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Optical orbital angular momentum (OAM) is a property of light that describes the rotation of its 
electromagnetic field as it travels through space. Light with OAM, also known as a vortex beam, 
exhibits a helical phase front and often a doughnut-shaped intensity distribution. Based on these 
properties, OAM has garnered much attention in areas such as optical sensing, optical 
communication, optical tweezers, quantum information processing, and imaging. On the other 
hand, metasurfaces, which are ultrathin layers of judiciously designed nanostructures, possess 
impressive light manipulation capabilities. This thesis of mine presents two methods of using 
metasurfaces to generate optical vortex beams, one based on phase gradient manipulation and 
the other based on amplitude gradient manipulation. 

For the phase gradient manipulation, I have proposed and analysed a novel hybridisation 
approach of metasurfaces and microring resonators. This hybridisation approach allows for 
nanostructure-based OAM tuning, which is a new tuning method for control the topological 
charge of microring resonators. It allows a single device to generate identical or two completely 
different sets of OAM values by only switching the input mode direction. The work further presents 
an OAM spectrum sorting method to analyse the electromagnetic field of a vector vortex beam. 

For the amplitude gradient manipulation, a novel metasurface design approach is proposed 
for extracting a guided THz wave into free space and shaping its wavefront. By compensating the 
energy decay in the guided mode, this approach allows for positioning many meta-atoms along a 
single waveguide, as demonstrated in several 100- and 1000-unit devices. Three different off-
chip wavefront shaping functionalities are consequently demonstrated: (1) the generation of a 
plane wave, where the beam width can reach 275𝜆଴, equivalently a factor above 900 in width 
expansion; (2) the generation of a Bessel-beam focus with a FWHM of 0.59𝜆଴; (3) the generation 
of OAM-carrying vortex beams, where the topological charge can be tuned from −5 to −30.   

In addition to these two pieces of theoretical work, I have also fabricated several types of 
nanophotonic devices. The first device is a conventional integrated vortex beam generator. I have 
solved the problems of mask misalignment and undefined small gaps. The second device is an 
enlarged grating coupler that can reduce the difficulty of chip-fibre alignment and can simplify 
the fabrication process. The last device is a set of transmissive metasurfaces for OAM emissions. 
All these devices can be used for experimentally testing the generation of vortex beams in the 
future.
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Chapter 1 Introduction to thesis structure 

1.1 Introduction  

Optical orbital angular momentum (OAM) is a property of light that describes the rotation of its 

electromagnetic field as it travels through space. Light with OAM, known as a vortex beam, 

exhibits a helical phase front and often a doughnut-shaped intensity distribution. Since OAM was 

measured and defined in 1992, this area has attracted tremendous interest from researchers in 

various fields [1]. Compared to spin angular momentum (SAM), OAM offers the advantage of 

possessing infinite and orthogonal states. This property provides an additional degree of freedom 

for a light beam, as beams with different OAM states can be utilised as independent channels for 

data transmission in wireless communication. Consequently, OAM is useful in a range of 

applications, from free-space optical components to integrated devices. Vortex beams can 

exhibit polarisation-varying patterns based on the generating methods, referred to as vector 

vortex beams. These beams contain additional polarisation information beyond conventional 

OAM states. Vector vortex beams have garnered significant attention in areas such as optical 

sensing, optical communication, optical tweezers, quantum information processing, and 

imaging.  

In parallel, a metasurface, an ultra-thin layer of subwavelength structures, can manipulate the 

properties of light, including intensity, phase polarisation, and OAM. Compared to conventional 

bulky optical devices, metasurfaces offer greater potential to integrate optical components. With 

their impressive flexibility in manipulating light, metasurfaces have become a prevailing research 

area for scientists. It has been explored in various applications, such as beam deflectors, beam 

splitters, metalenses, mode converters, and metasurface holograms.  

Nowadays, the utilisation of metasurfaces to generate vortex beams remains prevalent [2, 3]. 

However, simply employing metasurfaces for vortex beam generation has limitations, as the 

emitted beam from a fabricated device may not cover a wide range of topological charge 

manipulations. To address this challenge, integrated microring vortex beam emitters were 

initially proposed in 2012 [4]. These emitters enable manipulations of the topological charge by 

adjusting the input mode wavelength. In this thesis, I propose placing metasurfaces on top of 

microring resonators for vortex beam generation. To the best of our knowledge, this metasurface-

based microring emitter has not been discussed previously. With the assistance of 

metasurfaces, the emitted vortex beam exhibits an intrinsic phase change, which overcomes the 

symmetry limitation observed in conventional microring vortex beam emitters. This approach 

introduces a novel method to control the OAM states of the emitted beam. Additionally, I explore 
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the use of metasurfaces to manipulate the intensity of the emitted beam on a microring-like 

waveguide in the THz frequency range. This manipulation facilitates three different wavefront 

shaping techniques: beam expansion, light focusing lens, and vortex beam generation. 

1.2 Overview 

The contents of each following chapter are summarized below. In Chapter 2, the characteristics 

of optical vortex beams, metasurfaces, silicon waveguides, and silicon microring resonators are 

discussed. This chapter also introduces analyses of scalar Laguerre-Gaussian mode and vector 

vortex beams. Chapter 3 presents the first demonstration of a metasurface-based microring 

emitter for vortex beam generation. An analytical method for analysing the purity of the emitted 

light based on Laguerre-Gaussian mode decomposition is proposed. Chapter 4 proposes a novel 

amplitude-gradient-oriented design approach, enabling both a large device aperture and 

advanced off-chip wavefront shaping in the THz regime. Chapter 5 demonstrates a metasurface 

device for vortex beam generation. Chapter 6 summarises the main achievements of my PhD 

study and suggests future work that can be derived from this research.   
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Chapter 2 Background and demonstrations of 

concepts 

This thesis introduces two novel devices that focus on metasurface-decorated microring 

resonators designed for on-chip vortex beam generation. Consequently, this chapter presents 

four key concepts relevant to this topic: optical vortex beams, metasurfaces, silicon waveguides, 

and silicon microring resonators.  

2.1 Optical Vortex beam 

Unlike traditional light beams with planar wavefronts, a vortex beam is characterised by a helical 

wavefront. As it propagates, the vortex beam twists around a central axis, imparting a phase 

singularity at its centre in the transverse field. This singularity occurs because the vortex beam 

carries orbital angular momentum (OAM). The following section provides an introduction to OAM, 

explores its applications, and discusses methods for generating it. Given that I am employing 

microring resonators for vortex beam generation, a detailed discussion of the emitted beam is 

provided in the following part. 

2.1.1 Orbital angular momentum  

In both classical mechanics and quantum mechanics, OAM is a type of angular momentum. The 

concept of angular momentum was first observed by Beth RA et al. in 1936, who noticed its 

presence when circularly and elliptically polarised light passed through a crystal plate. Then, in 

1992, Allen L. et al. successfully generated the OAM experimentally and provided an explanation 

for it under the paraxial approximation. Since then, research related to OAM has flourished and 

garnered significant interest. Today, the concept of OAM finds application in various fields and 

areas, including optical communication, optical tweezers, microscopy, quantum information 

processing, etc. 

2.1.1.1 Orbital angular momentum of a vortex beam 

A beam carrying OAM, also called a vortex beam, possesses a helical phase front and typically 

exhibits a phase singularity along the propagation direction. The Laguerre-Gaussian mode (LG 

mode) represents one of the simplest forms of a vortex beam. This mode is a solution to the 

paraxial scalar Helmholtz equation in cylindrical coordinates. Following [5, 6], the scalar 

Helmholtz equation is given by  
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 (∇ଶ + 𝑘ଶ)𝐸 = 0 (2.1) 

where 𝑘 = 2𝜋/𝜆  is the wavenumber. 𝐸  denotes the electric field, and ∇  represents the three-

dimensional gradient operator. The expression of a paraxial solution of electric field in cylindrical 

coordinates is given by: 

 𝐸(𝜌, 𝜑, 𝑧, 𝑡) = 𝑢(𝜌, 𝜑, 𝑧)exp [𝑖(𝑘𝑧 − 𝜔𝑡)] (2.2) 

where  𝑢(𝜌, 𝜑, 𝑧) is the amplitude distribution, and 𝜔 is the angular frequency. Substituting this 

equation into the scalar Helmholtz equation yields: 

 
∇ଶ𝑢 +

𝜕ଶ

𝜕𝑧ଶ
𝑢 + 2𝑖𝑘

𝜕

𝜕𝑧
𝑢 = 0 (2.3) 

Assuming the profile of beams changes only slowly in the 𝑧  direction, these two 

approximations can be used:  

 𝜕ଶ𝑢

𝜕𝑧ଶ
≪ ∇ଶ𝑢,        

𝜕ଶ𝑢

𝜕𝑧ଶ
≪

𝜕𝑢

𝜕𝑧
 (2.4) 

Therefore, Eq. 2.3 can be approximated to  

 1

𝜌

𝜕

𝜕𝜌
൬𝜌

𝜕𝑢

𝜕𝜌
൰ +

1

𝜌ଶ

𝜕ଶ𝑢

𝜕𝜑ଶ
+ 2𝑖𝑘

𝜕𝑢

𝜕𝑧
= 0 (2.5) 

Based on this equation, the Laguerre-Gaussian modes 𝐿𝐺௣
௟  can be derived as: 

 𝐿𝐺௣
௟ = 𝑢௣

௟ (𝜌, 𝜑, 𝑧)

= ඨ
2𝑝!

𝜋(𝑝 + |𝑙|)!

1

𝑤(𝑧)
ቈ

𝜌√2

𝑤(𝑧)
቉

|௟|

𝑒𝑥𝑝 ቈ
−ρଶ

𝑤ଶ(𝑧)
቉ 𝐿௣

|௟|
ቆ

2𝜌ଶ

𝑤ଶ(𝑧)
ቇ exp[𝑖𝑙𝜑]

∙ 𝑒𝑥𝑝 ቈ
−𝑖𝑘𝜌ଶ𝑧

2(𝑧ଶ + 𝑧ோ
ଶ)

቉ 𝑒𝑥𝑝 ൤−𝑖(2𝑝 + |𝑙| + 1)𝑡𝑎𝑛ିଵ(
𝑧

𝑧ோ
)൨ 

(2.6) 

where 𝑤(𝑧) = 𝑤(0)[(𝑧ଶ + 𝑧ோ
ଶ)/𝑧ோ

ଶ]ଵ/ଶ  is the 1/𝑒  radius of the Gaussian term. Here, 𝑤(0) is the 

beam width and 𝑧ோ  is the Rayleigh range. 𝐿௣
|௟| represents the generalised Laguerre polynomials. 

The term (2𝑝 + |𝑙| + 1)𝑡𝑎𝑛ିଵ(
௭

௭ೃ
) is the Gouy phase. Two key parameters determine the 𝐿𝐺 mode 

profiles: 𝑝 and 𝑙.  𝑝 determines the number of concentric rings in the intensity distribution. While 

𝑙  is relates to the azimuthal phase term exp [𝑖𝑙𝜑] , indicating how many times the helical 

wavefront twists along the optical axis. Figure 2.1 illustrates corresponding electric field and 

phase distributions of different LG modes. The integer 𝑙 is referred to as the topological charge 

(TC).  
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Figure 2.1  Electric field distributions of 𝐿𝐺  modes. (a-c) The intensity profile of different 𝐿𝐺 

modes. (d-f) The azimuthal phase profile of different 𝐿𝐺 modes. (a) and (d) is 𝐿𝐺଴
ଵ. (b) 

and (e) is 𝐿𝐺ଵ
ଵ. (c) and (f) is 𝐿𝐺ଵ

ଶ, modified figures from [6]. 

2.1.2 Applications of OAM  

Due to its unbounded orthogonal states and doughnut-shaped field distribution, OAM finds 

widespread application in various fields, including optical communication, optical tweezers, 

microscopy, and quantum information processing. 

2.1.2.1 Optical communication  

Because OAM has intrinsically orthogonal and unbounded states, it adds another degree of 

freedom to increase communication capacity, in addition to the phase, intensity, and 

polarisation of a beam. In Ref. [7], the authors demonstrated an application of OAM in long-

distance communication. OAM modes transmitted over 143 𝑘𝑚 achieved, as illustrated in Figure 

2.2.(a). The author also developed an algorithm that was able to distinguish different mode 

superpositions up to the third order with more than 80% accuracy and decode the transmitted 

message with an error rate of 8.33%. However, while promising, this work may not be sufficient 

for real-life applications. This is because conventional OAM beams have the disadvantage of 

enlarging beam size along the propagation direction, particularly for large topological charges. 

This enlargement complicated beam capture at the receiver side and led to a decreased intensity 

within the effective area due to light divergence. Furthermore, it raises the difficulty when OAM is 

subject to turbulence. To overcome these issues, Ref. [8] considered restructuring the OAM beam 

to reduce the light divergence.  
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2.1.2.2 Optical tweezer 

Optical tweezers are a powerful technique used to trap and manipulate microscopic particles or 

biological specimens using a single, tightly focused laser beam. The trapping range of a single 

beam is determined by the spot size of the Gaussian beam. This trapping range serves as a crucial 

parameter in the design of optical tweezers. While it may seem intuitive to increase the trapping 

range by enlarging the spot size directly, this approach has limitations. A larger spot size leads to 

a decrease in the intensity gradient, potentially disrupting the steady trapping condition. Hence, 

it is essential to find methods to enlarge the trapping range while maintaining the stability of 

single-beam optical tweezers [9]. Using a vortex beam has proven to be an effective solution to 

this challenge. The reason is that a vortex beam carries OAM and has a doughnut-shaped 

intensity distribution. The gradient force acting on the doughnut-shaped intensity can trap 

particles, while the OAM induces particle rotation through the formation of optical spanner action 

[9, 10], as illustrated in Figure 2.2.(b). Consequently, we can control the trapping range by 

changing the OAM states. 

2.1.2.3 Microscopy 

In classical optical microscopy, resolution is constrained by diffraction, approximately 

determined by the formula 𝜆/(2 × 𝑁𝐴) , where 𝜆  is the free-space wavelength and 𝑁𝐴  is the 

numerical aperture of the microscopic objective. To overcome this limitation, numerous super-

resolution imaging systems have been developed. One successful example is stimulated 

emission depletion (STED) microscopy. STED microscopy achieves high spatial resolution, with 

a value as low as 20 𝑛𝑚 [11], by utilising vortex beams as depletion beams [Figure 2.2.(c)]. In this 

technique, the sample is initially illuminated with an excitation laser beam for fluorescence 

emission. Subsequently, a vortex beam is employed to deplete the excited state of the 

fluorophores, forcing them back to the ground state in the undesirable region. By controlling the 

size of the dark centre of the vortex beam, the effective excitation area of the sample is reduced, 

leading to improved resolution [12, 13]. 

2.1.2.4 Quantum information processing 

Quantum information processing involves utilising fundamental quantum theories for 

information processing. Photons, compared to electrons, offer an effective system for processing 

information due to their fast propagation, minimal interaction with the environment, and ease of 

manipulation. In quantum information processing, OAM plays a crucial role by introducing 

another degree of freedom to the quantum bit (qubit), in addition to polarisation, number, and 

time. OAM values can span from negative infinity to positive infinity, and distinct OAM states are 

mutually orthogonal. This property provides an important practical advantage because it allows 
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for reducing the required number of photons in a process, thereby significantly reducing noise 

and losses arising from imperfect generation and detection efficiency [14, 15]. 

 

Figure 2.2 Demonstrations of OAM applications. (a) Sketch about using OAM for optical 

communication: the light is magnified with a sending telescope and sent over 143 𝑘𝑚 

to the receiver [7]. (b) A micrograph related to using OAM as an optical tweezer to trap 

particles. The scattering force drives particles around the ring of the vortex beam [16]. 

(c) Illustration of a STED microscopy device from ZEISS [17]. (c1) Depict how a vortex 

beam is utilised in a STED system. (c2) Demonstration of the reduced effective 

excitation area of the beam. (c3) and (c4) are the comparisons of widefield and STED 

images of microtubules. 
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2.1.3 Generation of vortex beam  

Given the significant potential of OAM discussed above, numerous methods are designed for 

generating vortex beams. These methods vary depending on the specific application, the desired 

OAM states, and the characteristics of the incident light. 

2.1.3.1 Spiral Phase Plate 

For example, the spiral phase plate is a straight-forward method to generate vortex beam[18, 19]. 

It uses bulk material with a fixed refractive index and a variable thickness, as illustrated in Figure 

2.3. The height difference increases as the topological charge of the emitted vortex beam rises. 

However, it’s challenging to use them for generating vortex beams with high-frequency waves, 

and the continuous modulation for different OAM eigenmodes is yet to be achieved. 

 

Figure 2.3 Vortex beam generation by spiral phase plates. (a) The schematic design of a spiral 

phase plate operating at 60 𝐺𝐻𝑧 in [19]. (b) Image of a practical model of a spiral 

phase plate [18].  

2.1.3.2 Diffraction grating 

Another method for producing a vortex beam is through the use of a diffraction grating, as 

demonstrated in Ref. [18]. This kind of grating, known as a holographic plate, is illustrated in 

Figure 2.4.(a). It consists of parallel slits or lines arranged in a flower-shaped pattern at the centre. 

When light hits the surface of the grating, it will be diffracted by the grating, resulting in the 

generation of multiple beams in different directions. A vortex beam can be visualised within the 

interference pattern formed by the combination of diffracted beams and incident beams.  
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Figure 2.4 Vortex beam generation by gratings and reflectors. (a) Holographic plate for vortex 

beam generation [18]. (b) The spiral reflector, which generates a vortex beam by 

reflection, was made from Styrofoam blocks, trimmed into a staircase-like structure 

with eight steps [20].  

The reflection of a light beam can also serve as a method for generating a vortex beam. A 

discrete eight-step staircase phase mask, as depicted in Figure 2.4.(b), can introduce a non-

focused 2𝜋 phase shift to the incident beam. 

However, these conventional methods typically involve the use of bulk optical materials, 

which can be impractical for commercial uses because it is challenging to integrate them with 

other devices: requiring a long propagating path for integration. 

2.1.3.3 Metasurfaces  

Metasurfaces, defined as thin layers of subwavelength structures for manipulating optical 

behaviours, are thoroughly discussed in Section 2.2. Given their remarkable capability for light 

manipulation, researchers have utilised them for vortex beam generation. Depending on the light 

propagation path, they can be categorised into two main groups: reflective metasurfaces [21, 22] 

and transmissive metasurfaces [23-28].  

In Ref. [22], a reflective metasurface is designed for vortex beam generation. Each super-unit 

cell contains three dipoles, with a 2𝜋  phase-change coverage achieved by adjusting both the 

length of each dipole and the distance between adjacent dipoles. Using a configuration of 

20 × 20  unit cells, a vortex beam with 𝑙 = 2, was generated at 5.8 𝐺𝐻𝑧, as illustrated in Figure 

2.5.(a). Comparatively, the Pancharatnam-Berry (PB) phase is simpler to implement. PB 

metasurfaces can convert spin angular momentum (SAM) to OAM. A detailed discussion of the 

PB phase is provided in Section 2.2.1. for vortex beam generation. Figure 2.5.(b) depicts an 

application of a reflective PB-phase metasurface [21], consisting of multiple super-unit cells. 

When the incident circularly polarised terahertz waves are reflected back from the metasurfaces, 
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the amplitude and phase of the wave are altered. After optimisation, the reflected wave can carry 

OAM states.   

 

Figure 2.5 Vortex beam generation by reflective metasurfaces. (a) Schematic of the unit 

structure of a reflective OAM metasurface which is based on propagation phase [22]. 

(b) Schematic of the optical pumped asymmetrical reflection of circularly polarized 

terahertz beam realized by the 3-bit Pancharatnam-Berry coding metasurface [21]. 

Reflective metasurfaces often achieve high working efficiencies, but they commonly face 

challenges associated with wave interferences, limiting their practicality for certain applications. 

Transmissive metasurfaces offer a solution to these challenges [23, 27, 28]. Figure 2.6.(a) 

illustrates a transmissive metasurface device for OAM generation. It uses three layers for each 

super-unit cell (Figure 2.6.(b)). Each metasurface layer allows for adjustment of amplitude, 

azimuthal phase, and propagation direction when a linearly polarised wave passes through it. In 

Figure 2.6.(c) and (d), these two works utilised ‘rotated’ meta-atoms to generate OAM after the 

beams passed through the metasurfaces. However, constructing a high-efficiency metasurface 

in transmission mode requires identifying meta-atoms that are nearly transparent for 

electromagnetic (EM) waves while providing a full 2𝜋 phase-change coverage. 
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Figure 2.6 Vortex beam generation by transmissive metasurfaces. (a) Schematic illustration of 

the power modulation of OAM beams by using the designed phase/amplitude 

adjustable coding metasurfaces. The vortex beam in red and yellow in the axial 

direction shows two OAM vortex beams with different transmitted powers. The grey-

coloured vortex beams show the deflected OAM vortex beams. [23] (b) Schematic 

view of the coding meta-atoms [23]. (c) Schematic of generation of a helical 

wavefront from the designed optical vortex phase plate [28]. (d) Schematic diagram 

for generating the OAM vortex beam using the metasurfaces [27]. 

2.1.3.4 Integrated emitter 

Different from the generating methods discussed previously, utilising ring resonators as vortex 

beam generators has garnered considerable attention from researchers for three reasons: the 

scalability of ring resonators to several micrometres, their operation at small incident 

wavelengths (such as 1550nm), and their ability to achieve continuous modulations of OAM 

eigenstates by gently shifting the incident wavelength. As this method serves as the primary 

generation method in this thesis, a detailed discussion is provided below. A detailed discussion 

about the properties of microring resonators is given in Section 2.4. 

The general concept involves arranging scattering elements located on top of the ring 

resonator based on a circular grating strategy. At a resonance wavelength, a whispering gallery 

mode (WGM) propagates inside the ring waveguide. Each scattering element then scatters the 

light into free space. Similar to bending a straight waveguide into a ring waveguide, the concept 

of the propagation angle of the phase front for the straight waveguide corresponds to a specific 

topological charge (𝑙) for the azimuthal phase of the vortex beam, as illustrated in Figure 2.7.  
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Figure 2.7 Schematic illustration of emitted waves from a strip waveguide and a microring 

waveguide. (a) Schematic of a strip waveguide with a conventional grating on top. (b) 

Schematic of a microring vortex beam emitter. For both figures, the patterns on top 

of the structures represent the phase profiles of the diffracted or emitted beams. 

The OAM (𝑙) here is determined by the WGM in the ring waveguide (𝑚) and the number of 

scattering elements (𝑞):[6, 29, 30] 

 𝑙 = ±(𝑚 − 𝑔𝑞) (2.7) 

where 𝑔 is the diffraction order. The evenly distributed scattering elements pick up the wave from 

the WGM at where they are positioned, all of them are in the same phase, when 𝑚 = 𝑔𝑞. The sign 

indicates the influence of changing input mode direction, which will be discussed in Chapter 3.1. 

As a result, the interfered emitted field from all the elements has a uniform phase front, meaning 

that the OAM is zero. When 𝑚 ≠ 𝑔𝑞 , a phase difference between two adjacent elements is 

introduced. As shown in Figure 2.7(b), the generated phase front possesses phase shift in the 

transverse plane, resulting in a finite OAM value. 

Numerous articles have conducted thorough analyses of ring-resonator-based vortex beam 

generators [4, 29, 31-42]. Depending on the positions of the grating elements, they can be 

classified into two categories. In the first category, the grating elements are placed on the inner 

side wall of the ring resonator [4, 32, 38, 43] (Figure 2.8.(a)). In the second category, they are 

placed on top of the ring waveguide [29, 31, 44, 45] (Figure 2.8.(c)). These positions determine the 

dominant polarisation of scattered light from each element. When the scattered elements are 

placed on top of the ring resonator, they can be considered as truncated waveguides, and the 

emitted electric waves have the same polarisation as the WGM inside the ring resonator. On the 

contrary, elements located on the inner side of the ring resonator can emit light with different 

polarisations because the cross-section of the ring resonator is not symmetric. As depicted in 
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Figure 2.8.(b), when the WGMs inside the ring correspond to the quasi-transverse electric mode 

(TE mode), elements positioned on the inner side of the ring predominantly emit the electric field 

in the azimuthal direction [43]. Differently, when relocating the grating elements to the top of the 

microring, the dominant emitted wave is radially polarized [45].  This analysis applies similarly to 

TM modes as well. 

 

Figure 2.8 Top-down views of two different positions of grating structures on ring waveguide and 

their corresponding analytical models. (a) Schematic diagram when the scattering 

elements are placed by the side of the waveguide. (b) Corresponding azimuthal 

dipoles in the waveguide, which are most easily described in cylindrical coordinates. 

The dipoles are evenly distributed along the ring with azimuthal polarisation [43]. (c) 

Schematic diagram when the scattering elements are placed on top of the 

waveguide. (d) Corresponding dipoles distribution, which has radial polarisation [45]. 

It is assumed that the input mode is the TE mode in both models. 

By simultaneously applying both quasi-𝑇𝐸 mode and quasi-𝑇𝑀 mode at the input port, such 

devices can manipulate both polarisations and OAM states by shifting the input wavelength, 

enabling the generation of both radially and azimuthally polarised vortex beams simultaneously. 

Since both generated vortex beams are vector vortex beams, the emitted beam is essentially a 

superposition of the radial vortex beam and the azimuthal vortex beam, which can be described 

as a point in the higher-order Poincaré sphere. The corresponding polarisation states in the 
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Poincaré sphere are depicted in Figure 2.9.(c). In this Poincaré sphere, any antipodal points are 

orthogonal, and every polarisation state in the Poincaré sphere can be expressed by the linear 

combination of those two points. In Ref. [39, 46], the authors designed higher-order Poincaré 

sphere beam emitters, as illustrated in Figure 2.9.(a) and (b). By controlling the intensity ratio and 

phase contrast of the 𝑇𝐸 and 𝑇𝑀 modes, all the polarisation states in the higher-order Poincaré 

sphere can be generated.  

 

Figure 2.9 Using integrated microring emitter to control the polarization of the emitted beam 

which can be described in Poincaré sphere. (a) Schematic of a higher-order Poincaré 

sphere beam emitter, which is illuminated by the fundamental 𝑇𝐸  mode and 

fundamental 𝑇𝑀 mode. The generated radial and azimuthal polarisation can form a 

pair of eigenstates in the higher-order Poincaré sphere. [46] (b) Another schematic of 

a higher-order Poincaré sphere beam emitter, while the scattering elements are 

placed on the inner side of the ring resonator [39]. (c) Poincaré sphere illustration. 

The poles represent right and left circular polarisation, while the equator represents 

linear polarisation. The northern and southern hemispheres separate right (red) and 
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left (blue)-handed ellipticity. Antipodal points are orthogonal, and any state of 

polarisation is given as their linear combination [47].  It is worth highlighting that, 

different from the first-order Poincaré sphere where the polarisation is uniform 

across the beam cross section for any point on the sphere, a higher-order Poincaré 

sphere does not have such polarisation uniformity.  

Although the vortex beam generated from the ring resonator can possess a different OAM 

value by shifting the incident wavelength, achieving high emission efficiency remains a challenge. 

To generate a well-defined doughnut beam in the intensity profile, the WGM in the ring should 

ideally have the same amplitude, resulting in emitted fields from each element having uniform 

intensity. However, in real cases, when the scattering elements emit the waves into free space, 

they will introduce attenuation to the WGM. In Figure 2.10.(a) and (b) [45], two numerically 

simulated results illustrate that when the radiation efficiency of the scattering elements is 

sufficiently high, the intensity profile degrades, leading to a degraded OAM purity. However, 

simply reducing the attenuation of the WGM may not always be the better solution. Lower 

attenuation implies lower emission efficiency, which is not practical for real applications. 

Therefore, when designing a vortex beam emitter using a ring resonator, considerations of the 

energy attenuation of the scattering elements are necessary.  

As the emission efficiency of the integrated vortex beam emitter is considerably lower than 

that of metasurfaces and other generating methods, several modification methods are given to 

enhance the emission efficiency of the conventional integrated vortex beam emitter. The first 

effective approach is to couple more light into the ring waveguide to enhance the energy of WGM. 

In Ref. [31, 32, 36], access waveguides were curved for improving coupling efficiency, as 

illustrated in Figure 2.10. (c) and (d). In Ref. [34], as shown in Figure 2.10.(e), the access 

waveguide is placed in a different plane than the ring resonator. The results demonstrate that the 

quality of the generated vortex beam is unaffected by this layout, and it exhibits better coupling 

efficiency than the side-coupled structure. 
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Figure 2.10 Demonstrations of integrated vortex beam generators. (a, b) Simulation results 

demonstrate the influence of the energy attenuation of each pillar. There are 540 

pillars in total [45]. These two maps share the same colour bar, which is nominal to 

the maximum intensity value in (a). In (a), the energy attenuation is zero, which means 

each element is illuminated with the same-energy light source. While in (b), the 

energy attenuation is 0.01. In other words, when the light passes through the 

scattering elements, only 99% of the light remains. When the light propagates to the 

last element, there is only 0.44% of light remaining in the underlying waveguide. (c) 

Schematic of a vortex beam emitter with a curved waveguide for increasing coupling 

efficiency [31]. (d) Electric field profile of a vortex beam emitter, in which the access 

waveguide is configured in a so-called “pulley coupling” scheme [36]. (e) Schematic 

of an integrated ring resonator with a 275-𝑛𝑚-thick SiO2 film between the access 

waveguide and the ring resonator [34].  

The second method involves reducing the appearance of concentric annuli in the far-field 

profile. In Refs. [29, 32, 34], it was observed that the emitted vortex beams exhibited concentric 

ring patterns near the original ‘doughnut ring’. These additional beams follow the Bessel function 

and have amplitudes proportional to the 𝑙th-order Bessel function of the first kind or to its first 

derivative [43]. The appearance of these concentric rings, as depicted in Figure 2.11.(b), is 

attributed to the scattering elements. In the ideal scenario, with extremely well-confined 

elements, it is possible to obtain a vortex beam with only one value of the topological charge 𝑙 

(𝐿𝐺଴
|௟|). Li S. et al. proposed a new design to address this issue by incorporating an aluminium 
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layer below the ring resonator, acting as a mirror to concentrate the main lobe of the emitted 

beams and reduce the intensity of side lobes, as illustrated in Figures 2.11.(a) and 2.11.(b) [43].  

 

Figure 2.11 Demonstrations of methods for enhancing the emission efficiency of integrated 

vortex beam generators. (a) Schematic of a high-efficiency vortex beam emitter with 

a metal mirror in the silica layer, used for reflection to eliminate the effect of the 

concentric ring and reinforce the main lobe of the vortex beam [32]. (b) Simulation 

results with different topological charges. Left columns, 𝑙 = +8; middle columns 𝑙 =

+2; right columns, 𝑙 = −1). (b1) and (b2) The generated vortex beam with and without 

a mirror, respectively. (b3) Corresponding simulation results with a mirror. The white 

dotted circles indicate the positions of a 48-degree diffraction angle corresponding 

to 𝑁𝐴 =  0.75 [32]. (c) Schematic of the vortex beam emitter, followed by the zoom-

in view of the ring waveguide for different values of ∆𝑅, marked in the red-dotted 

rectangle[29]. (c1) ∆𝑅 > 0  (c2) ∆𝑅 = 0  (c3) ∆𝑅 < 0 . (d) The maximum intensity of 

interference patterns versus the radius difference ∆𝑅 [29]. (e) and (f) The normalised 
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simulation results of the vortex beam emitter with different ∆𝑅 , 0  and +0.044 𝜇𝑚 

respectively [29]. The intensity is normalised to the maximum intensity of the 

whispering gallery mode in the microring.   

The third method, designed by Yuan G. et al., involves shifting the centre deviation of scattering 

elements (∆𝑅) to enhance emission efficiency, as depicted in Figures 2.11.(c-f). They found that 

increasing the centre deviation could lead to a significant enhancement in emission efficiency, 

as indicated by the curve in Figure 2.11.(d). For instance, when the centre deviation is 0.05 𝜇𝑚, 

the maximum intensity of the emitted wave increases to 1.7  times the maximum intensity 

observed in the WGMs. However, when no centre deviation is used, the maximum intensity is only 

0.7 times the maximum intensity observed in the WGM.  

In addition to those methods for enhancing the emission efficiency of the integrated vortex 

beam emitters, the properties of the generated vortex beam can also be controlled by modifying 

the geometric structure. Sebbag Y. et al. proposed that by altering the geometric structure of the 

emitter, the emitted vortex beam shifts to a different angle, as illustrated in Figure 2.12.(b) [30]. 

The far-field intensity profiles shown in Figures 2.12.(c) and 2.12.(d), illustrate that varying the 

width of the ring waveguide along the propagation direction leads to changes in the emission 

angle of the generated vortex beam.  

 

Figure 2.12 Demonstration of altering the emission direction of the generated vortex beam. (a) 

Schematic of a conventional vortex beam emitter [30]. (b) Schematic of a vortex beam 

emitter with width variation in the ring resonator [30]. (c) Far-field intensity profile for 

the conventional emitter [30]. (d) Far-field intensity profile for the width-varying 

emitter. As illustrated in (c) and (d), the doughnut beams have a 10-degree shift when 

there is width variation in the ring resonator [30].  
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2.1.4 Vector vortex beam  

In this section, a detailed discussion about vector vortex beams is given, as it helps to understand 

the emitted beam from a microring-resonator-based vortex beam emitter. 

A vector vortex beam represents a distinctive form of structured light beam characterised by 

its polarisation and phase characteristics. Unlike traditional scalar vortex beams, which maintain 

uniform polarisation across their cross-section, a vector vortex beam has spatially varying 

polarisation properties. This unique feature allows vector vortex beams to carry additional 

information compared to scalar vortex beams. This makes them highly beneficial in optical 

communication systems, where they can be used to increase data transmission rates by 

encoding information in both the polarization and the phase. The concept of higher-order 

Poincaré sphere was developed as an analytical tool utilising the vector vortex beams. In the case 

of the higher-order Poincaré sphere, we can change the polarisation of the emitted vector vortex 

beam by shifting the corresponding intensity or phase offset of input modes, as illustrated in 

Figure 2.9 [39, 46]. 

Given that this thesis utilises an integrated ring resonator for generating vortex beams, the 

following section will theoretically discuss the emitted waves of integrated vortex beam 

generators [43, 45, 48, 49]. 

 For a ring resonator, the input TE mode from the access waveguide is coupled into the ring 

waveguide. Without any modification, the majority of light circulates within the ring waveguide at 

resonance wavelengths. To initiate vortex beam generation, grating elements, such as pillars or 

holes, must be placed on the ring resonator. These elements disrupt total inner reflection within 

the waveguide, leading to the emission of beams.  
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Figure 2.13 Schematic diagram when the scattering elements are placed on top of the 

waveguide. The corresponding dipoles have azimuthal polarisation in cylindrical 

coordinates [43]. Assuming the input mode is TE mode.  

To comprehend the role of grating elements in generating the final emitted vector vortex 

beams, each element can be regarded as an electric dipole with linear polarisation. Here, I 

assume all the dipoles are in azimuthal orientation, as illustrated in Figure 2.13. Subsequently, 

the electric field of any point can be calculated as the supervision of the radiative waves of each 

element. An analytical model is built within normalised cylindrical coordinates (𝜌, 𝜑, 𝑧), where 

𝑅 = 1 is the polar radius of the waveguide and 𝑧 denotes the distance from a point 𝑄 (located in 

the upper hemisphere, 𝑧 > 0 ) to the resonator plane. Assuming all the dipoles are uniform, the 

moment of the dipole can be written as [48] 

 𝑃(𝑡) = 𝑃଴𝑒ି௝ఠ௧ (2.8) 

A phase delay should be considered, as the electromagnetic field created by the dipole will 

travel outward with a phase velocity 𝑘 = 2𝜋/𝜆, where 𝜆 is the vacuum wavelength [48]:  

 𝑒௝௞௥ (2.9) 

Each dipole will have an intrinsic phase related to the WGM inside the waveguide [48]:  

 𝑒௝௟ఝ (2.10) 

where the topological charge 𝑙 = 𝑝 − 𝑔𝑞 . Here, 𝑝  is the azimuthal order of the WGM, 𝑞  is the 

number of grating dipoles, and 𝑔 is the grating order. To simplify the analysis process, 𝑔 is set to 

one. 

Therefore, the electric field of a point 𝑄 can be regarded as the sum of the contribution to 𝑄 

from each dipole [43, 48]: 
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𝑬௟(𝜌, 𝜑, 𝑧) =

𝑃(𝑡)
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where 𝑟௠  is the distance between 𝑃௠𝑄, 𝑟௠ = ඥ𝜌ଶ + 𝑧ଶ + 𝑅ଶ − 2 ∗ 𝑅 ∗ 𝜌 ∗ cos (𝜑௠ − 𝜑) and the 

mth dipole point 𝑃௠ (1 ,𝑟௠,0), and 𝑟௠ෞ is the unit vector in the direction of 𝑃௠𝑄, pointing from 𝑃௠.  

In the far-field zone, i.e., 𝑧 ≫ 𝜆/𝑅, the near-field terms (~1/𝑟ଶ and ~1/𝑟ଷ) can be neglected. 

The electromagnetic field of the emitter comes from the interference of far-field radiation from all 

dipoles [49]:  

 
𝑬௟(𝜌, 𝜑, 𝑧) =

𝑃(𝑡) ∙ 𝑘ଶ
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𝑟௠
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௤

௠ୀଵ

 (2.12) 

To simplify Eq. 2.12, I assume 𝜌 ≪ 𝑧, as any light too far from the propagation will not be 

detected by our sensor. Therefore, the second term in Eq. 2.12 can be neglected, and the emitted 

field becomes [49]:  

 
𝑬𝑙(𝜌, 𝜑, 𝑧) ≈
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(2.13) 

Then, I use Taylor expansion with respect to 𝑟 around the point 𝑟 = 𝑟௠ (where 𝑅ଶ ≪ 𝑧ଶ + 𝜌ଶ) 

to approximate 𝑟௠, the zeroth-order approximation is: 

 𝑟௠ ≈ ඥ𝜌ଶ + 𝑧ଶ (2.14) 

The first-order approximation is: 

 
𝑟௠ ≈ ඥ𝜌ଶ + 𝑧ଶ −

𝜌 ∗ 𝑅 ∗ cos (𝜑௠ − 𝜑)

ඥ𝜌ଶ + 𝑧ଶ
 (2.15) 

Here, I apply first-order approximation for the phase and the zeroth-order approximation for 

the amplitude to Eq. 2.13, as phase is more sensitive than amplitude to errors due to its 2𝜋 

periodicity: 

 
𝑬௟(𝜌, 𝜑, 𝑧) ≈

𝑃(𝑡) ∙ 𝑘ଶ
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௤
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 (2.16) 

where 𝑟 = ඥ𝜌ଶ + 𝑧ଶ is the spherical radius from the origin point to the 𝑄 point.  
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Here, I found that Eq. 2.16 has the form of the Bessel function of its first kind: 

 
𝐽௡(𝑥) =

1

2𝜋𝑗௡
න 𝑒௝௫ ௖௢௦(ఛ)ା௝௡ఛ𝑑𝜏

ଶగ

଴

 (2.17) 

When 𝑞 ≫ 2𝜋, the discrete sum approaches an integral: 

 
෍ 𝑒−௝௞ఘୖୡ୭ୱ (ఝ೘ିఝ)/௥ ∙ 𝑒௝௟ (ఝ೘ି஦)

௤

௠ୀଵ

≈
𝑞
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ଶగ

଴

= 𝑞 ∗ 𝑗ି௟  

(2.18) 

With the relation 𝐽௡ିଵ(𝑥) + 𝐽௡ାଵ(𝑥) = (2𝑛/𝑥) 𝐽௡(𝑥), I can obtain the analytical expression of 

the far-field radial component:  

Substitute Eq. 2.18 into Eq. 2.16, and we can obtain:  

 
𝑬௟(𝜌, 𝜑, 𝑧) ≈

𝑃(𝑡) ∙ 𝑘ଶ

4𝜋𝜀଴
∙

𝑒௝௞௥

𝑟
∙ 𝑞 ∙ 𝑒௝௟ఝ ∙ 𝑗ି௟𝐽௟(𝑘𝜌𝑅/𝑟) 𝝋𝒎ෞ  (2.19) 

The final expression of the field depends on the choice of the polarisation basis. Then, since 

the electric field along the propagation axis 𝑧  cannot be detected for a transverse field, the 

transversal polarisation of the emitted beam in the normalised cylindrical coordinate can be 

expressed as 

 
𝑬௟(𝜌, 𝜑, 𝑧) =

𝑞𝑃(𝑡)
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𝑟
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For better understanding, I transform the electric field under the circular polarisation basis 𝐿෠  

and 𝑅෠: 
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Based on Eq. 2.20, I can observe that when monitoring the electric field under cylindrical 

coordinates, the emitted electric field possesses the OAM state 𝑙 at both the radial and azimuthal 

directions. However, when analysing the electric field in terms of the circular polarisation basis, 

the OAM states are 𝑙௅ = 𝑙 − 1 and 𝑙ோ = 𝑙 + 1, respectively. Thus, the final expression of the field 

varies depending on the choice of polarisations.  

Figure 2.14 illustrates the far field intensity and polarisation profiles with different 𝑙, from -2 to 

2, respectively. In the figure, the far-field profile for 𝑙 = 0 exhibits a doughnut shape, while for 𝑙 =

±1, the centre of the beams shows non-zero intensity, which contrasts with the description of the 

𝐿𝐺 mode. The reason for this phenomenon is that the emitted beam is a vector vortex beam. In 
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Ref. [34, 49], the authors shared a similar assumption regarding the vector vortex beam. In the 

case of 𝑙 = ±1, the vector vortex beam can be regarded as the superposition of two orthogonal 

scalar waves: a left-hand circularly polarised (LHCP) beam with a topological charge of 𝑙 − 1 and 

a right-hand circularly polarised (RHCP) beam with a topological charge of  𝑙 + 1. For both OAM 

states, their transverse fields consist of a wave with zero charge and another wave. The wave with 

zero charge contributes to the brightness in the centre. As for 𝑙 = 0, its transverse field can be 

decomposed into two waves with opposite topological charge ( −1  and +1 ), which can be 

expressed by the higher order of Poincaré sphere. These two elements are the polar basis of a 

Poincaré sphere. The other explanation for the doughnut-shaped profile of the OAM state zero is 

that the emitted field depends on the polarisation of the beams in the ring waveguide and the 

elements’ position. Therefore, the centre of the polarisation condition has a singularity, resulting 

in a doughnut shape in the intensity profile, which differs from the general vortex beam (having a 

non-zero intensity at the beam centre, for 𝑙 = 0). Figure 2.14 shows a set of beam profiles, and I 

have reproduced these results from the literature in my own simulation.  

 

Figure 2.14 The theoretical intensity and polarisation patterns for a beam emitted from a ring 

resonator [34]. The upper row is for the light polarised perpendicular to the 

waveguide, yet in the plane of the resonator, while the lower row is for the polarised 

parallel to the waveguide, leading to a radial and an azimuthal polarisation 

distribution inside the ring resonator, respectively. Each column corresponds to a 

specific topological charge 𝑙 of the OAM eigenstates. Interestingly, in the case where 

𝑙 = ±1, the intensity pattern of the outgoing beam does not form a doughnut shape. 

Their polarisations switch from the radial to the azimuthal, and vice versa. This type 

of beam is known as a Poincaré or polarisation-singular beam. In the figure, the 

concentric ring profile due to confinements of the scattering sources is neglected, 

which means the mode index 𝑝 is zero in the Laguerre-Gaussian mode (𝐿𝐺଴
|௟|).  
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2.2 Metasurfaces 

As the focus of this thesis is on investigating metasurface-integrated vortex beam emitters, a brief 

overview of metasurfaces is given below.  

Metasurfaces are a prevailing research area for numerous scientists due to their impressive 

flexibility in manipulating light behaviour using subwavelength-sized meta-atoms. This 

manipulation happens in various aspects, including intensity [50-52], phase [53-55], polarisation 

[56-58], and more. Moreover, many metasurfaces are relatively easy to fabricate using standard 

nanofabrication techniques such as plasma-enhanced chemical vapour deposition (PECVD), 

electron-beam lithography (EBL), and reactive ion etching (RIE). 

Metasurfaces can generally be categorized into two main types based on the materials: 

plasmonic metasurfaces and dielectric metasurfaces [59]. Plasmonic materials (such as metals 

and some conducting oxides at certain wavelengths) exhibit strong interaction with light through 

plasmonic resonance. However, these materials suffer from significant resistive losses, leading 

to reduced efficiency. For example, in Ref. [60], gold metasurfaces were employed to create 

mode converters, and the output suffered from a 50%  loss. Moreover, some plasmonic 

materials, such as gold or silver, can be expensive. On the contrary, dielectric materials such as 

silicon or titanium dioxide offer solutions to these limitations. They can provide efficient light 

manipulation with reduced resistive losses compared to plasmonic materials.  

2.2.1 𝟐𝝅 phase coverage  

In numerous metasurface applications [61-63], the primary objective of the design is to achieve 

a 2𝜋 phase-change coverage when manipulating the phase of scattered light. In Ref. [61], the 

authors presented a high-efficiency gradient metasurface for anomalous reflection. Figure 2.15 

depicts the gradient super-unit cell comprising 10 meta-atoms. It is easy to observe that if the 

designed super-unit cells can achieve 2𝜋 phase-change coverage, the reflected light can form a 

continuous wavefront when multiple super unit cells are cascaded end to end.  
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Figure 2.15 An example of a continuous wavefront with 2𝜋 phase change coverage. (a) Super unit 

cells’ structure in top-down view. (b) Wave propagation from each meta-atom along 

the z-axis. The white dotted line represents the matching wavefront of the reflective 

light. (c) The 2𝜋 phase-change coverage with red dots indicating the phase value for 

each meta-atom. [61] 

Metasurfaces, utilised in Chapter 3, are phase-gradient metasurfaces, where achieving 2𝜋 

phase-change coverage is crucial for the metasurface-integrated vortex beam emitter. Here, an 

example metasurface, depicted in Figures 2.16 and 2.17, serves to illustrate the significance of 

achieving 2𝜋 phase coverage.  

Assuming the phase change can be induced by altering the size of the cylinders, in the 

discussion below, a wide range of out-coupling angles (𝜃) can be obtained by designing super unit 

cells. As illustrated in Figure 2.16, two types of super-unit cells are positioned on top of two 

waveguides, each containing six meta-atoms. The meta-atoms in both figures are placed at the 

same pitch. The only difference between these two figures, is the size of the meta-atoms. It is 

easy to observe that 𝜃 is larger when a large gradient is applied. Therefore, when the meta-atoms 

can achieve 2𝜋-phase-change coverage, I have the freedom to control the out-coupling angle of 

the emitted waves.  
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Figure 2.16 The phase profiles of light emitted by two metasurface-integrated waveguides. They 

show that if the phase change induced by changing the cylinder’s size can cover a 2𝜋 

range, it is possible to design a metasurface with a large area due to the continuous 

wavefront. 

Metasurfaces capable of achieving a 2𝜋 phase change can produce a continuous wavefront, 

when super unit cells are cascaded together. It enables metasurface to scatter light directly at a 

specific out-coupling angle 𝜃. Figure 2.17 illustrates the consequences when a metasurface fails 

to achieve 2𝜋 phase change coverage. A discontinuity in the wavefront occurs between adjacent 

super-unit cells, leading to distortion of scattered light and dispersion of out-coupling light in 

multiple directions.  

 

Figure 2.17 A cliff exists in the wavefront of adjacent phase-gradient super-unit cells. When a 

super-unit cell does not provide a full 2𝜋 phase coverage. This cliff will distort the 

scattered light and change the outcoupling angle. 

For dielectric metasurfaces, there are three primary approaches employed to achieve 2π 

phase-change coverage: the Pancharatnam-Berry (PB) phase [24, 64-66], the Fabry-Pérot (FP) 

resonance [67, 68], and the Mie resonance [69].  

The PB phase, also known as the geometric phase or the Berry phase, is based on the 

discoveries made by Pancharatnam in the 1960s. The spin-reversed scattered wave gains an 

additional phase factor when the planar resonator is rotated by an angle with respect to the 
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propagation direction. It was interpreted as a geometrical phase by Berry in the 1990s. Therefore, 

this PB phase can achieve 2π phase-change coverage by altering the orientation angle of the 

scatter. In Figure 2.18, Luo W. et al. used PB metasurfaces to transform the linearly polarised 

beam into two beams, the left circularly polarised beam and the right circularly polarised beam, 

respectively [24].    

 

Figure 2.18 Schematic of the 100%  efficiency photonic spin hall effect achieved by PB 

metasurfaces. The |𝑥⟩, |+⟩, |−⟩ represents the beams with linear polarisation, left 

circular polarisation, and right circular polarisation, respectively. [24] 

The Fabry-Pérot (FP) resonance approach uses high aspect ratio nano-pillars to create phase 

delay between meta-atoms, enabling the realisation of 2π phase-change coverage. These nano-

pillars, characterised by their different effective indices, act as truncated waveguides. Zhou Z. et 

al. proposed a metasurface-decorated beam deflector based on this approach, as illustrated in 

Figure 2.19.(a). By varying the cross-sectional radii of the meta-atoms, different effective indices 

are obtained (Figure 2.19.(b)). Since the effective index indicates the speed of the light, a phase 

change is introduced into the scatted light for each meta-atom. Therefore, the output light of the 

metasurfaces is deflected into a different angle, as shown in Figure 2.19.(c). In this case, the 

required aspect ratio is determined by the refractive index contrast of the materials. As an 

example, the crystalline silicon, used in this study [67], has a refractive index of 4.295 at 700 𝑛𝑚, 

the corresponding aspect ratio required to achieve 2π phase-change coverage is 2.68. While for 

the TiO2 material in Ref. [68], which has a refractive index of approximately 2.4 at 660 𝑛𝑚, the 

aspect ratio increases to 10 ~ 15. 
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Figure 2.19 Demonstration of a beam deflector using Fabry-Pérot resonance for achieving 2π 

phase-change coverage. (a) Schematic of a gradient metasurface that acts as a beam 

deflector. (b) Mode profile for each 220 - 𝑛𝑚 -thick crystalline-silicon post of the 

deflector showing the magnetic field amplitude in the 𝑥𝑧  plane at 532 𝑛𝑚. (c) The 

phase profile obtained by the metasurfaces results in a diffraction angle of 20.48°. 

The incident light is a plane wave below the substrate. [67] 

The Mie resonance approach [70-72], in contrast to the FP approach, can achieve full 2π 

phase-change coverage using meta-atoms with a small aspect ratio. These meta-atoms are 

described as Huygens source nano-antennas. As light is transmitted into the meta-atoms, it 

stimulates two types of resonance, which are the electric dipole of Mie resonance and the 

magnetic dipole of Mie resonance. Each of these resonances can introduce a π phase change. 

Therefore, by overlapping these two resonances, a 2π phase-change coverage is obtained. He F. 

et al. [73] utilised the Mie resonance to achieve output beam steering over an angular range of 9 

degrees, as illustrated in Figure 2.20.  
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Figure 2.20 Schematic diagram of a beam-steering metasurface using Mie resonance for 

obtaining 2π  phase-change coverage. It features an array of silicon nano-pillars 

positioned on a semi-infinite glass substrate. A phase gradient is established along 

the 𝑥 direction within the metasurfaces. The output beam can sweep by 9 degrees 

through controlling the two normal inputs. For clarity, the semi-infinite substrate is 

represented as a slab with no output into it [73]. 

2.2.2 Applications of Metasurfaces 

Metasurfaces have garnered considerable research interest across diverse fields owing to their 

ability to manipulate light behaviour using ultra-thin layers of sub-wavelength nanostructures. 

This has led to explorations across various domains, including beam deflectors, beam splitters, 

metalenses, mode converters, and metasurface holograms. 

2.2.2.1 Beam deflectors 

A beam deflector plays a crucial role in optical systems by altering the propagation direction of 

incident light beams, as illustrated in Figure 2.21.(a). Many metasurfaces designed with 2𝜋 phase 

coverage can fulfil this requirement effectively. However, achieving high diffraction efficiency and 

minimising light dispersion becomes a significant challenge when designing a beam deflector. 

Recently, a nearly dispersion-less multi-colour metasurface beam deflector was proposed, it had 

a diffraction efficiency exceeding 89% [74]. Metasurface-based beam deflectors can be utilised 

for motion detection or facial recognition. In Ref. [75], the authors proposed a 21 × 21 array of 

deflectors for bending the input light into 441  random points simultaneously. Capturing the 

changes of these 441 random points allows the movement of an object to be determined. 

Moreover, in Ref. [76], the authors integrated metasurfaces onto a waveguide, which is able to 

deflect the input mode at a consistent out-coupling angle when light is illuminated from two 

opposite directions.  
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2.2.2.2 Beam splitters 

A beam splitter can divide incident light into two or more beams, which has applications in optical 

and photonic systems, as illustrated in Figure 2.21.(b). One key functionality of a beam splitter is 

its ability to control the power distribution of the resulting beam. In Ref. [77], the authors 

demonstrated a metasurface-based beam splitter capable of not only reflecting the incident 

beam into two separate beams but also shifting the power ratio between these two beams by 

changing the incident angle. Another application of a metasurface beam splitter involves 

wavelength selection. In Ref. [78], a metasurface was demonstrated. The meta-atoms are viewed 

as truncated waveguides. Thus, when incident beams contain different wavelengths, each 

wavelength can be split into different angles, resulting in wavelength-dependent beam 

separation. Additionally, many studies have explored the polarisation-separation capabilities of 

beam splitters, referred to as polarisation correlation beam splitters. These beam splitters can 

effectively split beams based on their linear [79-81] or circular polarisation states [82-84]. All 

these functions make beam splitters useful in various areas, such as optical and photonic 

systems, optical communication systems, polarisation multiplexing systems, and polarisation 

imaging systems.  

2.2.2.3 Metalenses  

Metalenses, focusing light to a point (Figure 2.21.(c)), with their superior performance, advanced 

functionalities, and potential for integration with various optical elements, have attracted 

significant research attention. Conventional objective lenses often come with a bulky structure 

and complexity for integration. A common optical phenomenon when focusing light is called 

chromatic aberration. This phenomenon means that different colours fail to focus on the same 

focal point. Historically, other bulky optical components were employed to address this issue, 

leading to a complex and huge optical system. Nowadays, modern achromatic metalenses have 

emerged as a solution to this problem with an ultra-thin layer of nanostructures. Refs. [85, 86] 

proposed achromatic metalenses capable of providing consistent focal length for incident light 

across different wavelengths in the visible and terahertz regimes, respectively. These achromatic 

metalenses can find applications in various optical systems, such as microscopes, telescopes, 

and cameras.  Nevertheless, a metalens with chromatic aberration has an application in 

wavelength dispersion. Chen W. et al. designed an off-axis metalens that exploits wavelength 

dispersion to accurately resolve incident wavelengths [85]. To further enrich the functionality of 

metalenses, researchers have explored the incorporation of phase-change materials [87] and 

coherent control mechanisms [88]. These advancements enable metalenses to switch their focal 

points, offering greater flexibility and versatility in optical applications. 
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2.2.2.4 Mode converters 

To address the increasing demand for higher data capacity in optical communication and optical 

information processing, researchers have explored mode-division-multiplexing (MDM) 

technology. Within the MDM system, the mode converter is one of the vital elements. However, 

traditional mode converters suffer from drawbacks such as a large footprint, limited operation 

bandwidth, and relatively large insertion loss. Metasurfaces offer a promising solution to these 

challenges due to their remarkable ability to manipulate light in thin layers of subwavelength 

structures. In Ref. [89], Ohana et al. proposed a mode converter by placing metasurfaces on a 

1 𝜇𝑚 ×  220 𝑛𝑚 Si waveguide at 1550 𝑛𝑚. This converter achieved full conversion from 𝑇𝐸଴ to 

𝑇𝐸ଵ modes using a length of only around 20 𝜇𝑚, with transmission rates of approximately 88% 

compared to that of the unmodified waveguide. Moreover, using plasmonic metasurfaces can 

further enhance the performance. In Ref. [60], the conversion length could be reduced to only 1.7 

times the free-space wavelength when employing plasmonic metasurfaces, as illustrated in 

Figure 2.21.(d). 

2.2.2.5 Metasurface hologram 

Metasurface holograms offer several advantages over conventional photographs. Unlike regular 

photographs that only capture the intensity of light, holograms have the capability to record both 

the intensity and phase of light. This ability allows hologram images to appear as three-

dimensional images. Compared to conventional holograms, metasurface holograms still offer 

three advantages [90, 91]. Firstly, metasurfaces can provide unprecedented spatial resolution, 

resulting in holographic images with low noise and high precision in the reconstructed images. 

Secondly, the use of subwavelength nano-atoms eliminates undesired diffraction orders which 

improves the quality of hologram images and shrink down the size of devices. Lastly, metasurface 

holograms can be fabricated over large areas, allowing them to produce holographic images with 

large space-bandwidth products, which enables a wide range of applications.  
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Figure 2.21 Demonstrations of metasurface applications. (a) A beam deflector at visible 

wavelength [67]. (b) Schematic figure of a beam splitter [92]. (c) A metalens [93]. (d) 

Applying metasurfaces to waveguides for mode conversion [60]. (e-d) Reflective 

metasurfaces and transmissive metasurfaces for image projection [94, 95]. 

2.3 Silicon waveguide  

Due to its high refractive index, which is around 3.45 at 1550 𝑛𝑚 and 3.416 at 375 𝜇𝑚, silicon 

finds widespread applications in semiconductor devices, biosensing, and photonics. This 

property can reduce the aspect ratio of the scattering elements, as discussed in Section 2.2.1. 

Moreover, silicon, being the second most abundant element in the Earth’s crust and extensively 

researched for many years, has become the most widely used and cost-effective material for 

electronic devices. Silicon-on-insulator (SOI) wafers, featuring mature fabrication processes, are 

commonly available from various companies and laboratories. Because of these advantages, 

silicon is used as the key material in this thesis, facilitating a simple fabrication process for the 

proposed design. 

Before designing devices, material loss is a crucial factor to consider, as it can significantly 

impact the device’s efficiency, particularly for large devices. In Chapter 3, the infrared wavelength 
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of 1550 𝑛𝑚 is utilised. In Ref. [96], the authors proposed that a side wall smooth Si waveguide on 

an insulator exhibits propagation losses of 3.6 ± 0.2 𝑑𝐵/𝑐𝑚 for the fundamental TE mode. Given 

that our device occupies only a small area of a few hundred micrometres, the corresponding 

material loss is small enough to be neglected. Thus, the propagation loss was not considered in 

Chapter 3. However, in Chapter 4, where 𝑇𝐻𝑧 waves are employed, the devices occupy a larger 

area, up to a few hundred centimetres. Therefore, the propagation loss of those devices should 

be considered. This aspect will be discussed in detail in that chapter.  

2.3.1 Waveguide and its modes 

As an industrial standard, SOI wafers have a 220-𝑛𝑚-thick Si layer on top of a 2-𝜇𝑚-thick SiO2 

layer. The Si layer is used for patterning waveguides that support light propagating along the 

desired direction. Therefore, Si waveguides with a thickness of 220 𝑛𝑚 are discussed below for 

introducing waveguide properties and modes (how the light propagates in the waveguide).  

2.3.1.1 Waveguide 

Waveguides are structures designed to guide waves along a specific route with minimal loss. 

Typically, a waveguide consists of a core material, characterised by a high refractive index (𝑛௖௢௥௘) 

, and the core is surrounded by a cladding material with a low refractive index (𝑛௖௟௔ௗௗ௜௡௚), as 

plotted in Figure 2.22.  

 

Figure 2.22 Illustration of a common structure of a strip waveguide. The core material is 

surrounded by cladding material (𝑛௖௟௔ௗ < 𝑛௖௢௥௘). 

As Figure 2.23 illustrates, when incident light 𝐸௜  travels inside the waveguide and encounters 

the interface between two materials with different refractive indexes (𝑛ଵ < 𝑛ଶ), two phenomena 

occur: refraction (𝐸௧)  and reflection (𝐸௥) . Refraction can be explained by Snell’s law, which 

describes the relationship between the angle of incident light and the angle of refraction when 

waves pass through an interface between two materials with different refractive indices: 



Chapter 2 

48 

 𝑠𝑖𝑛𝜃ଶ

𝑠𝑖𝑛𝜃ଵ
=

𝑛ଵ

𝑛ଶ
 (2.22) 

When 𝑛ଵ < 𝑛ଶ, the angle of refraction (𝜃ଵ) is always larger than the angle of incident light (𝜃ଶ). 

From Snell’s law, it is easy to observe that if I continue raising 𝜃ଶ, 𝜃ଵ can reach 90°. This implies 

that there will be no refraction of light into the low-refractive-index material. Under this situation, 

all the light is reflected back into the high-refractive-index material, leading to total internal 

reflection. This is the reason why 𝑛௖௢௥௘  should be larger than 𝑛௖௟௔ௗ in the waveguide.  

 

Figure 2.23 Demonstrations of Snell’s law. (a) When the input light 𝐸௜  (black) hits the interface 

from the high-refractive-index material (𝑛ଶ) to the low-refractive-index material (𝑛ଵ), 

a part of the light will be refracted into the upper layer as light 𝐸௧  (green) at 𝜃ଵ , 

following Snell’s law. The rest of the light will reflect as light 𝐸௥  (red), at 𝜃ଶ. (b) Depicts 

how the incidence angle 𝜃ଶ  affects the refraction angle 𝜃ଵ . If I keep increasing 𝜃ଶ 

(larger than the critical angle, the red lines), the light will stop being refracted into the 

upper layer.  

Waveguides come in various structures, including the strip waveguide and the rib waveguide, 

both of which are used in this thesis. A strip waveguide has a structure that is a high-refractive-

index strip located on top of a planar structure, as illustrated in Figure 2.22. This kind of waveguide 

has strong light confinement, typically being surrounded by a low-refractive-index medium on 

three sides. On the other hand, a rib waveguide is similar to a strip waveguide but contains a slab 

at the bottom. According to Ref. [97], the thickness of the slab in a rib waveguide is often less than 

half the thickness of the top silicon layer to ensure single-mode propagation and eliminate the 

influence of high-order modes. In Chapter 3, the slab thickness is chosen to be 100 nm, as it helps 

to enhance the coupling efficiency of the ring resonator. This is essential for designing the 

integrated vortex beam emitter in Chapter 3.  
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Figure 2.24 Schematic of a rib waveguide. It contains a slab at the bottom of the waveguide.  

2.3.1.2 Waveguide Modes 

Waveguide modes are time-harmonic solutions to Maxwell’s equations that describe the 

transverse field pattern within a waveguide. These modes represent how the electromagnetic 

fields are distributed across the cross-section of the waveguide as EM waves propagate through 

it. To analyse waveguide modes and their properties, I have used simulation software called 

Lumerical. Lumerical is a leading commercial simulation software used for designing and 

optimizing photonic devices and integrated circuits. It contains various solvers to simulate 

various optical devices under different conditions. In this section, the finite-difference 

Eigenmode (FDE) solver is employed to analyse mode profiles, effective indices, and other 

relevant parameters.  

The refractive index of materials and the structure of a waveguide determine which types of 

modes are capable of propagating inside the waveguide. As Figure 2.25 illustrates, the black lines 

represent the structure profile, which contains a silicon waveguide placed on top of a SiO2 

substrate and surrounded by air on the other three surfaces.  

Each mode has a unique effective index, which is determined by the waveguide structure and 

mode order. The effective index 𝑛௘௙௙ can be calculated by:  

 
𝑘௫ = 𝑛௘௙௙

2𝜋

𝜆
 (2.23) 

where 𝑥  is the propagation direction, 𝑘௫  is the propagation constant, and 𝜆  is the light 

wavelength.  

The effective index indicates the phase delay per unit length in a waveguide, relative to the 

phase delay in vacuum. When the effective index falls within the range of refractive indices of the 

core material 𝑛௖௢௥௘  and the cladding material 𝑛௖௟௔ௗ  (i.e., 𝑛௖௢௥௘ > 𝑛௘௙௙ > 𝑛௖௟௔ௗ ,), the 

corresponding mode can be guided inside the waveguide. In this case, total internal reflection 

occurs, keeping the light confined inside the waveguide. A higher effective index corresponds to 
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a slower speed of light propagating in the waveguide. On the contrary, when 𝑛௘௙௙ < 𝑛௖௟௔ௗ, this 

mode is unguided, it results in light being refracted into the surrounding medium. 

Based on the polarisation of the propagating light, waveguide modes can be categorised into 

four main types of modes: transverse electromagnetic modes (𝑇𝐸𝑀), transverse electric modes 

(𝑇𝐸), transverse magnetic modes (𝑇𝑀), and hybrid modes. 𝑇𝐸𝑀 mode implies both the electric 

and magnetic vectors are orthogonal to the propagation direction. However, this mode cannot 

propagate in a rectangle waveguide because the magnetic field lines cannot form closed loops. 

𝑇𝐸 mode requires the electric vector to be perpendicular to the propagation direction, while 𝑇𝑀 

mode requires the magnetic vector to be vertical to the propagation direction. Hybrid mode has 

the property that both the electric and magnetic vectors are nonzero in the propagation direction. 

In the 2D waveguide simulations, perfect 𝑇𝐸 and 𝑇𝑀 modes do not exist [98]. Therefore, in the 

following analysis, 𝑇𝐸 and 𝑇𝑀 modes are actually quasi-𝑇𝐸 mode and quasi-𝑇𝑀 mode. The six 

figures in Figure 2.25 show the amplitude profiles of the fundamental 𝑇𝐸 and 𝑇𝑀 modes in the 

cross-section of a waveguide, which has a height of 220 𝑛𝑚  and a width of 500 𝑛𝑚. The 𝑇𝐸 

polarisation fractions of these two modes are 98% and 4%, respectively. The 𝑇𝐸  polarisation 

fraction is defined as the integration of the 𝐸௬  intensity divided by the integrated total field 

intensity in the 𝑦-𝑧 plane. This is the reason why, in Figure 2.25.(b), the 𝐸௬ component is relatively 

large and the 𝐸௭ component is relatively small in Figure 2.25.(c). For the 𝑇𝑀 mode, given that the 

𝑇𝐸  polarisation fraction is only 4% , the 𝐸௬  component is significantly smaller than the 

𝐸௭ component. However, it is worth knowing that these calculated 𝑇𝐸 and 𝑇𝑀 modes have the 

𝐻/𝐸 field in the direction of propagation. For the 𝑇𝐸 mode, the waveguide 𝑇𝐸/𝑇𝑀 fraction (the 

integrated transverse field intensity divided by the integrated total field intensity) is equal to 

72.8%, while the 𝑇𝑀 fraction of the 𝑇𝑀 mode is 86.46%.  
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Figure 2.25 Electric field amplitude profiles of the fundamental 𝑇𝐸  mode (𝑛௘௙௙ = 2.3803) and 

the fundamental 𝑇𝑀  mode (𝑛௘௙௙ = 1.607) . The black rectangle represents a 

500 𝑛𝑚 ×  220 𝑛𝑚 silicon waveguide on a 2-𝜇𝑚-thick SiO2substrate. The transverse 

field magnitude is normalised to 1 . 𝐸௫ , 𝐸௬ , 𝐸௭ are the three components of the 

electric field. For the simulated 𝑇𝐸 mode, the 𝑇𝐸 polarisation fraction is 98% and the 

waveguide 𝑇𝐸 fraction is 72.8%. As for the simulated 𝑇𝑀 mode, the 𝑇𝐸 polarisation 

fraction is 9% , and the waveguide 𝑇𝑀  fraction is 86.46%.  The 𝑇𝐸  polarisation 

fraction is defined as an integration of the 𝐸௬ intensity divided by the integrated total 

field intensity in the 𝑦-𝑧 plane. The 𝑇𝐸/𝑇𝑀 fraction of the waveguide is equal to the 

integrated transverse field intensity divided by the integrated total field intensity. For 

the 𝑇𝐸 mode, 𝐸௬ intensity is larger than 𝐸௭ intensity, as illustrated in (b) and (c). For 

the 𝑇𝑀 mode, 𝐸௬ intensity is smaller than 𝐸௭ intensity, as illustrated in (e) and (f).  

  

2.3.1.3 Waveguide structure design 

As previously discussed, when neglecting loss, only the guided wave can propagate inside the 

waveguide over long distances. Therefore, selecting the appropriate waveguide structure is 

essential because it determines the effective index of the guided mode. When designing a 

waveguide, it is recommended to choose a structure that exclusively supports one fundamental 

mode. This is because, apart from that fundamental mode, all the other modes will be refracted 
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into the cladding material, leaving only one guided mode in the waveguide. This feature is helpful 

for maintaining the waveguide to its original mode, especially for applications of information 

transmission. A parameter sweep was conducted on the waveguide width while maintaining a 

fixed height of 220 𝑛𝑚. The simulation focuses on the four largest effective indices as the width 

of the waveguide grows. The input wavelength was set at 1550 𝑛𝑚. Figure 2.26(a) illustrates the 

changes in the four largest effective indexes with an increasing width. It is observed that when the 

width of the waveguide reaches 500 𝑛𝑚, the waveguide only supports one quasi-𝑇𝐸 mode and 

one quasi-𝑇𝑀 mode. For a waveguide with a height of 220𝑛𝑚 and a width of 500 𝑛𝑚, the effective 

index (𝑛௘௙௙) of the corresponding fundamental 𝑇𝐸 mode equals 2.38.  

 

Figure 2.26 Numerically simulated mode properties. (a) The largest four 𝑛௘௙௙  values for width-

varying waveguides. (b) Corresponding TE polarisation fraction, obtained from the 𝐸௬ 

profile. There is a cut-off line, which equals the 𝑛௘௙௙ of the SiO2 substrate. Only when 

𝑛௘௙௙ > 1.444, the mode can be guided inside the Si waveguide. Otherwise, it is an 

unguided mode. The 𝑇𝐸଴ , 𝑇𝑀଴ , and 𝑇𝑀ଵ  modes cross the cut-off line at 𝑊 ≈

290 𝑛𝑚, 𝑊 ≈ 340 𝑛𝑚 and 𝑊 ≈ 600 𝑛𝑚, respectively. 

 

2.4 Silicon microring resonator 

The all-pass ring resonator is a key component discussed in this report. It comprises a strip 

waveguide and a ring waveguide. The fundamental characteristics of the ring resonator can be 

derived by applying a continuous wave (CW) to the input port. Assuming the reflections of the light 

from the ring waveguide are negligible, the field ratio of the transmitted light to the input light is 

given by [99] 

 𝐸௣௔௦௦

𝐸௜௡௣௨௧
= 𝑒௜(గାఊ)

𝑎 − 𝑟𝑒ି௜ఊ

1 − 𝑟𝑎𝑒௜ఊ
 (2.24) 
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where 𝛾 = 𝛽𝐿  is the single-pass phase shift, 𝐿  is the circumference of the ring, and 𝛽  is the 

propagation constant of the propagating mode. Here, 𝑎 is the amplitude of the light in the ring, 

and it accounts for the bending loss of the ring waveguide, the propagation loss of the material, 

and the loss in the coupling area. 𝑟 is the self-coupling coefficient. From Eq. (2.24), the intensity 

of transmission is obtained as [99]: 

 
𝑇 =

𝐼௣௔௦௦

𝐼௜௡௣௨௧
=

𝑎ଶ − 2𝑟𝑎 𝑐𝑜𝑠 𝛾 + 𝑟ଶ

1 − 2𝑟𝑎 𝑐𝑜𝑠 𝛾 + (𝑟𝑎)ଶ
 (2.25) 

A ring is considered to be in resonance when the phase 𝜙 is an integer multiple of 2𝜋 or when 

the wavelength of the light fits a whole number of times inside the optical length of the ring [99]: 

 
𝜆௥௘௦ =

𝑛௘௙௙𝐿

𝑚
 (2.26) 

where 𝑛௘௙௙  is the effective index of the propagating mode, λ୰ୣୱ  is the free-space resonance 

wavelength, and 𝑚 is an integer that describes the order of the whispering gallery mode (WGM).  

 

Figure 2.27 Demonstration of an all-pass ring resonator. (a) The top-down view of the all-pass 

ring resonator, consisting of an access waveguide and a ring waveguide [99]. (b) A 

model of transmission spectrum of an all-pass ring. (Modified figure from [99])  

The transmission spectrum is crucial for characterising the performance of the ring resonator. 

Figure 2.27 illustrates the general shape of the ring resonator. The transmission is extracted at 

the pass port. There is a transmission drop at resonance wavelengths. There are two parameters 

to characterise the performance of a ring resonator: the full width at the half wavelength (FWHM) 

and the free-spectral range (FSR), respectively. The FWHM of the resonance can be analytically 

expressed as follows [99]: 

 
𝐹𝑊𝐻𝑀 =

(1 − 𝑟𝑎)𝜆௥௘௦
ଶ

𝜋𝑛௚𝐿√𝑟𝑎
 (2.27) 

Additionally, with a first-order approximation of the dispersion, the FSR, which represents the 

wavelength span of two adjacent resonances, is given by [99]: 

 𝐹𝑆𝑅 =
𝜆ଶ

𝑛௚𝐿
 (2.28) 
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In both equations, 𝑛௚ is the group index related to the dispersion of the waveguide [99]: 

 𝑛௚ = 𝑛௘௙௙ − 𝜆଴

𝑑𝑛௘௙௙

𝑑𝜆
 (2.29) 

Similar to the effective index 𝑛௘௙௙, the group index also has the corresponding group velocity 

(𝑣௚ = 𝑐/𝑛௚). It characterises the dispersive medium (waveguide) and represents the travelling 

envelope velocity for a transmitted pulse. 

To design a ring resonator with desired properties, the key parameters are the radius of the ring 

resonator and the gap between the access waveguide and the ring waveguide. The ring radius 

affects the round-trip loss and bending loss, while the gap determines the access-ring power 

coupling ratio. These factors collectively determine the coupling regime. There are three coupling 

regimes used to describe the coupling efficiency:  overcoupling, critical coupling, and 

undercoupling, as illustrated in Figure 2.28. For a given structure of a ring waveguide, there exists 

a critical distance (𝑔௖௥௜௧) between the access and ring waveguide, where the transmission at the 

resonance is close to zero. This implies that most of the light from the input is coupled into the 

microring. It also has the property that at non-resonance wavelengths, most of the light doesn’t 

couple to the microring (i.e., the transmission is close to one). When the gap is lower than this 

critical gap, the ring resonator is over-coupled. The transmission at resonance is not close to zero, 

and the transmission is still quite high at the non-resonance wavelength. On the contrary, when 

the gap is higher than this critical gap, the ring resonator is under-coupled. In this case, a 

considerable amount of light is still remained in the pass port at resonance wavelengths. In both 

situations, the transmission at resonance wavelengths is higher than the critical point, which 

decreases the power intensity of the light circulating inside the ring resonator.   
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Figure 2.28 Illustration of three coupling regimes. When 𝑔 < 𝑔௖௥௜௧ , the ring resonator is 

overcoupling. When 𝑔 = 𝑔௖௥௜௧ , the ring resonator is in critical coupling. When 𝑔 >

𝑔௖௥௜௧, the ring resonator is undercoupling. (modified figures from [100])  
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Chapter 3 Asymmetric vortex beam emitter  

In the previous chapter, integrated microring emitters for vortex beam generation and 

metasurfaces were discussed. However, the hybridisation of these two concepts has not been 

discussed in the literature to the best of my knowledge. Therefore, in this chapter, a hybridisation 

of metasurface and integrated vortex beam emitter is presented, and it can be regarded as a new 

approach for integrated OAM generation. In this approach, vortex beam emission is achieved by 

using a microring resonator that possesses a metasurface phase gradient. As compared to the 

two original design approaches, this hybrid approach allows for wavelength-based OAM tuning 

(i.e., the output vortex beam changes its OAM value with wavelength), position-based OAM tuning 

(referring to the grating period of light scatterers), and nanostructure-based OAM tuning (with 

structure referring to that of light scatters, a gradient of which creates a gradient in the output 

phase). Only the first two functionalities are available in conventional meta-waveguides, while 

the last tuning functionality represents a new concept in the regime of passive microring emitters.  

A critical feature of this new design approach is symmetry breaking, which is introduced by the 

phase gradient. Symmetry breaking has profound importance in metasurface light manipulation. 

For example, a metasurface beam deflector can create a linear phase ramp that breaks the 

continuous rotational symmetry possessed by a planar surface. This symmetry breaking allows 

normal incident light to be deflected away from the surface normal [101, 102]. Another example 

is the photonic bound states in the continuum (BIC). A BIC state has to be converted into a quasi-

BIC state to facilitate its detection, and this often relies on breaking the geometric symmetry of 

the BIC metasurface [103, 104]. A third example is to use metasurfaces to break the continuous 

rotational symmetry of a planar surface into discrete rotational symmetry that has a specific 

order. This has enabled a range of linear and nonlinear processes, including vortex transmutation 

[105], nonlinear optical circular dichroism [106], and nonlinear wavefront control [107].  

The meta-device proposed here breaks a form of conjugate symmetry. In free-space vortex 

beam generation, the conjugate symmetry is associated with the geometric phase, and it forces 

right- and left-handed circular polarisation to generate symmetric OAM values (i.e., values that 

are identical in absolute value but opposite in sign). Ref. [108] reported for the first time a method 

based on metasurface J-plate to break the conjugate symmetry, which was subsequently used to 

develop OAM lasers [109]. For microring-based OAM emitters, the influence of the conjugate 

symmetry depends on whether the microring is an optically active device (i.e., a microring laser) 

or an optically passive device (i.e., a leaky waveguide antenna, the category that this work belongs 

to). In the former case, the conjugate symmetry again forces the OAM values to be symmetric. In 

order to generate nonzero net OAM, this symmetry must be broken, which has been realized 
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through methods such as introducing to the microring cavity a metasurface [110], an externally 

applied non-Hermitian coupling [111], or a slight shape deformation [112]. By comparison, in the 

latter case, where the microring contains no gain medium, the conjugate symmetry forces the 

OAM values to follow the direction of the WGM, which further follows the direction of the input 

light [4]. In these waveguide couplers, launching light into a microring in the opposite direction 

only changes the helicity of the output light; it has no influence on the absolute value of the OAM. 

As will be discussed in detail below, our device breaks the conjugate symmetry that constrains 

the OAM generation in conventional microring light couplers. It allows a single device to generate 

identical or very different outputs by simply changing the input mode direction, which has never 

been reported before in Si chip-based emitters, to the best of our knowledge. I refer to this type 

of OAM emission as asymmetric vortex beam emission. This phenomenon could be utilised in 

OAM multiplexing for high-capacity free-space optical communications [113, 114]. Moreover, it 

allows for both wavelength-based and direction-based OAM tuning to function simultaneously. 

This feature could be explored to generate highly sculpted electromagnetic fields for 

manipulating particles and cells in miniaturised optofluidic systems [115-118]. 

In the analysis below, the generic device layout and the governing formula are first discussed 

in Section 3.1. It is followed by a discussion on the properties of individual meta-atoms in Section 

3.2. An example device is then designed and analysed in detail, and the analysis includes the 

properties of in-plane transmission (Section 3.3) and off-chip emission at two representative 

wavelengths (Section 3.4and 3.5). Section 3.6 also contains a new method for extracting an OAM 

spectrum from a vector vortex beam. 

This work has been conducted with strong support from Wangke Yu, who is also a PhD student 

at the University of Southampton. She is an expert in OAM spectrum analysis. She has analysed 

the OAM components for each emitted electric field, and I have led all the other parts of the work. 

Most results in this chapter are presented in the journal paper: Jianzhi Huang*, Wangke Yu*, 

Hailong Pi, Yijie Shen, Jize Yan, and Xu Fang "Asymmetric vortex beam emission from a 

metasurface-integrated microring with broken conjugate symmetry." Optics Express 31.25 

(2023): 42549-42561.  
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3.1 Design schematic of the emitter 

 

Figure 3.1 Schematic diagram of the metasurface-integrated microring vortex beam emitter. (a) 

The emitter consists of a Si microring resonator evanescently coupled to a straight Si 

bus waveguide. A Si nanopillar-based phase gradient metasurface resides on top of 

the Si microring, and the metasurface and the microring are separated by a thin layer 

of SiO2. The input light, which propagates in either the +𝑥 or the −𝑥 direction along 

the bus waveguide, can excite a WGM resonance inside the microring. The 

metasurface converts the WGM into a vertically propagating vortex beam that carries 

OAM. (b) The WGM can propagate in either the clockwise direction (the red curved 

arrow) or the counter-clockwise direction (the blue curved arrow), depending on the 

direction of the incident light. By comparison, the intrinsic phase gradient of a 

metasurface super unit cell (the black curved arrow and the dashed box) stays 

invariant. (c) The metasurface phase gradient breaks conjugate symmetry and 

generates a phenomenon that I refer to as asymmetric vortex beam emission. 

Comparing to the conventional emitter, it allows the +𝑥 and the −𝑥 incident lights to 

generate two different sets of OAM values. Two possible output scenarios are 

illustrated here, where the two inputs, which have an identical wavelength, can 

generate identical or very different outputs. 

Figure 3.1 schematically illustrates the proposed metasurface-integrated microring vortex beam 

emitter. The meta-device utilises the silicon-on-insulator (SOI) platform, which is adopted in a 

plethora of areas, including photonic crystals [119, 120], metasurfaces [121, 122], 

optomechanics [123, 124], and photonic integrated circuits [125, 126]. The meta-device consists 

of a Si microring resonator and a straight Si bus waveguide [Figure 3.1.(a)]. The microring is 

decorated on top with many uniformly distributed Si nanopillars, with a SiO2 buffer layer inserted 

between the microring and the nanopillars. The nanopillars have a fixed height but vary in cross 
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section, and together they function as a phase gradient metasurface. When the microring is 

driven at a resonance wavelength, a WGM forms inside the microring, which propagates either in 

the clockwise direction [Figure 3.1.(b), for input that propagates in the +𝑥 direction in the bus 

waveguide] or the counter-clockwise direction (for input in the −𝑥  direction). Through light 

scattering induced by the nanopillars, the metasurface extracts energy from the WGM and 

generates an OAM beam that propagates in the vertical direction (i.e., the +𝑧 direction) [Figure 

3.1.(a)]. 

The meta-device possesses a metasurface-induced phase gradient [Figure 3.1.(b)]. In 

conventional passive microring vortex beam emitters [4, 29, 46, 127-129] that do not possess 

such a gradient, the topological charge 𝑙 of the output vortex beam follows the angular phase-

matching condition [4] and can be expressed as 

 𝑙 = ±(𝑚 − 𝑞) (3.1) 

Here, 𝑚  is the azimuthal order (i.e., the cycle number) of the WGM, and 𝑞  is the element 

number of the angular grating (e.g., the number of holes in our recent work in Ref. [46]). The 

propagation direction (clockwise or counter-clockwise) of the WGM determines the sign of the 

topological charge but has no effect on its absolute value. A schematic transmission spectrum 

of a conventional passive microring vortex beam emitter is plotted in Figure 3.2. There are three 

sharp resonances. Assuming the centre resonance is when 𝑙 = 0. Because the grating elements 

remain the same and the WGMs have different azimuthal orders, the OAM states of these three 

resonances can be derived from Eq. (3.1), labelled in Figure 3.2.  

 

Figure 3.2 Schematic transmission spectrum of a conventional passive microring vortex beam 

emitter. 40 identical pillars located on top of microring. Three resonances are shown 

from 1550 𝑛𝑚  to 1650 𝑛𝑚. When the input mode is luminated along the +x or -x 

direction, the estimated topological charge at each resonance wavelength is labelled 

near the sharp dips (following Eq. (3.1)). Blue numbers indicate the input light is along 

the +x direction, while red numbers indicate the -x direction. The topological charge 

𝑙 = 0 corresponds to the centre resonance.  
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To modify Eq. (3.1) for the phase gradient microring shown in Figure 3.1, I first interpret Eq. (3.1) 

by considering the phase difference 𝛼 between adjacent light scatterers on a microring. For all 

passive microring OAM emitters, including both the conventional ones and the new type 

proposed here, the topological charge 𝑙 of their OAM beam is always the number of optical cycles 

around the beam axis. By projecting these optical cycles onto the light source (i.e., the light 

scatterers along a microring), we can see that 𝑙 = 𝑞 ∙ 𝛼/(2π), where 2𝜋  represents the whole 

microring. By replacing a conventional angular grating (e.g., a set of identical holes in Ref. [46]) 

with a phase gradient metasurface [e.g., a set of different Si nanopillars as shown in Figure 

3.1.(a)], I introduce a new contribution to the phase difference 𝛼. This new contribution is the 

intrinsic phase difference 𝜃 between adjacent nanopillars. Here, the term intrinsic implies that a 

phase difference can exist in light scattering, even if two nanopillars are excited at the same 

conditions, which is studied below in Figure 3.3. I can consequently arrive at a generic expression 

for the topological charge 𝑙 , which encompasses both the conventional passive microring 

emitters and the meta-devices studied here: 

 𝑙 = ±(𝑚 − 𝑞) + 𝑛 (3.2) 

Here, 𝑛 = 𝑞 ∙ 𝜃/(2π) , and it is the contribution of the phase gradient metasurface. For a 

conventional microring emitter, 𝜃 = 0  and Eq. (3.2) reduces to Eq. (3.1). The sign of 𝑛  is 

independent of the rotation direction of the WGM and the direction of the input light because it 

originates from the intrinsic phase gradient of the metasurface [Figure 3.1.(b)].  

The extra term 𝑛 in Eq. (3.2) provides an extra degree of freedom for controlling the topological 

charge 𝑙  in microring-based vortex beam emission. More importantly, it breaks the conjugate 

symmetry that exists in Eq. (3.1). Eq. (3.1) forces 𝑙ା௫ and 𝑙ି௫, the respective topological charge 

under the +𝑥 and −𝑥 inputs, to always follow 𝑙ା௫ + 𝑙ି௫ = 0, as illustrated in Figure 3.2. It implies 

that flipping the input direction always results in flipping the helical wavefront of the vortex beam. 

By comparison, the new term of 𝑛 in Eq. (3.2) does not change its sign with the input direction. 

This leads to 𝑙ା௫ + 𝑙ି௫ ≠ 0 , meaning that the conjugate symmetry between the +𝑥  and −𝑥 

configurations is broken, for nonzero values of 𝑛. The values of 𝑙ା௫ and 𝑙ି௫ become independent 

of each other, because 𝑛 is a parameter that can be adjusted independently from the value of 

𝑚 − 𝑞 . I consequently refer to vortex beam emission that obeys 𝑙ା௫ + 𝑙ି௫ = 0  as symmetric 

vortex beam emission, and cases that follow 𝑙ା௫ + 𝑙ି௫ ≠ 0 as asymmetric vortex beam emission. 

However, it is important to clarify that this independence exists only at the design stage. Once the 

device is fabricated, the relative differences between the two sets of OAM values become fixed. 

In the following sections, I numerically demonstrate the phenomenon of asymmetric vortex beam 

emission, by showing first a unique case where 𝑙ା௫ = 𝑙ି௫ = −8 (Section 3.4) and then a more 

general case where 𝑙ା௫ = −9 and 𝑙ି௫ = −7 (Section 3.5). 



Chapter 3 

61 

3.2 Properties of individual meta-atoms  

The metasurface is designed following a standard intuition-guided procedure [130], where a large 

number of different meta-atoms are characterized individually as the first step [Figure 3.3].Figure 

3.3.(a) is the schematic of a single meta-atom, which consists of a Si nanopillar and a Si rib 

waveguide that are separated by a thin layer of SiO2. The SiO2 buffer layer is included here to 

suppress the strength of the evanescent coupling between the nanopillar and the waveguide [76, 

131]. Beneath the Si waveguide, a SiO2 BOX (buried oxide) layer optically isolates the waveguide 

from the Si substrate [not depicted in Figure 3.3.(a)]. 

 

Figure 3.3 Optical properties of individual meta-atoms. (a) Schematic of a meta-atom, which 

from the top consists of a Si nanopillar (1240 𝑛𝑚  in height), a SiO2 spacer layer 

(150 𝑛𝑚 in thickness), and a Si rib waveguide (220 𝑛𝑚 in core thickness and 100 𝑛𝑚 

for the rib). The whole meta-atom is on top of a SiO2 buried oxide layer (not depicted). 

The schematic is not drawn to scale. (b-d) Optical properties simulated for a library 

of meta-atoms, with the free-space wavelength 𝜆଴ taking a representative value of 

1600 𝑛𝑚. All the meta-atoms have an elliptical cross section in the 𝑥𝑦 plane, and the 

principal semi-axis dimensions 𝑅௫  and 𝑅௬ are tuned from 50 to 250 𝑛𝑚 at a step of 

4 𝑛𝑚. (b) Phase of off-chip light scattering, normalised with respect to the phase of 

the input light. The values are taken at a height of approximately 2.5 𝜇𝑚 above the 

centre of the bottom surface of each nanopillar. (c) Corresponding emission power 

of meta-atoms normalised against that of the input light. The values are taken at the 
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same height and from an integration window of 12 𝜇𝑚 by 4 𝜇𝑚. (c) Residual power 

that remains confined in the waveguide, taken at the exit 𝑦𝑧 plane of the waveguide 

and normalised against that of the input. 

Figure 3.3.(b-d) show the numerically simulated electromagnetic properties of a large group 

of meta-atoms, covering the phase of the light scattered into free space [Figure 3.3.(b)], its 

emission power [Figure 3.3.(c)], and the power of the transmitted light that remains confined in 

the waveguide [Figure 3.3.(d)]. The simulation was conducted using a commercial finite-

difference time-domain solver (FDTD Solutions, Lumerical). Here, the free-space wavelength 𝜆଴ 

of the input light was 1600 𝑛𝑚. As seen in Figure 3.4 below, it was the peak wavelength of a WGM 

resonance, as well as the central wavelength of the whole spectrum investigated here (from 

1550 𝑛𝑚  to 1650 𝑛𝑚 ). The refractive indices of Si and SiO2 were set as 3.476  and 1.444 , 

respectively [132]. In each meta-atom, the rib Si waveguide had a core thickness of 220 𝑛𝑚, a 

core width of 500 𝑛𝑚, and a slab thickness of 100 𝑛𝑚 [Figure 3.3.(a)]. The SiO2 buffer layer above 

the core had a thickness of 150 𝑛𝑚, and the nanopillar further above had a height of 1240 𝑛𝑚. 

The waveguide was in single mode, and the fundamental 𝑇𝐸 mode was used as the input for all 

the analysis in this work. All the nanopillars had an elliptical cross section in the 𝑥𝑦 plane, and 

they differed in their principal semi-axis dimensions 𝑅௫  and 𝑅௬. One of the principal axes was 

always along the waveguide [i.e., the 𝑥-axis in Figure 3.3.(a)], creating a mirror symmetry with 

respect to the vertical 𝑥𝑧  plane in all the meta-atoms. This mirror symmetry eliminated 

polarisation rotation in the light scattering and simplified the analysis. It is worth noting that, 

although the waveguide shown in Figure 3.3.(a) later constitutes a curved segment of a microring, 

it is treated as straight at this step of analysis. This is a good approximation, considering the large 

contrast in length between an individual meta-atom (0.63 µ𝑚) and the circumference of the 

microring (25.13 µ𝑚 along its centre). 

The phase of the output light [Figure 3.3.(b)] is the most important parameter to consider in the 

metasurface design. Here, 𝑅௫  and 𝑅௬  are tuned independently from 50 to 250 𝑛𝑚 at a step of 

4 𝑛𝑚, creating a total of 51 ×  51 =  2601 meta-atoms for selection. The phase values are taken 

at approximately 2.5 𝜇𝑚 above the bottom plane of the nanopillars. They are with respect to the 

input, which is launched into the waveguide 5 𝜇𝑚 before the centre of the meta-atom. The phase 

map possesses these three main features: (1) it provides the full 2𝜋  phase coverage; (2) it 

consists of multiple curved bands; (3) it is roughly symmetric with respect to the diagonal line that 

connects the smallest nanopillar ( 𝑅௫ = 𝑅௬ = 50 nm ) and the largest nanopillar ( 𝑅௫ = 𝑅௬ =

250 nm). These features have been observed recently in Si nanopillars that are in direct contact 

with a strip waveguide [76]. I can consequently draw the same conclusion here, that the output 

phase seen in Figure 3.3.(b) is dominated by phase accumulated in propagation. 
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In addition to the output phase, the emission power [Figure 3.3.(c)] and the residual power 

[Figure 3.3.(d)] are another two important parameters for meta-atom selection. Different from 

metasurfaces that function under the illumination of freely propagating light, the metasurface 

here is driven by a WGM, which can easily be disturbed by the light scattering of meta-atoms. For 

the results of Figure 3.3.(b) to serve as a good lookup table [130] to predict the device output 

wavefront, this disturbance has to be at a small level. To monitor this disturbance, I have 

simulated not only the emission power of individual meta-atoms [Figure 3.3.(c)] but also the 

power that remains in the waveguide [Figure 3.3.(d)]. The values of the former are extracted at the 

same 𝑥𝑦 plane used for Figure 3.3.(b), by integrating the power outflow within a rectangular area 

of 12 µ𝑚 by 4µ𝑚. For the residual power shown in Figure 3.3.(d), the integration is conducted at 

the exit 𝑦𝑧 plane, which is 5 µ𝑚 behind the central axis of the nanopillar. 

Both Figure 3.3.(c) and 3.3.(d) show that the nanopillar-induced mode perturbation is overall 

very weak. After normalisation against the input power, slightly more than 95% of nanopillars 

have a scattering efficiency below 1% [Figure 3.3.(c)] and a residual efficiency above 95% [Figure 

3.3.(d)]. These nanopillars are considered to have a weak perturbation to the waveguide mode 

(consequently, a weak perturbation to the WGM in a microring). This weak perturbation benefits 

from the use of the SiO2 buffer layer, which can regulate the strength of the evanescent coupling 

between the Si waveguide and the Si nanopillars. Its thickness is chosen as 150 𝑛𝑚 here, as a 

result of balancing the WGM mode integrity against the output efficiency in the meta-device.  

3.3 In-plane transmission of the meta-device  

Here, an example device is designed based on the results of the previous section. Because the 

radius of the microring is 4 𝜇𝑚, and the effective index is 2.56, the WGM at 1600 𝑛𝑚 has 𝑚 = 40 

based on Eq. (2.26). Therefore, when 40 nanopillars are placed uniformly along the waveguide, 

the topological charge at 1600 𝑛𝑚 equals the number of super unit cells. These 40 nanopillars 

are divided into eight repeating super unit cells, with each super unit cell containing five different 

nanopillars. The properties of all the meta-atoms in a super unit cell are listed in Table 3-1. The 

residual efficiency of these 5 nanopillars are over 98%, and the emission efficiency for each pillar 

is around 0.2%. The gap between the access waveguide and microring is set to be 50 𝑛𝑚. This 

value facilitates critical coupling and can be fabricated following standard nanofabrication 

procedures. 
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Table 3-1 Properties of all five meta-atoms in a super unit cell for 1600 𝑛𝑚 wavelength 

Number of pillars #1 #2 #3 #4 #5 

𝑅௫  (𝑛𝑚) 114 114 134 70 126 

𝑅௬ (𝑛𝑚) 222 246 246 226 182 

Emission phase (rad) 4.7881 6.2650 0.7080 2.5843 3.5752 

Emission efficiency 0.24%. 0.29%. 0.26%. 0.17%. 0.24%. 

Residual efficiency 99.35%. 98.77% 99.25% 99.60% 99.43% 

Figure 3.4 shows the in-plane transmission of the example meta-device. The intrinsic phase 

difference 𝜃  between adjacent nanopillars is approximately 2𝜋/5 , resulting in a linear phase 

ramp along the microring that takes the value of 𝑛 = −8. 

 

Figure 3.4 Transmission of the example meta-device. The spectrum is independent of the input 

direction, which is along either +𝑥 or −𝑥. Nevertheless, the OAM value of the vortex 

beam is direction dependent. At the three resonance wavelengths of 1574, 1600, and 

1627 nm, its value is −9, −8, and −7 (labelled in red), respectively, under the +𝑥 

input. Under the opposite input, the values are instead −7, −8, and −9 (labelled in 

blue). 

The transmission spectrum shown in Figure 3.4 is invariant with incident direction, with the 

meta-device being a time-independent linear system that obeys the Lorentz reciprocity theorem. 

It features three sharp dips at 1574 𝑛𝑚, 1600 𝑛𝑚, and 1627 𝑛𝑚. Each dip is associated with a 

WGM inside the microring. The values of the azimuthal order 𝑚 are 41, 40, and 39, which are 

obtained by counting the optical cycles inside the microring. Note that the value of 𝑞 in Eq. (3.1) 

is wavelength independent and stays 40. 

Interestingly, although they produce identical transmission spectra, the +𝑥 incident light and 

the −𝑥 incident light differ in their vertical emission. By using Eq. (3.2), the values of 𝑙ା௫ (i.e., the 
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topological charge under the +𝑥  incidence) and 𝑙ି௫  (i.e., that under the −𝑥  incidence) are 

calculated for each WGM and specified in Figure 3.4. For the resonances at 1574 𝑛𝑚, 1600 𝑛𝑚, 

and 1627 𝑛𝑚, 𝑙ା௫  is −9, −8, and −7, respectively, while 𝑙ି௫  is −7, −8, and −9, respectively. 

Asymmetric emission, defined above as 𝑙ା௫ + 𝑙ି௫ ≠ 0, is observed at all these three resonance 

wavelengths. It is worth highlighting that this result does not violate the Lorentz reciprocity 

theorem, because reversing the input direction here does not constitute a swap between input 

and output. 

3.4 Whispering gallery mode and vortex beams at 1600 nm 

In this section, I select one of the three WGM resonances, which has a free-space wavelength 𝜆଴ 

of 1600 nm, and study it in detail (Figure 3.5). Figure 3.5.(a) and 3.5.(b) show the field confinement 

of the bus waveguide and the microring. For both the +𝑥 and the −𝑥 inputs, most of the input light 

is coupled into the microring, building up a strong WGM resonance. Due to this strong coupling, 

the residual field that remains inside the bus waveguide behind the microring is very weak, which 

is congruent with the transmission dip seen in Figure 3.4. We can see that Figure 3.5.(a) and 

3.5.(b) are almost mirror images of each other with respect to the vertical 𝑦𝑧 plane. 

Interestingly, the mirror symmetry of the near field [Figure 3.5.(a) and 3.5.(b)] is not transferred 

to the emission into the far field [Figure 3.5.(c) and 3.5.(d)]. Instead of being a pair of mirror 

images, the two output waves are closer to being identical copies. They both possess eight-fold 

rotational symmetry to a good degree, and for both of them the vortex spirals in a clockwise 

direction towards its centre. This leads to 𝑙ା௫ = 𝑙ି௫ = −8. The sign here can also be verified by 

tracing the evolution of the electric field along the beam axis [127]. Relatively small differences 

exist between Figure 3.5.(c) and 3.5.(d), and they are attributed to factors such as small 

fluctuations in the output phase gradient and the output power among the meta-atoms. The 

device output efficiency, defined as the power ratio of the output vortex beam and the input 

guided mode, is 11.0% and 10.9% for the +𝑥 and the −𝑥 incidence, respectively. 
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Figure 3.5 Properties of the meta-device at a representative WGM resonance wavelength of 

1600 nm. (a, b) The radially polarised electric field 𝐸௥  inside the microring at (a) the 

+𝑥 incidence and (b) the −𝑥 incidence. The field is taken at the middle height of the 

Si waveguide. (c, d) The corresponding 𝐸௥  field above the microring at (c) the +𝑥 

incidence and (d) the −𝑥 incidence. The field is taken at 8 µm above the top of the Si 

waveguide. All four panels are the top view. Each panel is normalised against its 

respective peak value. 

This observation of 𝑙ା௫ = 𝑙ି௫ = −8 at 1600 nm can be interpreted by using Eq. (3.2). The order 

of the WGM inside the microring, which can be identified in Figure 3.5.(a) and 3.5.(b), is identical 

to the number of nanopillars on top of the microring, i.e., 𝑚 = 𝑞 = 40, at this wavelength. Eq. (3.2) 

consequently gives 𝑙ା௫ = 𝑙ି௫ = 𝑛 = −8 , which fits well with the numerical results shown in 

Figure 3.5.(c) and 3.5.(d). Similar verification of Eq. (3.2) is also conducted for the two other WGM 

wavelengths (i.e., 1574 𝑛𝑚 and 1627 𝑛𝑚), and the analytical results all fit with the numerical 

ones, illustrated in Figure 3.6. 
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Figure 3.6 The 𝐸௥  fields of the vortex beam emitted by the meta-device, at (a) 1574 nm under the 

+𝑥  incidence, (b) 1574 𝑛𝑚  under the −𝑥  incidence, (c) 1627 𝑛𝑚  under the +𝑥 

incidence, and (d) 1627 𝑛𝑚 under the −𝑥 incidence. The field is taken at 8 µ𝑚 above 

the top of the Si waveguide. All four panels are the top view. Each panel is normalised 

against its respective peak value. 

3.5 Vortex beam mode analysis  

I notice that mode purity, a property critical for many potential applications such as free-space 

optical communications, is seldom analysed in the literature on integrated OAM generation. The 

OAM beam emitted by the meta-device discussed here is a vector vortex beam. A vector vortex 

beam is a kind of structured light that possesses not only OAM but also spatially inhomogeneous 

states of polarisation [133, 134], and this full-vector feature makes mode purity analysis even 

more challenging. To provide insight on this challenge, I present in this section a method of mode 

purity analysis and conduct calculations for the WGM wavelength of 1574 𝑛𝑚 as an example 

(Figure 3.7). 
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Figure 3.7 Mode analysis for the output vortex beam. The wavelength is 1574 𝑛𝑚, another WGM 

resonance wavelength that is different from Figure 3.5. (a) Intensity distribution of the 

output under the +𝑥 incidence, overlaid with the polarisation distribution. The map 

shows the hemisphere, where every point is one metre away radially from the device. 

At locations that have a strong local intensity, the polarisation is dominantly in the 

azimuthal direction. It can possess a small degree of ellipticity, which is expressed 

by using the red colour (for the right-handed rotation, defined from the point of view 

of the receiver) and the black colour (for the opposite handedness). (b) 

Corresponding intensity and field distribution for an ideal device, obtained by 

modelling all the meta-atoms as infinitesimal electric dipoles. (c) The OAM spectrum 

extracted from panel (a), utilizing only the azimuthal component of its electric field. 

(d-f) Corresponding results for the −𝑥  input, showing (d) the intensity and the 

polarisation distribution of the meta-device, (e) the distributions of an ideal device, 

and (f) the OAM spectrum extracted from the azimuthal field of the panel (d). 

The first step of the method is to identify the dominant polarisation component in the output. 

Figure 3.7.(a) shows the output at one metre away from the meta-device. Its intensity distribution 

has roughly a ring shape but lacks continuous rotational symmetry, which indicates that the OAM 

carried by the beam has a spectrum rather than a single value (an example of similar features can 

be found in the interference patterns shown in Ref. [135]). The polarisation of the output changes 

in both ellipticity and direction with location. It is dominantly along the azimuthal direction at 

locations that bear significant intensity. As a reference, I have used the dipole modelling, where 
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each meta-atom is approximated with an infinitesimal electric dipole [46], to predict the ideal 

output beam, which is plotted in Figure 3.7.(b). The differences between Figure 3.7.(a) and 3.7.(b) 

are attributed to the deviation of the meta-atoms from the ideal electric dipoles, which appear as 

a small but finite fluctuation in their output phase and output strength. The cause of the 

fluctuation is that the phase and emission efficiency of nanopillars in a super unit cell have some 

error compared to the ideal case, as listed in Table 3-1. The emission efficiencies of nanopillars 

are not the same, and the phase difference between two adjacent nanopillars is not exactly 

(2𝜋)/5, as illustrated in Figure 3.9. Another reason for this fluctuation is that the nanopillar is 

selected for the input wavelength of 1600 𝑛𝑚 . Figure 3.8 illustrates the properties of the 

nanopillars at three different wavelengths. There are some recognisable differences about the 

phase and emission intensity among these three wavelengths.  

 

Figure 3.8 Optical properties of individual meta-atoms at different wavelengths ( 1550 𝑛𝑚 , 

1600 𝑛𝑚, and 1650 𝑛𝑚). Optical properties were simulated for a library of meta-

atoms. All the meta-atoms have an elliptical cross section in the 𝑥𝑦 plane, and the 

principal semi-axis dimensions 𝑅௫  and 𝑅௬ are tuned from 50 to 250 𝑛𝑚 at a step of 

4 𝑛𝑚. (a) Phase of off-chip light scattering at different wavelengths, normalised with 

respect to the phase of the input light. The values are taken at a height of 

approximately 2.5 𝜇𝑚 above the centre of the bottom surface of each nanopillar. (b) 

Corresponding emitted power at different wavelengths, normalised against the 

maximum value in each map. The values are taken at the same height and from an 

integration window of 12 𝜇𝑚 by 4 𝜇𝑚.  
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Figure 3.9 Comparison between the phase gradient obtained from simulations and the ideal 

phase gradient at 1600 𝑛𝑚 wavelength. The phases of those 5 nanopillars increases 

from 0 to 2𝜋. 

As Figure 3.7 reveals the existence of a single dominant field component, we can approximate 

the vector vortex beam with a scalar vortex beam. This scalar vortex beam retains the intensity 

distribution of the original vector vortex beam. The spatial dependence of its phase is also the 

same as that of the azimuthal component in Figure 3.7.(b). It nevertheless has an identical state 

of polarisation across the plane (hence a scalar vortex beam). This scalar vortex beam 𝐸 can then 

be considered as a weighted superposition of the standard Laguerre-Gaussian modes 𝐿𝐺௟(𝑟, 𝜑) 

 𝐸 = ෍ 𝐶௟

௟

 𝐿𝐺௟(𝑟, 𝜑) (3.3) 

where 𝑟 and 𝜑 are the axial distance and the azimuthal angle of the cylindrical coordinate system, 

respectively. In this mode decomposition, only the Laguerre-Gaussian modes that have a zero 

radial index are considered [127], based on the intensity distribution of Figure 3.7.(a). Figure 

3.7.(c) shows the spectrum of the weight |𝐶௟|ଶ  for a broad range of 𝑙  (equivalently 𝑙ା௫ , as the 

incident direction is +𝑥 here) from −30 to 30. The dominant component is 𝑙ା௫ = −9, which has a 

weight of 71%. This mode analysis method is then applied to the output under the −𝑥 incidence 

[Figure 3.7.(d), with the ideal output also provided as Figure 3.7.(e) for comparison], and the 

extracted OAM spectrum is shown in Figure 3.7.(f). The dominant component is 𝑙ି௫ = −7, which 

has a weight of 74% . Both the dominant 𝑙ା௫  and 𝑙ି௫  are the same as the analytical values 

predicted in Figure 3.4. 

To further verify this method of OAM spectrum analysis, we deliberately pick a different 

component of the output electric field and repeat the analysis. The component used for the 

verification is the radial electric field, which is orthogonal to the azimuthal component used for 
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Figure 3.7. The OAM spectra obtained from the analysis are plotted in Figure 3.10. Under the +𝑥 

incidence, 𝑙ା௫ = −9  is the dominant component and has a weight of 70% . Under the −𝑥 

incidence, 𝑙ି௫ = −7 is the dominant component and has a weight of 74%. As compared to Figure 

3.7, this analysis produces identical values of the dominant 𝑙ା௫  and 𝑙ି௫ , as well as almost 

identical values of their weights. These results further verify the validity of our method. 

 

Figure 3.10 The OAM spectra of the emitted field at 1574 𝑛𝑚, obtained by analysing the radial 

component of the output electric field, as opposed to the azimuthal component used 

in Figure 3.7. The incident light is along (a) the +𝑥 direction and (b) the −𝑥 direction. 

The dominant term of both spectra is (i.e., −9 and −7) is identical to that of Figure 

3.7, confirming the validity of our mode decomposition method.   

Before concluding this work, it is worth discussing the use of the OAM spectrum analysis that 

we have developed here. In principle, the analysis can be applied to each constituent polarization 

component of a vector vortex beam, as shown above. Nevertheless, these factors need to be 

considered when applying this analysis. (1) The dominant component will provide the highest 

numerical accuracy. (2) Information of both the intensity distribution and the polarisation 

distribution is needed to identify the dominant component, as shown in Figure 3.7. (3) Thanks to 

the linearity of Maxwell’s equations, a vector vortex beam is allowed to carry different OAM values 

in its different constituent components. For such kind of complicated electromagnetic fields, our 

analysis will generate a set of distinct OAM spectra, each revealing a specific aspect of the 

original field. 

3.6 Conclusion  

To conclude, I have proposed and numerically demonstrated a new approach for integrated 

vortex beam emission. This new approach hybridises two prominent existing approaches, which 

are based respectively on metasurfaces and angular grating-decorated microrings. In the 

example device discussed in detail here, this approach is realized by positioning a Si pillar-based 

metasurface on top of a Si microring resonator. Because the metasurface phase gradient is 
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intrinsic and does not switch with the direction of the input light, the conjugate symmetry that is 

intrinsic to conventional microring emitters is broken here. The rotation direction of the source 

(i.e., the circulation of the WGM inside the microring) and that of the output (i.e., the helicity of 

the vortex beam) are no longer coupled. This is a new phenomenon that I refer to as asymmetric 

vortex beam emission. It allows for a single device to produce two independent sets of OAM 

values, with each value accessible via a unique combination of wavelength and input direction. 

This feature represents a new capability for integrated OAM emissions. It is however worth 

clarifying that, this independence exists only at the design stage. Once a device is fabricated, the 

relative differences between the two sets of the OAM values will be fixed. 

In addition to demonstrating this new design approach, my teammate Wangke has also 

developed here a new analytical method that allows for the extraction of an OAM spectrum from 

a vector vortex beam. The method is based on approximating the vector vortex beam as a scalar 

vortex beam and subsequently using this scalar vortex beam to conduct mode decomposition. 

The results match well with both the analytical prediction and the simulated field maps. I believe 

both the hybridised design approach and the OAM spectrum analysis method presented here 

could significantly benefit future studies on integrated vortex beam emission. 
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Chapter 4 THz vortex beam emitter 

Metasurfaces enable a high level of control over electromagnetic waves across a broad frequency 

range that extends from 𝐺𝐻𝑧  to the ultraviolet [136-140]. By imparting a judiciously designed 

change to the wavefront of these waves, metasurfaces can deflect a light beam towards a 

designated direction [67, 73], and focus it into a diffraction-limited spot [141, 142] or along a 

narrow line [116, 143]. It can also convert a simple optical mode (e.g., a linearly polarised plane 

wave or a fundamental 𝑇𝐸 mode inside a waveguide) to a far more complicated mode, such as 

an optical vortex with orbital angular momentum [110, 144] and a hologram that transforms with 

wavelength [145, 146]. In each of these cases, the key to wavefront shaping has always been 

considered as identifying a set of meta-atoms (i.e., unit cells of light scatterers) that differ in 

output phase [147]. For example, in all-dielectric metasurfaces, mechanisms such as the Mie 

resonance [148-150] and the effective refractive index approximation [150, 151] are commonly 

used in device design, for creating a gradual phase gradient that covers the full 2𝜋 cycle. This 

tuning in the output phase of meta-atoms is often accompanied by a variation in their output 

amplitude. Although simultaneous control over both the output phase and the output amplitude 

is feasible for some designs [152-157], most previous works have taken the approach of 

intentionally suppressing the amplitude variation in meta-atom selection [158]. Because of this 

dominance of the phase gradient-oriented design approach in metasurface research, “phase 

gradient metasurface” is viewed widely as a synonym of “gradient metasurface”, sometimes 

even as a synonym of the term “metasurface” itself. 

As opposed to this phase gradient approach, I introduce in this work a different type of 

metasurfaces that can be referred to as an “amplitude gradient metasurface”. As the name 

implies, in this type of metasurfaces, the device design emphasises the amplitude gradient: the 

meta-atom selection can be purely based on the difference in their light scattering amplitude. As 

far as I know, this amplitude gradient meta-waveguide has never been proposed previously. 

This amplitude gradient concept is developed for a type of metasurface converter that 

transforms the guided mode of a waveguide into a free-space mode that propagates off chip 

[159]. These metasurfaces, which are also referred to as meta-structured waveguides or meta-

waveguides [159], possess features of both traditional free-space metasurfaces and leaky-wave 

antennas, and they represent an emerging subfield of metasurface research. They target 

applications such as augmented reality displays [160], LiDAR sensing [161], and free-space 

optical communication [162]. Various wavefront shaping functionalities have been realised on 

meta-waveguides, including beam deflection [110, 163], focusing [163-166], as well as the 

generation of vortex beams [110, 166], airy beams [167], and holograms [146, 160, 168]. 
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According to the statement above, all of these existing metasurfaces [146, 159-161, 163-168] 

belong to the category of phase gradient metasurfaces. This design approach can only offer a 

limited effective aperture, making power projection over a long distance very difficult. Here, I 

propose a new, amplitude gradient-oriented design approach that allows for both a large device 

aperture and advanced off-chip wavefront shaping. 

In the analysis below, the properties of individual meta-atoms and the general principles for 

their selection are first discussed in Section 4.1. A number of example devices are then designed 

and numerically studied, and they show these three distinct wavefronts shaping functionalities 

in the THz regime: beam expansion (in Section 4.2), focusing (in Section 4.3), and vortex beam 

generation (in Section 4.4). Their main performance characteristics are summarized in Section 

4.5, which also includes a brief discussion on potential experimental challenges and future 

applications. 

This work has been conducted in collaboration with a research group at the Department of 

Automation at Tsinghua University. Most results in this chapter are presented in the journal: Wen 

Lyu*, Jianzhi Huang*, Shengqi Yin, Xukang Wang, Jiaming Liu, Xu Fang and Hua Geng "Amplitude 

gradient-based metasurfaces for off-chip terahertz wavefront shaping." Photonics Research 11.9 

(2023): 1542-1552. I designed the light focusing model (in Section 4.3) and vortex-beam-

generation models (in Section 4.4) and ran all Lumerical simulations on Iridis, the high-

performance computing system belonging to the University of Southampton.  

 



Chapter 4 

75 

4.1 Amplitude gradient-based metasurface design 

 

Figure 4.1 Schematic diagrams of the amplitude gradient meta-waveguides. (a) A segment of 

the meta-waveguide consists of a long Si waveguide and cuboid shaped Si pillars 

positioned symmetrically by its two sides. All the Si pillars have identical planar 

dimensions of 𝑤௫ by 𝑤௬, and they have a constant interval of 𝑝 along the waveguide. 

The waveguide-pillar gap 𝑔  is a critical parameter to control the light scattering 

amplitude of each meta-atom (highlighted using the dotted line box.). (b) By 

judiciously selecting the values of 𝑔, the influence of the power decay in the guided 

mode (the two red arrows) on light scattering can be compensated and a plane wave 

with a large cross section can be created. (c) Two device configurations are 

considered in this work, where the waveguide is either straight (for plane wave 

generation) or bent into a circle (for focusing and vortex beam generation). 

Figure 4.1 illustrates meta-waveguides designed using the amplitude gradient approach. It shows 

a top view [Figure 4.1.(a)] and a perspective view [Figure 4.1.(b)] of a segment of a meta-

waveguide, as well as two kinds of the overall shape of the example devices analysed in this work 

[Figure 4.1.(c)]. The meta-waveguide consists of a long Si waveguide and many pairs of cuboid 

shaped Si pillars positioned by its two sides, and the whole structure is on top of a thick SiO2 layer. 

The Si waveguide has a rectangular cross section that is ℎ in height and 𝑤 in width. All the Si pillars 

have identical planar dimensions of 𝑤௫  (along the waveguide direction) and 𝑤௬  (along the 
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orthogonal direction), and their height is the same as that of the waveguide (i.e., ℎ). These two Si 

pillars in a pair are placed symmetrically by the two sides of the waveguide, at a constant 

periodicity of 𝑝 along the waveguide. A meta-atom of this metasurface is consequently a pair of 

pillars and a segment of waveguide in between [Figure 4.1.(a)]. The only geometric difference 

between the meta-atoms is the distance between the waveguide and a side pillar, which is 

referred to as the gap 𝑔. As will be discussed in detail below, the gap 𝑔 is a critical parameter for 

the amplitude gradient metasurfaces. 

A starting point of this amplitude gradient design approach is to position meta-atoms with 

stronger scattering amplitude (i.e., efficiency) further down the waveguide [Figure 4.1.(b)]. All 

meta-waveguides, including both the phase gradient meta-waveguides discussed in previous 

works [159] and the amplitude gradient meta-waveguides proposed here, are based on scattering 

a guided mode off chip using a series of meta-atoms. This scattering determines the off-chip 

wavefront shaping, but also leads to a detrimental shadowing effect [76]. As the residual intensity 

decreases further down the waveguide, the phase gradient approach always results in a limited 

effective aperture [159]. By comparison, the amplitude gradient approach proposed here can 

compensate for this shadowing effect and remove this limitation on effective aperture [Figure 

4.1.(b)]. This feature is demonstrated in the first set of example devices in Section 4.2, where the 

central waveguide is straight [Figure 4.1.(c)]. Bending the waveguide into a loop [Figure 4.1.(c)] 

can further sculpt the output wavefront into different shapes, which are demonstrated in the 

second and third sets of example devices in Section 4.3 and 4.5, respectively. 
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Figure 4.2 Light scattering of individual meta-atoms. The input mode is TE mode with the 

wavelength of 375 𝜇𝑚. The value of 𝑤௫  is fixed at 100 𝜇𝑚. (a) The scattered power 

after normalisation against the input guided mode power, with 𝑤௬ scanned from 60 

to 94 𝜇𝑚 and 𝑔 from 0.25 to 50 𝜇𝑚. (b) The scattered phase in the same parameter 

ranges. (c) The dependence of the output power on 𝑔 with 𝑤௬ fixed at 65 𝜇𝑚. The data 

is taken from the horizontal line of 𝑤௬ = 65 μm  in panel (a). (d) The electric field 

distribution at the 𝑦𝑧 middle plane of a representative meta-atom, which has 𝑤௬ =

65 μm  and 𝑔 = 5 μm . The field is normalised against that at the centre of the 

waveguide. (e) The same meta-atom is plotted again at a different scale, and it is 

compared against two other meta-atoms. The only geometric difference of these 

meta-atoms is the value 𝑔, which takes three representative values of 5, 10, and 

15 𝜇𝑚. All three panels are plotted at the same scale to best visualise the free-space 

light. At this scale, the features of the near field confined to the surface of the meta-

atoms are not resolved. 
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Figure 4.2 shows the numerically simulated electromagnetic properties of a set of meta-

atoms. The simulation, for this figure and all that follow, was conducted using a commercial 

finite-difference time-domain solver (FDTD Solutions, Lumerical). Following our recent works on 

metasurface mode converters [169, 170], all the devices were designed to work at 0.8 𝑇𝐻𝑧, which 

corresponded to a free-space wavelength λ଴  of 375 𝜇𝑚. Both Si and the underlying SiO2 were 

treated as lossless, and their permittivity [171, 172] were 11.67  and 3.84 , respectively. The 

central Si waveguide was single mode and had a height ℎ of 70 µ𝑚 and a width 𝑤 of 112 µ𝑚. The 

fundamental transverse electric (𝑇𝐸) mode had an effective index of 2.50, which corresponded 

to an effective wavelength λ௘௙௙ of 150 𝜇𝑚. For the Si side pillars, their height was set as 70 µ𝑚, 

the same as that of the waveguide. The planar dimensions of 𝑤௫, 𝑤௬ and 𝑔 were treated as free 

parameters in device design and analysed as below. 

Figures 4.2.(a) and 4.2.(b) show the power and the phase of light scattered by individual meta-

atoms, respectively. In parametric sweeping, the value of 𝑤௫ is fixed at 100 μm. The value of 𝑤௬ is 

tuned from 60 µ𝑚 to 94 µ𝑚 at a step of 1 µ𝑚, and 𝑔 is tuned from 0.25 µ𝑚 to 50 µ𝑚 at a step of 

0.25 µ𝑚. The power shown in Figure 4.2.(a) is obtained by integrating the output over a window of 

1600 𝜇𝑚  (along the waveguide) by 800 𝜇𝑚  (in the orthogonal direction), which is located at 

480 𝜇𝑚 (i.e., slightly over one wavelength) above the centre of the meta-atom. The value is very 

small throughout the whole simulated parameter range [Figure 4.2.(a)]. Its highest value is only 

0.052 after normalisation against the input power, which occurs at 𝑤௬ = 65 μm and 𝑔 = 0.25 μm 

(i.e., the smallest value of 𝑔 considered in the simulation). In the whole simulated range of 𝑤௬, 

the power rapidly decreases as 𝑔 increases, and appears to be almost zero in Figure 4.2.(a) once 

𝑔 is beyond approximately 10 𝜇𝑚. To show this dependence on 𝑔 more clearly, the values along 

the horizontal line of 𝑤௬ = 65 μm are extracted from Figure 4.2.(a) and plotted in Figure 4.2.(c). 

The power decreases almost exponentially as 𝑔  increases and varies by over two orders of 

magnitude in the simulated range of 𝑔. 

In sharp contrast to this exponential dependence of the power on gap 𝑔, the phase shows little 

sensitivity to both 𝑤௬  and 𝑔  [Figure 4.2.(b)]. The values shown in Figure 4.2.(b) are taken at 

480 𝜇𝑚  above the centre of the meta-atom (i.e., the centre of the power integration window 

mentioned above). These phase values are with respect to the input, which is launched at 725 𝜇𝑚 

before the centre of the meta-atom. In the investigation of phase gradient metasurfaces, such 

phase maps are always plotted over a full 2𝜋 range to show the extent of phase coverage [158]. I 

follow the same style in plotting Figure 4.2.(b) and obtain here a phase map that appears to be 

uniform. 

To interpret the far-field results of Figure 4.2.(a-c), Figures 4.2.(d) and 4.2.(e) show the electric 

near-field distributions of a few representative meta-atoms. Figure 4.2.(d) shows the electric field 
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at the 𝑦𝑧 middle plane of a meta-atom that has 𝑤௬ = 65 μm and 𝑔 = 5 μm. Field enhancement is 

observed in the gaps between the central waveguide and the side pillars, a phenomenon similar 

to the field confinement observed in Si slot waveguides designed for telecom wavelengths [173]. 

At the amplitude scale of Figure 4.2.(d), no scattered field can be discerned due to its small 

amplitude. To highlight the scattered field, the same field map is plotted at a different scale in 

Figure 4.2.(e), where two other meta-atoms are also shown for comparison. The only geometric 

difference of the three meta-atoms in Figure 4.2.(e) is in 𝑔, which is 5, 10, and 15 𝜇𝑚. In all three 

maps, the scattered wave looks like a spherical wave in the far field and does not reveal the 

intricate geometry of the meta-atoms. Most importantly, these maps show a clear contrast in the 

output amplitude and a constant output phase. 

The amplitude gradient seen in Figure 4.2 is exploited in the following sections, in order to 

generate a plane wave in Section 4.2, a focus in Section 4.3, and a vortex beam that carries a finite 

value of orbital angular momentum in Section 4.4. Section 4.2, all the meta-atoms are identical, 

with 𝑤௫ = 100 μm and 𝑤௬ = 65 μm. In Sections 4.3 and 4.4, the waveguide is bent from a straight 

line into a circle. To accommodate more pillars along the circle, the values of 𝑤௫ (now the pillar 

dimension along the waveguide) and 𝑤௬ (still the orthogonal planar dimension of the pillars) are 

swapped in value. In essence, the cuboid Si pillars used in this work are all of the same size, and 

the different wavefront shaping functionalities are obtained by changing the shape of the 

waveguide (either a straight line or a circle) and the value of the gap 𝑔. 

Before discussing the details of each of the three example functionalities below, it is worth 

mentioning the influence of the gap dependence shown in Figure 4.2.(c) on device design. I 

conducted design optimisation in our simulation and found that for each functionality, good 

results can be obtained by simply adjusting the value of 𝑔 at a constant step, with the smallest 𝑔 

positioned at the end of the waveguide. This observation can be understood by considering the 

absolute scattering power of each meta-atom. For all the devices discussed below, the 

waveguide can be approximated as a leaky waveguide in which the residual power decreases 

exponentially with propagation distance. With a constant decrease in 𝑔 along the waveguide, the 

meta-atoms instead have an almost exponential increase in their scattering efficiency with their 

distance to the waveguide entrance. These two factors can result in increased uniformity of the 

output intensity along the waveguide, which underpins the functionalities discussed in the 

following sections. Regarding the detailed device design, more information is provided in the 

respective section below. 
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4.2 Beam expander as the first functional device 

In this section, we numerically demonstrate the first functionality obtained by using the 

amplitude gradient design approach, which is off-chip plane wave generation. The aim here is to 

expand a guided wave, which is highly constrained in its cross section, into a plane wave with a 

large beam width, which can then be further modulated to enable functionalities such as beam 

steering and focusing. For a waveguide decorated with periodic structures that extends along the 

𝑥-axis in the 𝑥𝑦 plane (as shown in Figure 4.1), we can define a deflection angle 𝜗 for the output 

light with respect to the vertical +𝑧 direction. This angle 𝜗 can be expressed as [76] 

 𝜗 = arcsin [଴ ቆ
1

௘௙௙
+ 𝑛

1

𝑝
+

𝑘௣

2𝜋
ቇ] (4.1) 

where ଴ is the free-space wavelength, ௘௙௙  is the effective wavelength inside the waveguide, 𝑛 

is an integer that describes the diffraction order, 𝑝 is the periodicity of the scatterers, and 𝑘௣ is 

the phase gradient. Note that this equation is obtained by matching the guided mode and the 

output light in their in-plane momentum, which brings to it a broad scope of application. It can be 

applied to different waveguide-driven devices, including phase gradient metasurfaces (where 

𝑘௣ ≠ 0), conventional gratings (where 𝑘௣ = 0 and all the light scatterers are identical), and the 

amplitude gradient metasurfaces proposed here (where 𝑘௣ = 0 and all the light scatterers are 

unique). As 𝑘௣ = 0 here, we can see that if 𝑝 = ௘௙௙, only one diffraction order of 𝑛 = −1 exists, 

which has a deflection angle 𝜗 = 0°. The output light should leave the meta-waveguide vertically 

into free space. This behavior is confirmed by using the two devices in Figure 4.3. One with 100 

meta-atoms and the other with 1000, are numerically studied. The central waveguide is 70 𝜇𝑚 in 

height and 112 𝜇𝑚 in width. The side pillars are 70 𝜇𝑚 in height. And for obtaining a maximum 

intensity manipulation range, based on the property in Figure 4.2., the values of 𝑤௫ (the planar 

dimension along the waveguide) and 𝑤௬ (the planar dimension in the orthogonal direction) are 

100 𝜇𝑚 and 65 𝜇𝑚, respectively. In the 100-unit device, the meta-atoms have a periodicity of 

144.5 𝜇𝑚, and the gap 𝑔 decreases from 19.8 𝜇𝑚 to 0 at a step of 0.2 𝜇𝑚 in the forward direction. 

In the 1000-unit device, the meta-atom periodicity is 149.5 𝜇𝑚, and the gap 𝑔 decreases from 

49.95 𝜇𝑚 to 0 at a step of 0.05 𝜇𝑚 in the forward direction. 
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Figure 4.3 Off-chip plane wave generation in two amplitude-gradient meta-waveguides. In both 

devices, the input guided mode propagates towards the +𝑥 direction, generating a 

free space beam that propagates vertically towards the +𝑧 direction. The number of 

meta-atoms is (a) 100 and (b) 1000. Both field maps show an area in the central 𝑥𝑧 

plane, with the bottom edge of the maps one wavelength above the middle plane of 

the metasurface. The whole length of the two devices is approximately 40 and 400 

times of the free-space wavelength ଴ , and only a section of 25଴  and 250଴  is 

shown here. Due to space constraints, only the first map is plotted to scale. The 

second map is significantly compressed along the x-axis. This compression amplifies 

any small tilting in the wavefronts in the visualization. (c, d) Corresponding far-field 

distributions, for the (c) 100-unit and (d) 1000-unit devices. 

Figure 4.3 shows the off-chip beam deflection of two meta-waveguides, where the number of 

meta-atoms is 100 and 1000. Design optimisation has been conducted for both devices, with the 

aim of obtaining a flat and horizontal wavefront. In the optimization, we have noticed that the 

meta-atom periodicity needs to be slightly adjusted from the analytical value of 150 𝜇𝑚  for a 

nearly vertical emission. The periodicity 𝑝 is consequently set as 144.5 𝜇𝑚 and 149.5 𝜇𝑚 for the 

100-unit and the 1000-unit devices, respectively. This adjustment in 𝑝 is attributed to the small 
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influence of the side pillars on the effective index of the waveguide, as well as the existence of a 

small but finite phase gradient [i.e., the 𝑘௣ in Eq. (4.1) is not strictly zero]. 

Figure 4.3.(a) and 4.3.(b) are field maps of the output field along the waveguide direction. Both 

maps show a plane wave with a nearly flat wavefront and a nearly uniform amplitude. It is worth 

noting that, due to space constraints, Figure 4.3.(b) is significantly compressed along the 𝑥-axis. 

Once the 𝑥  and 𝑧  axes are plotted at the same scale, as in Figure 4.3.(a), the tilting of the 

wavefront currently seen in Figure 4.3.(b) diminishes and becomes barely noticeable. 

To quantify the beam deflection performances, the far-field radiation is calculated for both 

devices and shown in Figure 4.3.(c) and 4.3.(d). Both radiation maps show a bright spot at the 

centre, congruent to the field maps of Figure 4.3.(a) and 4.3.(b). Both spots are relatively broad 

along the y-axis. This is because only a single waveguide is simulated here for both devices, which 

already approaches the limit of the computing power available to us. The spots will become 

narrower along this axis by repeating the same meta-waveguide at a subwavelength interval. 

Along the 𝑥-axis, detailed analysis reveals that the deflection angle is −0.18° and 0.08° in Figures 

4.3.(c) and 4.3.(d), respectively, both very close to the target value of 0°. The full width at half 

maximum (FWHM) of the emission lobe along the 𝑥-axis is 2.41° in Figure 4.3.(c), and it decreases 

to 0.26°  in Figure 4.3.(d). This change in the FWHM value originates from an increase in the 

emission aperture, which accompanies the increase in the number of meta-atoms. 

As mentioned in the previous section, as compared to the existing phase gradient design 

approach, a clear advantage of the amplitude gradient design approach is its capability to 

compensate for energy decay in the energy feeding waveguide. To highlight this point, we 

compare our results with the state-of-the-art literature in device apertures in Table 4-1. Here, we 

only consider devices that transform a guided wave into a plane wave, and exclude other forms 

of off-chip plane wave generation (e.g., generating a plane wave from a surface wave [174]). In the 

table, we distinguish the nominal width, which is the geometric dimension of a metasurface, from 

the effective width, which is the size of the beam width of the emitted light. For our 1000-unit 

meta-waveguide, the geometric length is 400𝜆଴, while the beam width, calculated from the beam 

FWHM at a height of 6𝜆଴  [i.e., along the top edge of Figure 4.3.(b)], is 275𝜆଴ . Although the 

shadowing effect still exists here, our device brings an order of magnitude increase in device 

aperture as compared to state-of-the-art literature (Table 4-1). The comparison clearly shows 

that amplitude gradient metasurfaces are ideal for plane wave generation. As a beam expander, 

the 1000-unit device increases the beam by a factor above 900 when we take the waveguide 

width (i.e., 112 µ𝑚) as the width of the input wave. It is worth pointing out that the simulation of 

the 1000-unit device is close to the limit of our computing power, and we believe that the beam 

expansion factor can be further increased in the future (e.g., by using larger values of 𝑔  that 
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change at a smaller step). It is worth noting that, as we were already approaching the limit of the 

computing power of the University’s supercomputer, we could only simulate a single, long 

waveguide. We foresee that, if an array of these waveguides is placed at a subwavelength interval 

and the waveguide-waveguide near-field coupling is minimal, a true plane wave can be generated 

from it. 

Table 4-1 Comparison with state-of-the-art literature on meta-waveguide-based plane 

wave generation. For the beam width, a nominal value refers to the dimension of the 

metasurface, while an effective value refers to that of the output light. 

Ref. Design approach 
Wavelength 

(𝝀𝟎) 
Beam width 

(Nominal or Effective) 

 
[110] 

 
Phase gradient 1550 𝑛𝑚 8 𝜆଴ (Nominal) 

 
[146] 

 
Phase gradient 720 𝑛𝑚 10 𝜆଴ (Effective) 

 
[163] 

 
Phase gradient 300 𝜇𝑚 5 𝜆଴ (Nominal) 

 
This work 

 

Amplitude 
gradient 375 𝜇𝑚 

400 𝜆଴ (Nominal) 
275 𝜆଴ (Effective) 

4.3 Light focusing lens as the second functional device 

Different wavefront shaping functionalities can be obtained simply by bending the straight 

waveguide shown above into a circle. I explore in this section the focusing function, where the 

meta-atoms extract the guided light off the chip into a focus and discuss in detail the orbital 

angular momentum of the extracted light in the next section. In both sections, as the circle is 

much larger than individual meta-atoms, the curvature of the central waveguide is ignored in the 

element selection illustrated in Figure. 4.5. 
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Figure 4.4 Off-chip light focusing by an amplitude-gradient metasurface. (a) Schematic of the 

device. The waveguide is bent into a circle, and it is decorated uniformly with 100 

meta-atoms except for the final 1/12  of the circle. The fundamental 𝑇𝐸  mode is 

launched into the waveguide in the +𝑥 direction, and each meta-atom functions like 

an electric dipole radiating in the radial direction. (b) The electric field distribution at 

a 𝑥𝑦 plane above the centre of the device. The plane passes through the centre of the 

central focal spot, which is approximately 2 𝑚𝑚 above the device. (c) The electric 

field distribution at the 𝑥𝑧 plane that passes through the centre of the device. The 

bottom edge of the map is 400 𝜇𝑚  above the middle plane of the device. (d) The 

simulated field amplitude along the line of 𝑦 = 0  in panel (b), overlaid with the 

analytical results derived from a zeroth-order Bessel function of the first kind. 

Figure 4.4 shows a light-focusing circular meta-waveguide, which can also be referred to as a 

waveguide-driven metalens. The waveguide is bent in the anti-clockwise direction [Figure 4.4.(a)] 

at an outer radius of 2650 𝜇𝑚. Before tapering off at its tail, the waveguide maintains the same 

cross-sectional dimensions as those in the previous section (i.e., 70 𝜇𝑚 in height and 112 𝜇𝑚 in 

width). However, the values of  𝑤௫  and 𝑤௬  are swapped to be 65 𝜇𝑚 and 100 𝜇𝑚, respectively. 

The reason for this is that bending the straight waveguide will reduce the distance between the 

adjacent nanopillars located by the inner side of the waveguide. This will increase the crosstalk 

between two adjacent nanopillars. Figure 4.5 illustrates the output of these meta-atoms. It also 
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has an exponentially decreasing power when increasing the gap 𝑔  and a nearly flat phase 

response. One hundred meta-atoms distribute uniformly along the first 11/12 segment of the 

circle, and the angle 𝜃  between adjacent meta-atoms is 0.05782  rad. The residual power 

reaching the end of the waveguide is 10.7% of the total input, while the reflection from the tail 

that remains inside the waveguide is at the order of 10ିସ. 

 

Figure 4.5 The output of individual meta-atoms, with 𝑤௫ fixed at 65 𝜇𝑚 and 𝑤௬ fixed at 100 𝜇𝑚. 

(a) The power decreases nearly exponentially with increasing the gap 𝑔, meanwhile 

(b) the phase is nearly flat in the same range of 𝑔. 

Similar to the devices discussed in the previous section, here the gap 𝑔 is adjusted along the 

waveguide. Its value decreases at a step of 0.1 𝜇𝑚 towards the waveguide tail, and its smallest 

value is 5 𝜇𝑚. This distribution creates a gradient in the scattering efficiency in the meta-atoms 

that compensates for the decay in the residual power along the waveguide. The collective 

response of the meta-atoms creates a circular light source that has an almost uniform intensity 

distribution along its circumference. This light source approximates an annular aperture, where 

a ring-shaped opening is cut in an opaque mask. Nevertheless, different from the most standard 

textbook configuration [175], where an annular aperture is illuminated by a linearly polarised 

plane wave, here each meta-atom approximates an electric dipole that oscillates in the radial 

direction [Figure 4.4.(a)]. The output field of this radiation configuration can also be explained as 

the vector vortex beam described in Section 2.1.4. It leads to the generation of a Bessel beam, 

which has been investigated previously in the research field of microring-based vortex beam 

generators [4]. 

Figure 4.4.(b) and 4.4.(c) show the output field in a segment of the 𝑥𝑦 and 𝑥𝑧 planes above this 

waveguide-driven metalens. An elongated central focus and a series of concentric rings 

surrounding it are observed, which are key features of a Bessel-beam focus. The field distribution 

is not perfectly circular in the 𝑥𝑦 plane [Figure 4.4.(b)], which is attributed to factors such as a 

fluctuation of output intensity along the waveguide, the lack of light scatterers at the end 1/12 

segment of the circle, and light scattering at the waveguide tail. The last factor originates from the 

tapering of the waveguide. A gradual shrink in the waveguide width at its tail reduces light 



Chapter 4 

86 

reflection inside the circular waveguide, but it radiates light into free space and can disturb the 

field distribution at the focus. 

To further confirm that the focus is a Bessel beam [176, 177], Figure 4.4.(d) compares the 

simulated result with a zeroth-order Bessel function of the first kind. A good fitting is observed, 

especially for the central focal spot. This fitting gives a FWHM of the central focus of 221.2 𝜇𝑚, 

which is approximately 0.59𝜆଴. The output efficiency, taking into account both the central focus 

and the concentric rings, is 27%. 

It is worth mentioning that this focus is a beam with 𝑙 = 1, as explained in Section 2.1.4. From 

Figure 4.6, we can see that the radial electric field of the metalens has one optical cycle around 

the device axis.  

 

Figure 4.6 The radial electric field of the metalens discussed in Figure 4.4. The map shows a 

2 𝑚𝑚 ×  2 𝑚𝑚 square approximately 2 𝑚𝑚 above the emitter. 

4.4 Vortex beam generator as the third functional device 

The meta-waveguide layout shown in Figure 4.4.(a), where many light scatterers distribute 

uniformly along the circumference of a circle, is in fact an ideal configuration for generating 

optical vortex beams. A vortex beam can carry orbital angular momentum (OAM), which can be 

utilised for high-resolution imaging [178], laser micromachining [179], particle manipulation 

[180], as well as optical communication in both the classical and quantum regimes [8, 181]. An 

analysis of the phase distribution of the output shown in Figure 4.6 indeed reveals a finite value 

of orbital angular momentum. It is worth noting that, for such radially polarised cylindrical vector 

vortex beams [47], a focus without an intensity minimum at its centre can carry a finite value of 

orbital angular momentum [34]. There have been many reports on off-chip vortex beam 

generation using a waveguide, and they utilise either a phase gradient metasurface or a decorated 

microring resonator [182-184]. Figure 4.7 shows that a third approach to off-chip emission exists, 

which is to use an amplitude gradient metasurface. 
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Figure 4.7 Off-chip vortex beam emission from four meta-devices. All the devices have the same 

circular waveguide but a different number of meta-atoms, which is (a) 105, (b) 110, 

(c) 119, and (d) 128. For each device, the radial electric field 𝐸௥  of the same area is 

shown here, which is a square of 12 𝑚𝑚 ×  12 𝑚𝑚 at approximately 2 𝑚𝑚 above the 

emitter. The field is normalised against the maximal value of respective figures. The 

topological charge, which corresponds to the number of optical cycles around the 

beam axis, is (a) −5, (b) −10, (c) −20, and (d) −30. 

To understand vortex beam generation using the device layout of Figure 4.4.(a), we can refer 

to the vortex beam generation in a decorated microring resonator. In a decorated microring 

resonator, an OAM carrying vortex beam originates from the phase mismatch between adjacent 

nanostructures (e.g., shallow holes in Ref. [4]) in their light scattering. The value of the topological 

charge 𝑙 is consequently derived to be the difference between the number of nanostructures and 

the resonance order of the whispering gallery mode [4]. Here, I also concentrate on the phase 

mismatch between adjacent meta-atoms, even though the meta-waveguide does not form a full 

circle and there is no whispering gallery mode. I consequently can arrive at this expression for the 

topological charge of 𝑙, 

 𝑙 = 2𝜋(
𝑟

𝜆௡௘௙௙
−

1

𝜃
) (4.2) 
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where 𝑟 is the radius of the circle and 𝜃 is the angle between two adjacent meta-atoms. Note that 

this equation is valid for a meta-waveguide that occupies only a part of a full circle, a configuration 

that is shared by all four devices in Figure 4.7. 

Figure 4.7 shows the vortex beams generated by four different devices. Most of the geometric 

structure of this generator is similar to the metalens in the last section. The differences between 

these two devices are the smallest gap 𝑔 and the number of meta-atoms along the first 11/12 

segment of the circle waveguide. The gap 𝑔  still decreases at a step of 0.1 𝜇𝑚  in the forward 

direction, but its smallest value is now 3 𝜇𝑚. The number of meta-atoms differs among the four 

devices, which is 105, 110, 119, and 128 in Figure 4.7.(a-d), respectively. This leads to a variation 

in the angle 𝜃 , which is 0.05480  rad, 0.05251  rad, 0.04846  rad, and 0.04499  rad in the four 

panels. 

The topological charge 𝑙  takes the values of −5  [Figure 4.7.(a)], −10  [Figure 4.7.(b)], −20 

[Figure 4.7.(c)], and −30  [Figure 4.7.(d)], which correspond to the number of optical cycles 

around the device axis in each map. This adjustment in the number of meta-atoms changes the 

value of 𝜃. By taking the same 𝜆௡௘௙௙ value of 2.523 for all the devices, the value 𝑙 derived from Eq. 

(4.2) is −5.0, −10.0, −20.0, and −30.0 for Figure 4.7.(a-d), respectively, identical to the simulated 

results. All four panels of Figure 4.7 show the same area at the same height above the devices. It 

is clear that, as the absolute value of 𝑙 increases from Figure 4.7.(a) to Figure 4.7.(d), the radiation 

becomes more divergent. The output efficiency extracted from Figure 4.7 is 29%, 31%, 31%, and 

32% for Figure 4.7.(a-d), respectively. 

As two different types of planar vortex beam emitters, the meta-waveguide discussed in this 

section and the decorated micro-ring resonators [4] have a certain degree of similarity in their 

device layout. It is thus worth highlighting some of their key differences here. Firstly, the meta-

waveguide does not require any whispering gallery mode resonance, which removes a lot of 

design constraints (e.g., the bus waveguide-ring coupling and the resonance wavelength) and 

simplifies the design process. Secondly, the meta-waveguide is more suitable for applications 

that require a large emission aperture, thanks to its amplitude gradient design approach (the 

simulation of the 100 -unit devices in Figure 4.7 is approaching the limit of our simulation 

capability, but we foresee that larger devices can also be functional). Thirdly, unlike the decorated 

micro-ring resonators, Eq. (4.2) does not force 𝑙 to be an integer here. Consequently, the meta-

waveguide could be utilised as a platform to study the generation of vortex beams that carry a 

non-integer topological charge [185]. 
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4.5 Conclusion 

To conclude, I have proposed and numerically tested a new metasurface design approach for 

extracting a guided THz wave into free space and shaping its wavefront. The design utilises meta-

atoms with a gradient in their light scattering amplitude, which is achieved by adjusting the size 

of the gap between the central waveguide and its side pillars. This new amplitude gradient design 

approach is very different from the widely adopted phase gradient design approach. As this 

approach can compensate for the energy decay in the energy-feeding-guided mode, a large 

number of meta-atoms can be accommodated along a single waveguide, as demonstrated in our 

100 - and 1000 -unit devices. Three different off-chip wavefront shaping functionalities are 

consequently demonstrated: (1) the generation of a plane wave, where the beam width can reach 

275𝜆଴, equivalently a factor above 900 in width expansion; (2) the generation of a Bessel-beam 

focus with a FWHM of 0.59𝜆଴ ; (3) the generation of OAM-carrying vortex beams, where the 

topological charge is tuned from −5 to −30. 

The amplitude gradient design concept shown here is generic and can be applied in other 

regimes, such as microwave and infrared bands, as long as the required tuning in the gap size is 

within the reach of standard nanofabrication technologies. In future experiments, accurately 

controlling the gap sizes will be critical, and a potential challenge here is the nanofabrication of 

devices with a high aspect ratio [186, 187]. The device performances can also be affected by 

factors such as material absorption and surface roughness, which can accelerate the decay of 

the guided wave and limit the device aperture. Analysis of these factors is beyond the scope of 

this proof-of-principle demonstration. 

The three light shaping functionalities demonstrated here could be used in a range of different 

applications, such as THz imaging [188], molecular sensing [189], and 6G communications [190]. 

All the meta-devices demonstrated here have a relatively straightforward configuration of the 

meta-atoms (all identical and evenly distributed) and the waveguide-pillar gap (changing at a 

constant step along the waveguide). More complicated configurations (e.g., obtained by 

incorporating methods such as the inverse design method [130]) could lead to other types of 

wavefront shaping and functionalities. 
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Chapter 5 Experimental works 

After completing the simulations discussed in the last two chapters, I have focused on related 

experimental works. This involves fabricating devices and conducting measurements in the 

laboratory. Three different types of devices are demonstrated in this chapter, which include 

integrated vortex beam emitters, monolithic fabrication of grating couplers and ring resonators, 

and metasurfaces for vortex beam generation.  

5.1 Integrated vortex beam emitter  

The first part of my experimental work was to fabricate a conventional integrated vortex beam 

generator. This device was designed for testing experimental setups that will be built to measure 

the metasurface-decorated microring emitter discussed in Chapter 3.  

5.1.1 Design of the emitter 

The device consists of an access waveguide and a ring-shaped silicon waveguide positioned on 

top of a silica substrate, as illustrated in Figure 5.1. To simplify the fabrication process and 

enhance the coupling efficiency, the Si slab has a thickness of 100 - 𝑛𝑚  across the entire 

substrate. Both the access and the ring waveguide have dimensions of 500 𝑛𝑚  in width and 

220 𝑛𝑚 in height. A 60-𝑛𝑚 gap separates the access waveguide from the ring waveguide. After 

etching uniformly distributed cavities along the centre circle within the ring waveguide, a vortex 

beam is expected to be generated at specific resonance wavelengths. These apertures have a 

diameter of 70 𝑛𝑚  and a depth of 70 𝑛𝑚 . The key structure parameters of the device are 

summarized in Table 5-1. 

 

Figure 5.1 Schematic view of an integrated vortex beam emitter. It contains a strip waveguide, a 

ring-shaped waveguide, and cavities. 
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Table 5-1 Parameters of the conventional vortex beam emitter 

Parameters Value Parameters Value 

Rib waveguide width 500 𝑛𝑚 Quantity of cavities 52 

Rib waveguide height 220 𝑛𝑚 Cavities depth 70 𝑛𝑚 

Rib waveguide slab 

thickness 
100 𝑛𝑚 Cavity diameter 70 𝑛𝑚 

Radius of the ring resonator 10 𝜇𝑚 Gap 60 𝑛𝑚 

The method employed to couple light into the waveguide is grating couplers. A grating coupler 

is a device used for coupling light between a waveguide on a chip and free-space. It consists of 

periodic structures that create a diffraction grating, efficiently redirecting light between the 

waveguide and external optical components. Positioned between the grating coupler and 

microring resonator is a taper, which gradually adjusts the dimensions of the waveguide from the 

grating coupler to match those of the microring resonator. The length of the taper is carefully 

chosen to ensure efficient transfer of light from the wide mode of the grating coupler to the 

narrower mode of the microring resonator while also avoiding unnecessary loss of the mode. 

Figure 5.2.(a) provides a schematic view of the structure containing a grating coupler, a taper, and 

a ring resonator.  

 

Figure 5.2 Grating coupler and taper. (a) The 3D illustration of a grating coupler and a ring 

resonator. Grating couplers are symmetrically located at both ports of the access 

waveguide, one for input light and the other for monitoring light transmission. (b) A 
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zoomed-in view of the grating coupler and the taper (dimensions not to scale). The 

structural parameters are taken from Ref. [191].  

5.1.2 Fabrication of the device  

The fabrication process took place at the Southampton Nanofabrication Centre, and the device 

was fabricated on a 3 𝑐𝑚 ×  4 𝑐𝑚  chip. Figure 5.3 illustrates the fabrication process of the 

device.  

 

Figure 5.3 Fabrication process of vortex beam generators. 

Before starting the fabrication process, the SOI chip was prepared, which included dicing a 

wafer, cleaning the chip, and coating the chip with a layer of ZEP resist (approximately 300 nm in 

thickness). Step 1 was using electron-beam lithography (EBL) to pattern the waveguide structure. 

In Step 2, inductively coupled plasma (ICP) etching was utilised to etch 120 𝑛𝑚 of the silicon layer 

by using SF6 and C4H8 as precursors. After cleaning the resist, step 3 was using EBL to define the 

grating pattern and cavities. After this step, ICP etching was used again to etch the grating and 

cavities to a depth of 70 𝑛𝑚.  

Figure 5.4 depicts the scanning electron microscopy (SEM) images of the first fabricated 

device. The fabrication results reveal several defects: Firstly, as the cavities and the ring 

resonator were not written in a single EBL process, misalignments are obvious. Secondly, the gap 

between the access waveguide and the microring waveguide was not etched down as designed. 

Thirdly, the duty cycle of the grating coupler does not meet the desired 50%, measuring only 

40.6%.  



Chapter 5 

93 

 

Figure 5.4 SEM figures of the fabricated device. (a)  Top-down view of the whole microring 

resonator. (b) The zoom-in figure indicates the misalignment and unetched gap. (c) 

Top-down view of the grating coupler. (d) Measurement of the widths of both etched 

and unetched features.  

To address these issues, three correction methods were applied. Firstly, considering the 

importance of cavity-microring alignment, both cavities and waveguide structures were designed 

on the same mask layer of EBL. However, a difference shows up between the ideal depths of the 

cavities (70 𝑛𝑚) and the slab (120𝑛𝑚). I think this issue can be solved by using the microloading 

effect. It is a phenomenon in which less etchant is transported to the bottom of narrow gaps, 

causing the etching rate to decrease depending on pattern width. Given that the ZEP film has a 

depth of 300 𝑛𝑚 while the cavities have a diameter of only 100 𝑛𝑚, the etch rate of the cavities 

could be slower than that of the slab.  

The second correction method is reducing the thickness of the ZEP film. Thicker resist films 

can lead to various issues, such as development difficulties, challenges in EBL writing, and 

etching defects. Hence, it is practical to minimise the thickness of the resist film while still 

ensuring adequate protection for features. Given that the etch method was plasma etching, it 

involved physical etching during the process. Thus, I have experimentally tested the selectivity of 

our silicon etching recepies. The results indicate an etching selectivity of around 3:1 between 

silicon and ZEP film. This means that under the same conditions, the etching rate of Si is three 

times faster than that of the ZEP film. Consequently, it was determined that a 180 nm ZEP film 

would provide sufficient protection for the structures during the 120 𝑛𝑚 silicon etching process.  

The third measure is adjusting the duty cycle of the grating coupler in the EBL mask to achieve 

the desired 50%. Plasma etching is known for its isotropic etching characteristics, meaning that 
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the etchant attacks the material in all directions rather than solely perpendicular to the surface. 

Thus, during the etching process, undercut sidewalls are formed. It means that the edge areas 

protected by resist is etched. To solve this issue, the duty cycle in the mask was reduced to 40%.  

Figure 5.5 illustrates the improvements achieved after three optimisations in the fabrication 

process. The misalignment issue between the cavities and microring is resolved. A 60 𝑛𝑚 gap 

appeared as intended and the duty cycle of the grating coupler is around 50%. 

 

Figure 5.5 SEM figures of the fabricated device after optimisation. (a) Top-down view of the 

microring resonator. (b) A zoom-in figure to the area of the gap and cavities. (c) Top-

down view of the grating coupler. (d) Measurement of the widths of both etched and 

unetched features.  

5.2 Monolithic fabrication of microring resonator 

In the previous section, I used two separate EBL steps for writing the waveguide structure and 

grating coupler due to the requirement for different etching depths. However, to simplify the 

fabrication process and save time and fabrication costs, I decided to use monolithic fabrication 

to produce a microring resonator. This work is a cooperation with Siyu Chen, who primarily 

focused on device measurement while I focused on device fabrication.  

I simplified the lithography process to a single step, which implied a single etch depth. 

Because of the presence of the slab, a rib waveguide can never be a single-mode waveguide. 

However, by reducing the thickness of the slab, higher-order modes can leak out over a short 

distance, leaving only the fundamental mode in the waveguide. Consequently, for monolithic 

fabrication, we increased the depth of the grating from 70 𝑛𝑚 to 150 𝑛𝑚.  
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To facilitate easier light coupling, we enlarged the grating area of the grating coupler by 2.5 

times compared to the design in Section 5.1, as illustrated in Figure 5.2.(b). A similar modification 

was applied to the taper section to enable high-efficiency single-mode transformation. This 

modification aims to simplify the measurement process. Given that the input fibre in our lab, a 

single-mode fibre with a core diameter of 9 𝜇𝑚, requires precise alignment with the center of the 

original grating coupler design, the enlargement of the grating coupler helps ease this 

requirement. By increasing the size of the grating coupler, not only does it help to find the 

maximum transmission when adjusting the fibre position, but it also allows for raising the fibre, 

offering additional protection to the fibre. The fabrication process follows a similar procedure to 

the previous integrated vortex beam emitter, while only utilising one EBL step and ICP etching to 

a depth of 150 nm. The fabricated microring resonator and grating coupler are shown in Figure 

5.6. As observed, the device has smooth edges, and the duty cycle of the grating coupler is 

approximately 48.4%. 

 

Figure 5.6 SEM figures of the fabricated device. (a) Top-down view of the microring resonator. 

(b) A zoom-in figure of the area of the gap. (c) Top-down view of the grating coupler (d) 

Measurement of the widths of the etched and unetched features. 
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5.3 Metasurfaces for vortex beam emission 

In this section, I discuss a metasurface for vortex beam generation. The design has been 

optimised using the software Lumerical. Several devices have been fabricated, and they will be 

used to test our measurement system in the future.  

5.3.1 Design schematic of the emitter 

 

Figure 5.7 Schematic view of the metasurface device. The device contains two layers of 

material, Si and SiO2. The Si metasurface has a height of 800 𝑛𝑚, and it is on top of a 

SiO2 substrate. When a linearly polarised light beam luminates the metasurface, the 

transmitted light carries a finite value of OAM.  

Figure 5.7 schematically illustrates the metasurface design. This device contains amorphous 

silicon (a-Si) meta-atoms positioned on top of a 2-inch quartz wafer. Each meta-atom has a 

square cross section with a width of 𝑤  perpendicular to the propagation direction. In the 

simulation, the reflective indexes of a-Si and SiO2 are set as 3.476 and 1.444, respectively [132]. 

Both materials are treated as lossless in the simulation. The input light wavelength is 1550 𝑛𝑚. 

This design uses the FP resonance approach to achieve a 2𝜋 phase coverage.  

5.3.2 Properties of the meta-atoms 

Figure 5.8.(a) presents the schematic view of a single meta-atom, which consists of a segment of 

quartz substrate and a nanopillar. All the nanopillars have a square cross section and a height of 

800 𝑛𝑚. To manipulate the emitted phase of meta-atoms, the width of the square 𝑤 is tuned from 

100 𝑛𝑚 to 600 𝑛𝑚 in steps of 5 𝑛𝑚, resulting in 101 meta-atoms for selection. For each meta-

atom, periodic boundary conditions are applied in the x and y directions with a period of 650 𝑛𝑚. 

The input light is a plane wave that is 𝑥 -polarised. Figure 5.8.(b) shows the simulated 

electromagnetic properties of the meta-atoms. The phase and efficiency curves exhibit two main 
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features: (1) A 2𝜋 phase coverage can be achieved when 𝑤 ranges from 100 𝑛𝑚 to 400 𝑛𝑚, with 

transmission exceeding 95% for all selections. (2) There is a large drop in transmission at around 

𝑤 = 440 𝑛𝑚, accompanied by a steep phase change.  

 

Figure 5.8 Optical properties of individual meta-atoms. (a) Schematic view of a meta-atom. (b) 

Emission efficiency of meta-atoms. (c) Emitted phase of meta-atoms. 

Based on the optical properties described above, 8 meta-atoms are selected for the device. 

They are listed in Table 5-2. 

Table 5-2 Properties of all eight meta-atoms in a super unit cell at the wavelength of 

𝟏𝟓𝟓𝟎 𝒏𝒎. The widths of pillars vary between 𝟏𝟎𝟎 𝒏𝒎 to 𝟒𝟎𝟎 𝒏𝒎. 

Number of pillars #1 #2 #3 #4 #5 #6 #7 #8 

𝑤 (𝑛𝑚) 100 235 275 300 320 335 360 400 

Emission phase (rad) 0 0.764 1.535 2.404 3.269 3.884 4.675 5.527 

Emission Efficiency 98.0% 987 99.0% 97.8% 96.3% 95.6% 96.1% 98.8% 

 

5.3.3 Output properties of the device  

To simplify the simulation, the effective area has a fixed radius of 10 𝜇𝑚. Eleven devices are 

designed to cover various OAM states ranging from −5 to 5. Figure 5.9 compares four different 

devices that generate different OAM states. 
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Figure 5.9 The 𝑥 component of the transmitted electric field. The devices generate a topological 

charge of (a)  𝑙 = −1, (b) 𝑙 = 0, (c) 𝑙 = 1, and (d)  𝑙 = 2. For each OAM state, the left 

and right columns illustrate the phase and amplitude of the electric field, 

respectively. Each map has dimensions of 20 𝜇𝑚 ×  20 𝜇𝑚 and is obtained around 

10 𝜇𝑚 above the surface of the quartz substrate. The propagation distance between 

two adjacent maps in one column is 𝜆/4. The amplitude of each map is normalised 

against the maximum value of the corresponding maps.  

Compared to the non-vortex beam (𝑙 = 0) , the vortex beam has a twisted phase and 

amplitude. The value of topological charge is related to the number of twists in the field. It can be 

obtained by two methods. The first method is to count the optical cycles in the transverse field. 

Along the circle centred on the beam axis, the sign of 𝑙 indicates the increasing direction of the 

phase (either clockwise or counterclockwise), while the absolute value tells the number of cycles 

of the phase and amplitude. The second method is to trace the emitted field along the 

propagation direction. For a distance 𝜆, the field rotates by 2𝜋/|𝑙|, and the sign of 𝑙 determines 

the direction of rotation of the phase.  

5.3.4 Fabrication process of the device 

The device fabrication was conducted at the Southampton Nanofabrication Centre.  It was 

fabricated on a 2-inch quartz wafer. The fabrication process of the metasurfaces is plotted in 

Figure 5.10 and outlined as follows:  

Step 1 is the preparation of the quartz wafer. Step 2 is the deposition of 800-𝑛𝑚 amorphous Si 

using plasma-enhanced chemical vapour deposition (PECVD). Plasma gases of SiH4 and Ar are 
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used, and the temperature of the reaction chamber is 350℃. Step 3 involves resist coating, EBL, 

and resist development. This step is for patterning metasurface features on top of the a-Si layer. 

A 300-𝑛𝑚-thick layer of ZEP520A (positive resist) is used. After EBL, the exposed area becomes 

soluble in the resist developer (step 4). In step 5, a thin layer of Cr is deposited on the ZEP resist 

by sputtering. A 35-𝑛𝑚-thick Cr layer is used for pattern transfer. This helps to define the pattern 

and reduce the writing time of the EBL process. In step 6, the wafer is soaked in 1-methyl-2-

pyrrolidone (NMP) solvent to clean the ZEP and the unwanted Cr. In step 7, the a-Si film is etched 

down with plasma gases (CHF3 and O2) by reactive ion etching (RIE). Step 8 is wet etching for 

cleaning the Cr hard mask.  

 

Figure 5.10 Fabrication process of transmissive metasurface.  

Figure 5.11 shows SEM images of the fabricated devices. Figures 5.11.(a-e) shows different 

devices capable of generating the vortex beams with topological charges from 1 to 5. By tracing 

the number of cycles in the width-increasing pillar, we can derive the generated topological 

charges of the devices. However, it is observed that the smallest pillars (𝑤 = 100) are destroyed 

in the nanofabrication. The origin of this issue can be found in Figure 5.11.(f), where the sidewall 

of the pillars is not perfectly vertical. This is a feature of isotopic etching.  
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Figure 5.11 SEM images of a batch of fabricated devices. The widths of pillars vary between 

100 𝑛𝑚  and 400 𝑛𝑚.  The topological charge of devices in (a-e) is from 1  to 5 , 

respectively. (f) Provides a closed-up view of the sidewall of the second-smallest 

pillar in an array. The image is tilted with 30-degree for better observation.  

To improve device quality, a new super unit cell was designed to ensure the smallest pillar 

remained in a vertical standing position after the fabrication. The smallest pillar (𝑤 = 100) of the 

previous design was replaced by a pillar with a width value of 420 𝑛𝑚. This new selection still 

achieved a 2𝜋 phase coverage with transmission exceeding 93% for all pillars.  
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Table 5-3 Properties of all eight meta-atoms in a modified super unit cell at 𝟏𝟓𝟓𝟎 𝒏𝒎 

wavelength. The widths of pillars vary between 𝟐𝟑𝟓 𝒏𝒎 and 𝟒𝟐𝟎 𝒏𝒎. 

Number of pillars #1 #2 #3 #4 #5 #6 #7 #8 

𝑤 (𝑛𝑚) 235 275 300 320 335 360 400 420 

Emission phase (rad) 0.764 1.535 2.404 3.269 3.884 4.675 5.527 5.952 

Efficiency 98.7% 99.0% 97.8% 96.3% 95.6% 96.1% 98.8% 93.3% 

 

Figure 5.12 shows SEM images of the fabricated devices with the new super unit cell. The 

devices are designed to have five distinct topological charges of −3 , −2 , −1 , 1 , and 2 . As 

observed in Figure 5.12, all the pillars remain vertical after all the nanofabrication steps.  
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Figure 5.12 SEM images of an improved batch of the fabricated devices. The width of pillars 

ranges from 235 𝑛𝑚 to 420 𝑛𝑚. The topological charge of the devices in (a-e) ranges 

from −3 to 2, omitting 0.  

5.4 Conclusion  

To conclude, I have designed and fabricated three kinds of optical devices for generating vortex 

beams at 1550 𝑛𝑚  wavelength. The first device is a conventional integrated vortex beam 

generator. I have solved the problems of mask misalignment and undefined small gaps. In the 

second device, an enlarged grating coupler has been designed and fabricated to reduce the 

difficulty of fibre alignment and simplify the fabrication process. The last device is transmissive 

metasurfaces for OAM generation. Devices of high quality have been obtained. All these three 

types of devices can contribute to the goal of vortex beam generation.  
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Chapter 6 Conclusion and outlook 

6.1 Conclusion  

This thesis details my study of vortex beams that carry OAM. It contains two major pieces of 

simulation work as well as some preliminary experimental investigations.  

In the first piece of simulation work, I have proposed and numerically demonstrated a novel 

approach for integrated vortex beam generation. This approach combines two well-established 

approaches, which are based respectively on metasurface-structured waveguides and angular 

grating-decorated microrings. This hybrid approach brings the conventional microring resonator 

a new topological charge tuning method, nanostructure-based OAM tuning.  The use of Si pillar-

based metasurfaces introduces an intrinsic phase gradient that is independent of the WGM 

inside the microring. As a result, the rotation direction of the source (i.e., the circulation of the 

WGM inside the microring) and that of the output (i.e., the helicity of the vortex beam) are 

decoupled, which is referred to as asymmetry vortex beam emission. It allows a single device to 

generate identical or two completely different sets of OAM values by only switching the input 

mode direction. This feature represents a new capability for integrated OAM emissions. The 

example device is capable of generating the same or two different OAM states at one resonance 

wavelength. For example, 𝑙ା = 𝑙ି = −8  at 1600 𝑛𝑚  and 𝑙ା = −7, 𝑙ି = −9  at 1627 𝑛𝑚 . 

Furthermore, my collaborators and I have proposed a novel analytical method for extracting an 

OAM spectrum from a vector vortex beam. This method is based on approximating the vector 

vortex beam as a scalar vortex beam, followed by mode decomposition for this scalar vortex 

beam. The results fit with both the analytical prediction and the simulated field maps. We believe 

that both the hybridised design methodology and the OAM spectrum analysis method discussed 

here have substantial potential for advancing research on integrated vortex beam emission.  

In the second piece of simulation work, I have studied and numerically tested a new 

metasurface design approach aimed at extracting a guided 𝑇𝐻𝑧 wave into free space and shaping 

its wavefront. This design utilises meta-atoms with a gradient in their light scattering amplitude, 

achieved by adjusting the gap size between the central waveguide and its side pillars. Unlike the 

commonly employed phase gradient design approach, this novel amplitude gradient design 

approach offers distinct advantages. As this approach can compensate for the energy decay in 

the energy feeding guided mode, a large number of meta-atoms can be accommodated along a 

single waveguide, as demonstrated in several 100 - and 1000 -unit devices. Consequently, I 

demonstrate three distinct off-chip wavefront shaping functionalities: (1) the generation of a 

plane wave, where the beam width can reach 275𝜆଴, equivalently a factor above 900 in width 
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expansion; (2) the generation of a Bessel-beam focus with a FWHM of 0.59𝜆଴; (3) the generation 

of OAM-carrying vortex beams, with tunable topological charges ranging from −5 to −30. These 

three light shaping functionalities demonstrated here could be used in a range of different 

applications, such as 𝑇𝐻𝑧  imaging [188], molecular sensing [189], and 6G communications 

[190]. All the meta-devices demonstrated here have a relatively straightforward configuration of 

the meta-atoms (all identical and evenly distributed) and the waveguide-pillar gap (changing at a 

constant step along the waveguide). More complicated configurations (e.g., obtained by 

incorporating methods such as inverse design [130]) could lead to other types of wavefront 

shaping and functionalities. 

In my experimental work, I have designed and fabricated three different types of devices: a 

conventional integrated vortex beam emitter, a microring resonator using the monolithic 

fabrication method, and a transmissive metasurface for generating vortex beams. The 

conventional integrated emitter can serve as a test device for the asymmetric vortex beam 

emission discussed in Chapter 3. The second device was designed to simplify the fabrication 

process and the experimental measurement procedure. Due to the challenges in building the 

experiment setup, I decided to fabricate a transmissive metasurface, as it requires fewer optical 

components. All the devices have been successfully fabricated, as seen in the SEM images.  

6.2 Future work  

Further research is necessary to explore the potential application of integrated vortex beam 

emitters, particularly in LiDAR applications. Various design features can be investigated to 

enhance the performance of the emitter. For the asymmetric vortex beam emitter, the OAM purity 

of the emitted vortex beam and the emission efficiency can be improved. The following part will 

discuss future work related to the desired improvement of the vortex beam emitter.  

To enhance the emission efficiency of the proposed asymmetric vortex beam emitter, several 

adjustments can be applied to the device: (1) an aluminum thin film can be placed under the 

integrated microring emitter to concentrate the main lobe of the emitted beams and reduce the 

side lobes intensity; (2) increasing the coupling efficiency of the microring through optimising the 

gap between the Si access waveguide and the microring waveguide; (3) reducing the bending loss 

of the microring by using a larger microring; and (4) optimising the thickness of the SiO2 isolation 

layer to increase the emission efficiency. 
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