signals instead of electric signals makes the integrated optics more 

promising to be applied in the data communication and computation areas [1]. Many 

possibilities have been investigated in integrated photonic platform such as LEDs, 

lasers, various counterparts of conventional optical components, photodetectors, and 

so on. The rapid development in fabrication technology has made the structure size 

down to submicron-meter. The so-called nanotechnology has opened new physical 

areas such as nano-photonics.  
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and cost-effective devices. Hence, on-chip spectrometer has been a hot research topic 

with the development of devices requiring spectrum analysis such as wavelength 

monitoring [6-8], photonic sensors and on-chip spectroscopy [9-16] based on 

photonic integrated circuits. It has the advantages of low cost, high compactness, high 

robustness and high ability for integration to enable portable sensing instruments and 

integrated spectroscopy systems. The maturity in building the PIC in optical 

telecommunication band enables the various state-of-the-art integrated spectrometers. 

The increasing need for wavelength monitoring in optical communication networks 

also boosts the development of integrated spectrometers. The fast development in 

various material platforms, such as silicon, silicon nitride, germanium, aluminium 

nitride, etc, dramatically extends the spectral range, which promises broad sensing 

and spectroscopic applications ranging from VIS to IR range. As a result, scientists 

have been trying different approaches to realize optical spectrometer on a single chip. 

The maturity of nano-silicon-photonic fabrication technology and availability of 

foundries has enabled the integration of large scale photonic devices on a single chip 

[17]. And actually, the nano-silicon-photonic fabrication line has been perfectly 

applied in integrated photonic devices fabrication. However, low performance issues 

such as narrow bandwidth and low SNR are encountered when scaling down optical 

spectrometers. Some approaches adopted dispersive ways like array waveguide 

gratings (AWG) [18-21] , planar concave gratings (PCG) [13, 18, 21, 22] which are 

quite similar with the conventional grating-based counterparts. Some exploited the 

characteristics of photonic devices to fabricate tiny structures to disperse light such 

as photonic crystals (PCs) [8, 23-25] and photonic random structures [26]. And there 

are also other approaches such as stationary microring resonators (SMRR) array [27], 

speckle pattern reconstruction by spiral waveguides [28] and digital planar 
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holography (DPH) [29, 30]. The trade-off between resolution and bandwidth as well 

as low signal-to-noise ratio (SNR) due to dispersion limit their application. Cascaded 

configurations are adopted to realize both high resolution and large bandwidth [13, 

31]. Conventional Fourier-transform (FT) spectrometer using Michelson 

interferometer is known for high resolution, broadband and high SNR, which is 

suitable for infrared (IR) applications [32]. On-chip FT spectrometers are also 

demonstrated such as FT spectrometer based on micro-electromechanical systems 

(MEMS) technology [33-36], stationary-wave integrated FT spectrometer (SWIFT) 

[37, 38], spatial heterodyne spectrometers (SHS) [16, 39-44], thermally tunable MZI 

[45, 46], co-propagative FT (CPFT) spectrometer [47] and digital Fourier-transform 

(DFT) spectrometer [48, 49]. The similar trade-off between channel count and SNR 

is encountered in most FT methods. For thermally tunable MZI, challenges lie in 

improvement of MZI arm length and refractive index modification. 

1.2 Objectives 

The objective of this thesis is to explore and investigate potential applications 

of photonic devices based on integrated photonic circuits platform. Specifically, 

applications in developing an on-chip spectrometer are investigated. The first 

objective is to innovate high-resolution and large-bandwidth on-chip spectrometers 

for on-chip spectrum analysis applications such as wavelength monitoring in optical 

networks, integrated photonic sensing, on-chip spectroscopy and environmental 

monitoring, etc. Besides, fabrication processes based the nano-silicon-photonic 

fabrication technology are also to be developed, including fabrication of nano-

waveguides, inverse taper fibre-chip coupler, directional couplers, heaters, metal 

wires, Ge-on-SOI photodetectors, trenches, etc. 
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In this PhD thesis, two different types of on-chip spectrometers will be 

developed.  

The first approach for on-chip spectrometer takes advantage of arrayed 

waveguide grating and tunable microring resonator to realize a pre-dispersed 

spectrometer to achieve sub-nanometer resolution and large bandwidth (~100 nm). A 

TMRR array is cascaded with the AWG in a way that each output waveguide of the 

AWG is connected to a tunable MRR. And there is an integrated Ge-on-SOI 

photodetector in the drop port of each MRR. An arrayed waveguide grating firstly 

pre-disperses the input spectrum to several separated spectral bands into the 

corresponding TMRRs cascaded in each output channel of the AWG. Thermo-optic 

effect is exploited to tune the resonance wavelength of the microring resonator to 

realize a continuously tunable filter with ultra-narrow bandpass due to high finesse 

of the resonance peaks of the MRR. Tunable MRR has higher fabrication tolerance 

and is more compact compared to the stationary MRR array[27].  

The second approach demonstrates a microring resonator-assisted Fourier-

transform (RAFT) spectrometer to achieve sub-nanometer resolution and large 

bandwidth (~100 nm). The RAFT spectrometer employs a thermally tunable Mach-

Zehnder interferometer configuration as a temporal tuning Fourier-transform 

spectrometer. The tunable MZI has large transparency window and presents no trade-

off between resolution and bandwidth. Thus, it can resolve the trade-off between 

resolution and bandwidth, which is inherent in dispersion approaches. To reduce 

optical path length and temperature change while maintaining the resolution, a 

thermally tunable MRR is cascaded before the FTS with the drop port of MRR as 

input of the tunable MZI. The MRR pre-filters the input spectrum to a spectrum with 

sparsely spaced wavelength components. This spectrum can be easily differentiated 
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by the tunable MZI.  The MRR can be tuned to change the filtered spectrum. All the 

filtered spectra are recovered by the tunable MZI and combined to reconstruct the 

input spectrum. Since MRR presents high quality factor, it can be tuned with an ultra-

fine value. Hence, by time serializing the tunable MRR, the full input spectrum can 

be continuously filtered by the MRR. Thus, the resolution is dramatically enhanced 

by the MRR far beyond the Rayleigh criterion of the tunable MZI. Therefore, high 

resolution can be achieved without compromising the bandwidth. Besides, only one 

detector is required for one single device, which promises high SNR and small 

footprint. 

The proposed on-chip spectrometers will have high potential to be applied in 

spectral analysis applications such as handheld spectrometers [2], image 

spectrometry [38], integrated sensing systems [12, 13] and on-chip spectroscopy [14, 

50]. 

The fabrication processes using technology compatible with the technology 

of complementary metal-oxide-semiconductor (CMOS) will be developed such as 

nano-silicon-photonic waveguides, inverse taper fibre-chip coupler, directional 

couplers, heaters, thermal isolation trenches and waveguide-coupled Ge-on-SOI 

photodetector. 

1.3 Major Contributions 

The major contributions of this research include various aspects of theoretical 

analysis, design, fabrication and experiments of two types of nanophotonic 

spectrometers.  

(a) A tunable microring resonator filter coupling with two waveguides is 

designed. The tuning through thermo-optic effect is analyzed theoretically 
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potential for applications in near-infrared (NIR) range. 

(h) Low loss Si rib waveguide is designed, fabricated and experimentally tested. 

The fabrication processes of strip waveguide, rib waveguides, TiN heater, 

thermal isolation trenches and Ge-on-SOI photodetectors are developed 

based on SOI wafers. 

(i) Experiments were carried out to characterize the performance of the 

spectrometer devices.  

(j) High resolution 0.1 nm and large tunable range of ~19 nm are realized with 

a single tunable MRR integrated with a Ge-on-SOI photodetector. The 

thermal consumption is ~3.8 mW/nm. 

1.4 Organisation 

This thesis report consists of six chapters. 

Chapter 1 introduces the motivations, objectives and major contributions of 

this project as presented in this chapter. The motivations section explains why and 

how the PhD research is carried out. The objective part presents the main focus of 

this thesis. Innovations, important outcomes and main work are described in the 

contribution section. 

Chapter 2 firstly gives reviews on guided waves including guide waves, low-

loss waveguide, photonic microring resonator and Mach-Zehnder interferometer. 

Three refractive index modification methods on photonic chip are reviewed including 

electric field effect, plasma effect and thermo-optic effect. Basic concepts of optical 

spectrometers are introduced. Various state-of-the-art on-chip spectrometers are 

reviewed and discussed. Finally, integrated photodetectors on Si PICs are introduced. 

Chapter 3 gives the detailed description on theoretical analysis and 
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experimental demonstration of a pre-dispersed spectrometer with an arrayed 

waveguide grating, tunable microring resonator array and Ge-on-SOI photodetector 

array. Theoretical mode of microring resonator thermal tuning is analyzed including 

heat transfer analysis, heater optimization, etc. And the theoretical model is built. 

Experiments are carried out and results are discussed. Experimental results show the 

advantages of tunable MRR over stationary MRR array. 

Chapter 4 gives detailed description of the theoretical analysis and 

experimental demonstration of a microring resonator-assisted Fourier-transform 

spectrometer. The thermal tuning of the Mach-Zehnder interferometer is analyzed 

and the theoretical model is built. Experimental results are presented and discussed. 

The approaches of improving the performance including isolation trenches and 

waveguide loss implementation are discussed and demonstrated.  

Chapter 5 presents the fabrication processes based on nano-silicon-photonic 

fabrication technology. Nano-silicon-photonic processes for stripe waveguide, rib 

waveguides, inverse taper fibre-chip coupler, and directional couplers are presented. 

Si3N4 waveguide with lower loss and microring resonator with higher quality factor 

are designed, fabricated and experimentally tested to provide promising platform in 

the NIR range. Fabrication processes of TiN heater and thermal isolation trenches are 

presented. Fabrication processes of waveguide coupled Ge-on-SOI photodetector are 

developed and presented. The experimental results of an on-chip spectrometer using 

a tunable microring resonator integrated with a Ge-on-SOI photodetector are 

presented and discussed. 

Chapter 6 draws conclusions and gives recommendations. 

 



Chapter 2 Literature Survey 

10 

                                                             

LITERATURE SURVEY 

2.1 Guided Waves 

Photonic waveguide is the basic component in the PIC platform. It not only 

plays a role in transmitting light wave in a structure with dimensions from hundreds 

of nanometres to several micrometres, but also critical to the development of many 

photonic devices, such as bus couplers, branches, wavelength filters [51], wavelength 

or mode (de)-multiplexers [52-54], modulators [55-57], switches [58], phase shifters 

[59], etc. Photonic waveguide also offers an efficient approach for nonlinear optics, 

due to the high confinement of optical field. The emergence of PIC platform with the 

development of nano-fabrication technology paves the way to compact waveguide 

system for nonlinear optics for applications in integrated light sources [60-63]. There 

are many types of optical waveguides such as planar waveguide (also called slab 

waveguide), strip waveguide, rib waveguide, optical fibre and so on [64]. Hence, 

photonic waveguide is critical to bring bulky optical components onto a photonic 

integrated circuit (PIC), a highly integrated platform due to its ultra-small geometrical 

structures to enable compact, robust and low cost photonic system [65].  

2.1.1 Low-loss Waveguide 

The important characteristic of a waveguide is the optical attenuation or loss 

that a light wave experiences when it propagates along the waveguide. The 

propagation loss must be reduced for practical application in PICs. The losses of a 

waveguide are induced by many mechanisms, including absorption, scattering and 
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radiation loss [1, 66].  

In semiconductors, the absorption is due to interband (or band edge absorption) 

and free carrier absorption. Both can induce significant loss. The interband absorption 

occurs when the photon energy is larger than the bandgap energy of the waveguide 

material. Hence, light with longer wavelengths should be adopted to propagate in the 

corresponding material to avoid interband absorption. Free carrier absorption also 

called intraband absorption, occurs when a photon loses its energy to excite an 

electron or hole from an already existing state to another normally different higher 

state in the same band. 

The scattering loss is induced by volume scattering and surface scattering. 

The former is due to imperfections acting as scattering centres within the volume of 

the waveguide, including voids, contaminant atoms and crystalline defects. Surface 

scattering is more dramatic since the optical field especially high-order modes can 

interact strongly with the waveguide surfaces or interfaces with cladding materials. 

And normally the surfaces or interfaces are not smooth. In planar waveguide circuits, 

the scattering losses due to sidewall roughness are more significant due to imperfect 

etching processes [67]. Normally higher index contrast between the core and the 

cladding will induce more scattering losses [67, 68]. Hence, the scattering loss can 

be reduced by improving material quality, optimizing etching processes for smooth 

surfaces [69, 70], adopting materials with a lower refractive index as the core material 

and using high-aspect-ratio waveguides. 

Optical loss can also be induced by radiation effect which occurs when 

photons propagating in a waveguide transmit into the surrounding material and are 

no longer guided. Hence, for a certain well confined mode, the change of the cut-off 

conditions will induce the loss of confined energy into the surrounding material, such 
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Figure 2.1: Fundamental quasi-TE modal profile of (a) the etchless Si waveguide, (b) 

the shallow-ridge Si waveguide and (c) the high-aspect-ratio Si3N4 waveguide. 

 

Many photonic devices require nanowire waveguide since nanowire is single 

mode waveguide which is easier to be harnessed. Loss rate of the state-of-the-art Si 

nanowire is ~1 dB/cm. The Si3N4 material has lower refractive index than Si, thus it 

is preferred for lower loss. Low-loss Si3N4 nanowires have been developed in the 

NIR range  with a loss rate <1 dB/cm from 532-900 nm [77]. Different methods have 

been tried to further reduce the loss of Si3N4 waveguide such as the double strip 

structure with a loss rate of 0.2 dB/cm [78], rectangular cross section filled with and 

 







Chapter 2 Literature Survey 

16 

The dispersion of the propagation constant can be expressed as 

 g
k n  (2.1) 

where ng is group refractive index, and is expressed as 

 eff
g eff

n
n n  (2.2) 

Thus, the free spectral range (FSR) is 

 
2

g

FSR
n L

 (2.3) 

The quality factor Q standing for the sharpness of the resonance, is expressed as  

 Q  (2.4) 

The effective index of the MRR will change with different surrounding 

substances and concentrations of the substances. Hence, MRR can enable very high 

sensitivity on sensing applications such as refractive index sensor [85], gas sensor 

[12, 86-88] and biochemical detection [9, 89, 90] due to its high-Q characteristic. 

Optical MRR can also be used as an optomechanical device to enhance interaction 

between light and mechanics to realize the amplification of radio-frequency signals 

[91, 92], motion amplification and cooling [93], and actuation [94, 95]. A wide-range 

tunable laser is developed in with double coupled resonators [96]. Microring 

resonators can also be used for filters [97-99] and nonlinear applications [100, 101]. 

2.1.3 Mach-Zehnder Interferometer 

The Mach-Zehnder Interferometer (MZI) is extensively used in the PIC 

platform such as filters [102], modulators [103], and switches [104], etc. The 

schematic of an MZI is shown in Fig. 2.3. The input light is split by the splitter to two 

beams into arm 1 and arm 2. If the splitter is a 50/50 beam splitter, the light intensities 









Chapter 2 Literature Survey 

20 

2.3 Spectrometers 

An optical spectrometer is an apparatus to measure properties of light to get 

the spectrum. Its applications range from material identification, environmental 

sensing, food and beverage safety, health monitoring to remote sensing in satellites, 

etc. There are three types of spectrometers based on working principle, the dispersive, 

filter-based and Fourier-transform (FT) spectrometer. The fast development of 

nanophotonic fabrication technologies reduces the structure size to nanometers. 

Many miniaturized spectrometers have been demonstrated, which typically have the 

advantages of robustness, cost-effectiveness, and compatibility to integrate with 

photonic integrated circuits, etc. There are many promising applications such as on-

chip sensing and spectroscopy [14, 112, 113], food and beverage quality control and 

environment monitoring [114], etc.  

2.3.1 Fundamental Concepts of Spectrometers 

The conventional dispersive spectrometer utilizes optical gratings [5, 115] to 

disperse light by frequency. The schematic of the Hamamatsu mini-spectrometer 

using reflective gratings is shown in Fig. 2.4(a). Light is coupled to the device through 

an optical fibre. After collimation, the light will be focused to the reflective gratings. 

The dispersion angle is wavelength dependent. After dispersed and focused, light 

components will be detected by the image sensor. The schematic working principle 

of a diffractive grating is shown in Fig. 2.4(b). The dispersion characteristic of the 

grating is due to interference of light. To create constructive interference, the optical 

path difference (OPD) of the two incident beams to adjacent slits is expressed as 

 OPD (sin sin )d i m  (2.6) 

where m is an integer standing for the diffraction order, d the grating period, i the 
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Figure 2.7: Interferograms with different input spectra. (a) One infinitesimally narrow 

line. (b) Two infinitesimally narrow lines with equal intensity. (c) Lorentzian shape 

spectrum centred at the mean of the lines in (b). 

 

2.3.2 On-chip Dispersive Spectrometers 

In dispersive methods, the input spectrum is spatially demultiplexed 

according to wavelength or frequency. The filter-based spectrometer adopts filtering 

elements to direct light into different channels according to wavelength or frequency. 

Hence, the filter-based type is included in the dispersive type here. On-chip dispersive 

spectrometer includes arrayed waveguide gratings (AWG) [18-21, 117-121], planar 

concave grating (PCG) [18, 21, 122], photonic crystals (PCs) [23-25, 123-125], 

stationary microring resonator (SMRR) array [27], random structures [26, 126] and 

digital planar holography (DPH) [29, 30]. There is inherent trade-off between 
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Figure 2.10: Schematic view of a planar concave grating taken from [21]. 

 

The super prism phenomenon of photonic crystals (PCs) with strong 

dispersion [130] can also be utilized to realize disperse light [23, 24]. Photonic 

crystals have properties and compatibility with PIC. Hence the PCs can be utilized as 

a spectrometer within a small footprint. The schematic of a PCs spectrometer from 

[23] is shown in Fig. 2.11, where light experiences only in plane propagation. A 

spectrometer demonstrates a resolution of 1.2 nm in 10 nm bandwidth on the Si3N4 

on SiO2 platform near 655 nm in [24]. A resolution larger than 5 nm in 50 nm 

bandwidth on SOI platform near 1550 nm is also demonstrated. PCs based on-chip 

spectrometers where light has in plane input and out of plane output are also 

demonstrated [25, 123, 125]. Though the PCs structure has compact size, the 

resolution is moderate, and the bandwidth is limited. Besides, the requirement of off-

chip detection for PCs delivering out of plane output light reduces robustness and 

compactness. 
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structures is proposed to extend working bandwidth, the limit of bandwidth in each 

structure leads to large number of structures. For example, 4 structures are required 

to achieve 100 nm bandwidth. The total detection channel count will be 100. This 

will cause increased footprint and low SNR. 

 

Figure 2.13: SEM image of the fabricated spectrometer using random structures taken 

from [26]. 

 

The schematic of an integrated digital planar holography (DPH) spectrometer 

from [29] is shown in Fig. 2.14. Input light is split by a directional coupler according 

to the bandwidth requirement. The split beams are directed to the DPH structures and 

reflected. Therefore, the light is demultiplexed. The demultiplexed light is directed 

into corresponding detection channels according to the wavelengths. However, large 

footprint (2 cm2) and low SNR due to large channel count limit its application. 
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Figure 2.14: Schematic of an integrated DPH spectrometer taken from [29]. 

 

Methods of cascading dispersive elements to achieve high resolution as well 

as large bandwidth are developed such as cascaded tunable microring resonator 

(TMRR) and PCG [13], and cascaded AWG and SMRR array [31]. They are limited 

either by trade-off between SNR and bandwidth or fabrication variation.  

Cascaded tunable MRR and PCG is shown in Fig. 2.15, achieving 0.1 nm 

resolution and 10 nm bandwidth in 100 detection channels [13]. The resolution 

depends on the linewidth of MRR resonance peak and the bandwidth equals to the 

FSR of the PCG. The FSR of MRR and the channel spacing of PCG should be well 

aligned during thermal tuning both MRR and PCG for time-multiplexing. This is 

quite challenging because the fabrication variation of the nano-silicon-photonic 

technology will induce phase error in both MRR and PCG. Hence, it puts stringent 

requirements on the designing and thermal tuning of both MRR and PCG. 

Cascaded AWG and SMRR array is shown in Fig. 2.16 [31]. A high resolution 

of 0.1 nm in 10 nm spectral range with 100 detection channels is achieved. Similarly, 

the resolution depends on the linewidth of MRR resonance peak and the bandwidth 

is the FSR of the AWG. The light is pre-dispersed by the AWG. The pre-dispersed 

spectra will transmit into corresponding channels, where there are 10 SMRRs filters. 

The wavelength components will be filtered by each SMRR and read out by the 
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following detectors. Like spectrometer using only SMRR array, the resonance 

wavelength is very hard to control due to fabrication variation. Besides, the large 

detection channel count reduces the SNR and increases the footprint. 

 

Figure 2.15: Micrograph of the cascaded spectrometer with tunable MRR and PCG 

from [13]. 

 

 

Figure 2.16: Schematic of the cascaded spectrometer with AWG and stationary MRR 

array from [31]. 

2.3.3 On-chip Fourier-transform Spectrometers 

Fourier-transform spectrometer can overcome the limitation of resolution and 

channel count trade-off in dispersive approaches to achieve high resolution and high 

SNR. On-chip FT spectrometers are demonstrated such as FT spectrometer using 

 

 




















































































































































































































































































































