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A vortex beam possesses a helical phase front and carries a phase singularity along the 
propagation axis. The salient properties of vortex beams, including the theoretically unbounded 
orbital angular momentum (OAM) and spatially variant states of polarization (SOPs), have been 
utilized for a range of applications, including optical sensing, communications, manipulation and 
imaging. This thesis reports integrated vortex beam emitters and all-optical wavelength tuning 
based on microring resonators. The work may be further explored for potential applications such 
as light detection and ranging (LiDAR) and communication systems. 

An integrated Terahertz (THz) vortex beam emitter is presented for the first time based on 
simulation to generate tunable OAM states. The design can convert infrared waveguide modes into 
a freely propagating THz beam via difference-frequency generation. The output OAM state carries 
a topological charge that is tunable with input wavelengths. Three devices are evaluated in a test 
frequency range from 9 THz to 13.5 THz, and the topological charge can change from -2 to 4. A 
frequency shift accompanies the change in the topological charge, and its magnitude depends on 
the planar dimensions of the emitter. 

An on-chip vector vortex beam emitter is demonstrated for the first time via numerical 
simulation to generate all points on a first-order Poincaré sphere (FOPS). It consists of a waveguide-
coupled, nanostructured Si microring resonator. The fundamental transverse electric and 
transverse magnetic input modes produce radial and azimuthal polarization, respectively. These 
two linear polarization states can form a pair of eigenstates for the FOPS. Consequently, tuning the 
phase contrast and the intensity ratio of these two coherent inputs can control the SOPs of 
generated vortex beams. 

Flexible wavelength modulation of the generated vortex beams is desired to enhance sensing 
and communication performance. An all-optical wavelength tuning device is experimentally 
demonstrated based on two coupled microrings, which may combine with the proposed emitters. 
Pumping the symmetric and antisymmetric resonances of the device can induce attractive and 
repulsive optical gradient forces, respectively. The optical gradient forces can reconfigure the 
device and tune its resonant wavelengths. Besides, the wavelength difference between the 
symmetric and antisymmetric resonances can be significantly increased and decreased by the 
device's positive and negative pull-back instabilities, respectively. 
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Chapter 1 Introduction to thesis structure 

1.1 Introduction to thesis structure 

A vortex beam is a light beam that possesses a helical phase front and propagates with a phase 

singularity [1]. In 1992, significant work linked these features to the angular momentum of the 

beam. Vortex beams were recognised carrying well-defined orbital angular momentum (OAM), 

which can be many times larger than the spin angular momentum (SAM) [2]. Since then, vortex 

beams have been explored for optical sensing, communication, manipulation and imaging. All of 

these fascinating applications demand desired vortex beams. Various generation approaches have 

been proposed, ranging from using free-space optical components to using integrated devices. 

Besides the OAM, vortex beams' states of polarization (SOPs) have also attracted great attention. 

Vortex beams with azimuthally varying polarization patterns are called vector vortex (VV) beams 

[3]. The transverse inhomogeneous polarization of VV beams has been utilized for many 

applications, including optical sensing, communications, trapping and microscopy. Many 

techniques for generating VV beams have been developed, evolving from using optical components 

in free space towards more compact solutions. 

The field of vortex beams is still developing and could be explored for more potential applications, 

such as light detection and ranging (LiDAR) systems [4]. OAM states and SOPs provide two new 

degrees of freedom for obtaining objects’ information. Integrated light sources are highly desired 

for the applications to achieve compact volume. Photonic integration with advantages of 

compactness, reliability and scalability compared with bulk optics [5, 6] provides a great solution. 

Integrated vortex beam emitters can generate OAM and VV beams at the stage of light emission, 

eliminating the need for any subsequent light-conversion element. In this thesis, the scope of 

integrated, tunable vortex beam emitters is expanded. An integrated vortex beam emitter working 

in the Terahertz (THz) frequency range is demonstrated for the first time based on simulation. The 

output THz OAM state carries a topological charge that is tunable with input wavelengths. 

Controlled generation of VV beam based on a Si microring resonator is also explored. An on-chip 

VV beam emitter that can generate an arbitrary point on a first-order Poincaré sphere (FOPS) is 

demonstrated via numerical simulation. The generated vortex beams with flexible wavelength 

modulation are highly desired, benefiting sensing and communication applications. For example, 

potential LiDAR applications with wavelength modulation can achieve simultaneous distance and 

velocity measurement [7]. An all-optical wavelength tuning method based on microring resonators 

is experimentally demonstrated. The resonant wavelengths of the microring can be tuned by 
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changing the pump’s wavelength. This all-optical wavelength tuning method may combine with the 

two proposed vortex beam emitters for providing wavelength-modulated vortex beams.  

The contents of each following chapter are summarized as below. In chapter 2, the features of 

vortex beams, including OAM and SOPs, are introduced. The generation of OAM and VV beams are 

reviewed in detail. In Chapter 3, the first integrated THz vortex beam emitter is demonstrated via 

numerical simulation. THz waves are generated by the difference frequency generation (DFG) 

process in a nonlinear microring resonator and form whisper gallery modes (WGMs). A second-

order grating is used to extract the confined OAM into the free space. Chapter 4 describes an 

integrated VV beam emitter on a Si microring based on simulation. The device can generate any 

polarization state on the FOPS by balancing the transverse electric (TE) and the transverse magnetic 

(TM) input modes without changing the input wavelength. In Chapter 5, an all-optical wavelength 

tuning device is experimentally demonstrated based on two coupled Si microrings. The resonant 

wavelengths of the device can be tuned by changing the pumping wavelength. Positive and negative 

pull-back instabilities are studied for the first time, originating from attractive and repulsive optical 

gradient forces, respectively. Chapter 6 summarizes the main achievements of my PhD study and 

presents future work that can be derived from this study. 
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Chapter 2 Optical vortex beams 

Nowadays, optical vortex beams are exploited in various applications, including optical sensing, 

communications, optical manipulation, and imaging. One property of an optical vortex beam is 

carrying an OAM, discovered by Allen et al. in 1992 [2]. An optical vortex beam has a helical phase 

front and phase singularity along the propagation axis. OAM along the beam axis originates from 

the helical phase front and depends on the number of interwind helices and their handedness [1]. 

Apart from the OAM, the SOP of an optical vortex beam is also attracting great attention. When an 

optical vortex possesses a space-varying polarization pattern across the beam, the vortex beam is 

called a VV beam [3]. 

To date, optical vortex beams are still hot topics and are advancing many potential applications by 

the unique properties of the OAM and SOP. Creating a vortex beam with the corresponding 

property is the crucial first step for the various applications. The generation methods have been 

widely studied, ranging from using free-space optical components to using integrated devices. This 

chapter will describe the generation methods for the desired OAM and SOP of vortex beams. 

2.1 Orbital angular momentum of light 

Laguerre-Gaussian (LG) modes with circular symmetry are the earliest reported vortex beams 

carrying OAM. The modes are the solutions of the paraxial scalar Helmholtz equation in cylindrical 

coordinates [8-10]. The scalar Helmholtz equation is  

 2 2( ) 0k E∇ + =   (2.1) 

where 𝑘𝑘 = 2𝜋𝜋/𝜆𝜆 is the wavenumber, E is the electric field. A paraxial solution in cylindrical 

coordinates can be expressed as 

 ( , , , ) ( , , ) exp[ ( )]E r z t u r z i kz tφ φ ω= −   (2.2) 

where ( , , )u r zφ  is the amplitude distribution, ω  is the angular frequency. By substituting the 

equation into the scalar Helmholtz equation and applying the slowly varying envelope 

approximation which can be expressed as  

 
2 2

2
2 2,u u uk u

z z z
∂ ∂ ∂
∂ ∂ ∂

    (2.3) 

The scalar Helmholtz equation becomes 
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2

2 2

1 1( ) 2 0u u ur ik
r r r r zφ
∂ ∂ ∂ ∂

+ + =
∂ ∂ ∂ ∂

  (2.4) 

From the equation, the LG solution 𝐿𝐿𝐿𝐿𝑝𝑝𝑙𝑙  modes can be obtained  

[ ]
2 2

2 2

2 ! 1 2 2exp exp
( )! ( ) ( ) ( ) ( )

l
ll

p p
p r r rLG L il

p l w z w z w z w z
φ

π
     −

=     +     
 

 
2

1
2 2exp exp (2 1) tan ( )

2( )R R

ikr z zi p l
z z z

−   −
− + +   +   

  (2.5) 

where 𝑤𝑤(𝑧𝑧) = 𝑤𝑤(0)[(𝑧𝑧2 + 𝑧𝑧𝑅𝑅2)/𝑧𝑧𝑅𝑅2]1/2 is the 1/e radius of the Gaussian term, with 𝑤𝑤(0) being the 

beam waist and 𝑧𝑧𝑅𝑅 being the Rayleigh range. 𝐿𝐿𝑝𝑝
|𝑙𝑙| is the generalized Laguerre polynomials. (2𝑝𝑝 +

|𝑙𝑙| + 1)𝑡𝑡𝑡𝑡𝑡𝑡−1(𝑧𝑧/𝑧𝑧𝑅𝑅)  is the Gouy phase. 𝑝𝑝  determines the number of concentric rings in the 

intensity distribution. 𝑙𝑙 determines the azimuthal phase term exp [𝑖𝑖𝑖𝑖𝑖𝑖]. The phase term shows that 

the phase evolves by 2𝜋𝜋𝜋𝜋 when transversing a close path around the axis (r=0). The integer 𝑙𝑙 is 

called the topological charge (TC). 

Figure 2.1 shows phase distributions of LG beams with 𝑙𝑙=-1, 0, 1, 2 and 𝑝𝑝=0. When 𝑙𝑙 is zero, the 

beam is the fundamental Gaussian beam. For 𝑙𝑙≠0, each phase distribution shows a helical phase 

front. The number of intertwined helices increases with the magnitude of 𝑙𝑙. For the beams with TCs 

of 𝑙𝑙=±1, the numbers of intertwined helices are the same. However, their handedness is different 

due to the signs of the TCs 𝑙𝑙.  

 

Figure 2.1 Helical phase fronts of optical vortex beams with toplogical charges of (a) 𝑙𝑙=-1, (b) 

𝑙𝑙=0, (c) 𝑙𝑙=1, (d) 𝑙𝑙=2.  
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Figure 2.2 shows the normalized intensity and phase distributions of LG modes. Here, the LG modes 

are chosen as 𝐿𝐿𝐿𝐿01, 𝐿𝐿𝐿𝐿11 and 𝐿𝐿𝐿𝐿12. In the intensity cross-section, there are 𝑝𝑝+1 concentric rings with 

a zero on-axis intensity. In the phase cross-section, the accumulated phase is 2𝜋𝜋𝜋𝜋 when traversing 

a closed path around the axis. 

 

Figure 2.2 Normalized intensity and phase distributions of Laguerre-Gaussian modes: (a) 𝐿𝐿𝐿𝐿01, 

(b) 𝐿𝐿𝐿𝐿11, (c) 𝐿𝐿𝐿𝐿12. 

The helical phase structure is associated with the OAM of LG modes [1, 11]. The Poynting vector is 

at all times parallel to the surface normal of the phase front, and an azimuthal component of the 

Poynting vector is around the beam. Therefore, there is an OAM along the beam axis. The OAM of 

the optical vortex beam can be characterized by using the Poynting vector [1] or the canonical 

momentum density [12, 13]. Compared to the Poynting vector, the canonical momentum density 

can be applied to inhomogeneous optical fields and separate the OAM from the SAM of light. Here 

the canonical momentum density is used to characterize the OAM. The momentum density of light 

in free space can be written as [13] 

 * *Im ( ) ( )
2
g  = ⋅ ∇ + ⋅ ∇ P E E H H   (2.6) 

where E and H are the electric and magnetic fields of light. Gaussian units with 𝑔𝑔 = (8𝜋𝜋𝜋𝜋)−1 are 

used. The canonical OAM density is expressed as  

 = ×L r P   (2.7) 

An optical vortex beam propagating along the z-axis can be expressed as 
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where ( , )A r z  is the amplitude of the beam, 𝑚𝑚 is a complex number, which characterizes the 

polarization. 

The average OAM can be derived as  

 
l

W kω
=

L k
  (2.9) 

where the averaged energy density 𝑊𝑊 = 𝑔𝑔𝑔𝑔
2

(|𝑬𝑬|2 + |𝑯𝑯|2) and 𝑘𝑘 is the wavevector. The energy of 

a single photon is ℏ𝜔𝜔. Therefore, the light with azimuthal dependent phase exp (𝑖𝑖𝑖𝑖𝑖𝑖) carries an 

OAM of 𝑙𝑙ℏ per photon. The magnitude of OAM of light is determined by the TC 𝑙𝑙. It is theoretically 

unbounded. Generation of light vortices carrying more than 104 orders of OAM has recently been 

demonstrated [14]. Numerous applications taking advantage of this unbounded OAM have 

emerged, which will be described in section 2.2. 

2.2 Applications of OAM 

In addition to the physical properties of light, for example, the frequency, amplitude, wavelength, 

polarization and SAM, the theoretically unbounded OAM provides another degree of freedom for 

photonic technologies. The OAM has been studied for various applications in a wide variety of 

fields, such as optical sensing, optical communication, quantum communication, manipulation and 

imaging. 

2.2.1 Sensing applications 

Optical fields are of great importance in sensing since they allow for high contact-less sensitive 

techniques. OAM has been used to detect spinning objects. When a light beam with OAM is 

scattered from a spinning object, the light beam will undergo a frequency shift. This phenomenon 

is called the rotational Doppler effect [15]. The frequency shift is proportional to the product of the 

rotation frequency of the object and the OAM of the light. The rotational Doppler effect has been 

experimentally verified by building a 120-m free-space optical link in a realistic city environment 

[16]. In order to improve the measurement sensitivity, interferometers have been utilised [17-19]. 

Using an OAM with TC of 𝑙𝑙=5050, the sensitivity can be as high as 3×10-9 rad/s [20]. Recently, the 

OAM has been studied for refractive index sensing [21]. The refractive index is measured by the 

orientation change of the light’s intensity profile when vortex beams are superposed. The 



Chapter 2 

7 

mentioned sensing applications are based on the OAM modes in the free space. The OAM in optical 

fibres has also been explored for sensing, such as temperature [22], strain [23], refractive index [24] 

measurement.  

Besides detecting targets’ rotational motion, OAM has been explored to detect objects’ lateral 

motion [25]. By analysing the changes in OAM of a titled light beam eclipsed by a moving object, 

the object’s lateral motion can be detected using a single light beam. OAM can also be used to 

acquire a target’s azimuthal information [26]. The range of employed OAM modes decides the 

azimuthal resolution. A higher resolution can be obtained when more modes are utilized. Recently, 

the OAM has been studied for identifying an object’s shape information [27]. This is achieved by 

determining the difference between the OAM spectra of the indecent and outgoing light. OAM 

beams provide a new degree of freedom for object detection and have the potential to improve 

sensing performance. Currently, LiDAR technology, a laser-based sensing technique for accurate 

distance measurement, has been one of the most crucial sensor technologies for autonomous 

vehicles and artificially intelligent robots [4]. The detecting methods based on OAM beams are 

promising to be the supporting or alternative technologies to the conventional LiDAR systems.  

2.2.2 OAM in communication 

The potentially unlimited number of OAM states provides new freedom for encoding information, 

enlarging the capacity of optical communication. Terabit level of data rates has been demonstrated 

by OAM multiplexing in free space [28]. In free space, the transmission of OAM modes of light over 

a distance of 143 km has been demonstrated [29]. Inevitably, the performance of optical free-space 

communication based on OAM multiplexing will be influenced by turbulence and microparticles in 

the atmosphere. The wavefront of the OAM modes would be scrambled, and the orthogonality 

between OAM channels would be destroyed. Recently, OAM transmission under atmospheric 

turbulence [30] and high scattering [31] have been studied. These techniques would benefit the 

high-performance optical communication in turbulent environments.  

Compared to the free-space-based OAM multiplexing, fibre-based OAM multiplexing is suitable for 

short-distance communication in a complex environment. Terabit-scale OAM division multiplexing 

in fibres have been demonstrated [32]. The OAM multiplexing devices are based on free-space 

optics, which increases the complexity of the fibre-based system. In order to achieve simple and 

practical applications, an integrated fibre-based OAM (de)multiplexer has been proposed. A vortex 

grating fabricated on the fibre facet enables the direct multiplexing and demultiplexing of OAM 

states [33]. Recently, an optical fibre communication system was proposed based on a micrometre-
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sized silicon optical vortex beam emitter [34]. This technique paves the way to use integrated 

photonic devices as transceivers in an OAM-based optical fibre communication system. 

2.2.3 Quantum communication 

OAM of light has engendered many applications in quantum information and science and quantum 

technology [35]. Higher-dimensional quantum key distribution protocols can be achieved based on 

mutually unbiased bases, implemented by photons carrying OAM. The increase in dimension can 

increase information capacity and achieve higher key generation rates per photons [36]. Current 

research is trying to enlarge the distance over which secure keys can be distributed [37, 38]. Using 

OAM has also enabled the quantum teleportation of two degrees of freedom of a single photon. 

This technique can improve the technical control of scalable and complicated quantum 

technologies [39]. Optical quantum cloning of OAM photon qubits has also been demonstrated 

through Hong-Ou-Mandel coalescence interference, which is useful for distributing quantum 

information and security assessment of quantum cryptography [40]. Storing OAM photonic qubits 

in matter systems is of great importance for the quantum techniques mentioned above. Quantum 

memory for storing and retrieving OAM qubits has been proposed using a dynamic 

electromagnetically induced transparency protocol [41]. Recently, a dielectric metasurface has 

been utilized to generate quantum entanglement of spin and orbital angular momentum of photons 

[42]. This progress would lead to integrated quantum optic circuits operating on a nanophotonic 

platform. 

2.2.4 Optical manipulation 

Optical trapping has been very active since 1970 and was typically accomplished with a single 

Gaussian beam [43]. Absorbing particles usually cannot be trapped stably by the normal optical 

tweezer due to the high scattering force [44]. The dark centre of an optical vortex beam provides a 

suitable tool for trapping these particles. Meanwhile, the OAM of the vortex beam can be 

transferred to the particles, leading them to rotate around its axis [45]. When combined with SAM, 

the OAM can control the spinning of a trapped particle. A beam with 𝑙𝑙=1 and 𝜎𝜎=1 or 𝜎𝜎=-1 has a 

total angular momentum of 0 and 2ℏ per photon, respectively. The two total angular momenta can 

stop or start the spinning of the trapped particle, respectively [46]. In addition to the absorbing 

particles, metal nanoparticles and low-refractive-index particles can also be trapped using an 

optical vortex beam [47, 48]. The mentioned particles are typically large compared with the beam 

size. When the focused beam is larger than the particle, the particle will be confined off-axis with 

respect to the beam. OAM causes it to orbit around the beam axis [49, 50]. With the control of 

multiple optical vortex beams, multiple particles can be trapped on the beams’ bright 
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circumference and circulate rapidly around the rings. These circulating particles can create flow and 

can be used as an optically driven pump [51]. 

2.2.5 Optical imaging 

OAM has also led new approaches within imaging. The annular intensity cross-section of a vortex 

beam can be used to null bright points of light which might overwhelm the image. This approach 

has been used within a telescope to suppress light from a bright star to observe neighbouring 

objects [52]. Microscopic techniques have also benefited from the OAM. A new form of 

interferometric has been proposed using a helically phased beam as a reference wave. A complete 

sample profile can be reconstructed from a single exposure [53]. By exploiting the spiral phase of a 

vortex beam for edge contrast enhancement, high-resolution imaging can be achieved in light 

microscopy and stimulated emission depletion microscopy techniques [54]. Optical vortex beams 

can also combine with surface plasma. Fluorescence microscopy was demonstrated using standing 

surface plasmon waves induced by optical vortices, achieving high-resolution wide-field imaging 

[55]. A perfect vortex beam can be used to improve the performance of this microscopy further. 

This type of optical vortex beam can improve the efficiency of the excitation of surface plasma and 

reduce the background noise of the excited fluorescence [56]. 

2.3 Generation methods 

All the fascinating applications described in section 2.2 require the stable creation of vortex beams. 

Various generation methods have been studied [57], which can be classified as passive or active, 

depending on whether amplifying media is involved. The passive generation methods include the 

dynamic phase plate and geometric phase plate. The active methods include free-space lasers and 

integrated OAM lasers. 

2.3.1 Passive generation methods 

2.3.1.1 Dynamic phase plates 

The generation of OAM modes relies on constructing a specific phase distribution by introducing 

optical path differences. A spiral phase plate (SPP) can introduce such optical path differences by 

providing a thickness gradient varying along the azimuthal angle. The first SPP for OAM generation 

was implemented in 1994 using conventional machining, as shown in Figure 2.3(a) [58]. The 

required spiral phase structure can also be mapped onto the surface of a mirror instead of using a 

thin transparent plate. A spiral phase mirror has been produced by direct machining with a diamond 

turning lathe [59]. A TC of more than 10000 has been produced based on this device, as shown in 
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Figure 2.3(b) [14]. However, the machined spiral phase devices are macroscopic. Direct laser writing 

techniques are promising approaches to downsize SPPs. An SPP with a diameter of several 

micrometres has been demonstrated [60]. The technique has also been used to fabricate SPPs on 

fibre tips [61]. 

 

Figure 2.3 Spiral phase plates for the generation of OAM modes. (a) The schematic of the spiral 

phase plate [58]. (b) The spiral phase mirror for generating the topological charge of 

10010 [14].  

Metasurfaces with thin surfaces provide a promising solution to achieve compact SPPs. A 

metasurface consists of a two-dimensional array of optical resonators, imprinting phase 

discontinuities on propagating light. Subwavelength metallic nanoantennas and thin films have 

been proposed to be optical resonators [62, 63]. By engineering the geometries of resonators, the 

desired spatial gradient of the phase discontinuity along the azimuthal angle of the metasurface 

can be achieved. Figure 2.4(a) shows an ultra-compact array of nanowaveguides composed of 

cylindrical holes [64]. The nanowaveguides were milled in a thin silver film and filled with a dielectric 

material. Each nanowaveguide introduces a specific phase change determined by the radius of the 

hole. By choosing the spatial distribution of the nanowaveguide radii, a total phase change of 2π 

can be achieved. When a conventional beam transmits the metasurface, a far-field vortex beam 

with a TC of 𝑙𝑙=1 is obtained. Apart from the far-field vortex beams, metallic metasurfaces have also 

been used to create near-field vortices. Figure 2.4(b) shows a metasurface formed by nanocavities 

embedded in a gold thin film. A surface plasmon vortex can be generated when the metasurface is 

pumped by linearly polarized light [65]. 
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Figure 2.4 Spiral phase plates based on metasurfaces for the generation of optical vortex beams. 

a) Nanowaveguide array milled in a thin silver film [64]. (b) Nanocavities are arranged 

as an Archimedes spiral inscribed in a gold thin film [65]. 

The metallic metasurfaces for OAM generation at optical frequency introduce high ohmic loss and 

absorption [66]. As a result, the transmission efficiency is low. This limitation can be overcome by 

replacing metals with all-dielectric resonators. Dielectric metasurfaces consist of interfaces 

patterned with a distribution of high-index dielectric light scattering particles [67]. Figure 2.5(a) 

shows a dielectric metasurface composed of silicon nanodisks [68]. The transmission efficiency of 

this device exceeds 70%. A Gaussian beam is converted to a vortex beam with a TC of 𝑙𝑙=1. The 

required spatial distribution of transmitted phases for OAM generation is achieved by varying the 

lattice periodicity in the array. Recently, dielectric metasurfaces based on silicon cross-shaped 

resonators [69] and cylindrical pillars [70] have been proposed to provide desired spatially varying 

phase shifts to the incident light. These metasurfaces are insensitive to the polarization of the 

incident light and can generate OAM modes in mid-infrared and THz regions.  

OAM modes can also be generated by holograms that resemble diffraction gratings. The required 

diffraction grating can be displayed on a holographic film or a spatial light modulator (SLM) [8]. 

However, the methods employ bulk optics and have a low spatial resolution. Recently, metasurface 

grating with subwavelength structures has been explored to work as holograms. A device 

comprising a bilaterally symmetric grating with an aperture was proposed, as shown in Figure 2.5(b) 

[71]. The device is encoded with a phase profile that has regularly distributed singularities. By 

employing a gradually varying aperture, optical vortex beams are generated with controllable OAM 

values continuously varying over a rational range. An all-dielectric metasurface grating has also 

been demonstrated for the simultaneous generation of multi-channel OAM beams with the TCs 

from 𝑙𝑙=-3 to +3 [72]. The encoded fringes are produced by off-axis interference between vortex 

beams and a Gaussian beam. When a vortex beam coaxially interferes with a Gaussian beam, spiral 

fringers can be created. The spiral fringers have also been encoded onto metasurfaces for OAM 

generation [73]. 
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Figure 2.5 Generation of optical vortex beams by (a) Silicon nanodisks with high refractive index 

[68]. (b) Metasurface fork grating hologram with an open circular aperture [71]. 

2.3.1.2 Geometric phase plates 

When the light changes its initial polarization state to a final polarization state along different paths 

on the Poincaré sphere, there will be a phase difference between the two final polarization states 

[74, 75]. The phase difference is the geometric phase, which can be used to construct the required 

spiral phase distribution for OAM generation. In 2002, space-variant subwavelength dielectric 

gratings utilizing the geometric phase were proposed to generate vortex beams in the mid-infrared 

region [76]. Figure 2.6 shows the geometry of the subwavelength gratings. Since the grating period 

is smaller than the incident wavelength, each groove acts as a polarizer where the transmission axis 

varies across the profile of the beam. The device was fabricated by using a photolithographic 

process, and the fabrication resolution is limited. So, the operating frequency is in the mid-infrared 

range. Later, a q-plate based on birefringent liquid crystals was introduced to produce OAM modes 

[77]. The device introduces the geometric phase by an azimuthal pattern of the liquid crystal 

molecular director around a central point. 𝑞𝑞 presents the constant angular rotation velocity of the 

anisotropy of the device. This work illustrates that the input polarization controls the wavefront 

helicity of generated vortex beams due to the spin-orbit interaction, which simplifies the generation 

of OAM modes.  

 

Figure 2.6 Geometry of the subwavelength gratings for generating four topological charges [76]. 



Chapter 2 

13 

Metasurfaces with subwavelength structures are proposed to reduce the size of geometric phase 

plates. A metasurface based on V-shaped nanoantennas arrays was proposed to generate optical 

vortex beams, as shown in Figure 2.7(a). There are eight regions arranged to generate a phase shift 

that varies azimuthally from 0 to 2𝜋𝜋 . A Gaussian beam passing through the metasurface can 

produce the optical vortex with a TC of 𝑙𝑙=1 [78]. Another geometric phase metasurface was 

demonstrated based on a space-variant array of plasmonic gold nano-antennas. The device 

operates at a visible wavelength and can convert the circularly polarized light to optical vortex 

beams with the TCs of 𝑙𝑙=±2 [79]. Apart from using nanoantennas, space-variant nanoslits on a thin 

gold film were used to generate optical vortex beams. The device can generate an optical vortex 

with a TC of up to 𝑙𝑙=10 in the visible domain [80]. The mentioned metasurfaces device can only 

generate the optical vortex beams while lacking the ability to separate the coupled SAM-OAM 

modes of light. A metasurface fork grating was proposed to achieve the generation and splitting of 

OAM modes. Figure 2.7(b) shows that the metasurface consists of spatially variant nanoslits on an 

ultrathin metal film [81]. The device can generate optical vortices with various OAM states and 

splits these optical vortex beams into different diffraction orders according to their SAM states. In 

addition to using metallic nanostructures, geometric phase metasurfaces can be achieved by using 

dielectric scatters. The dielectric metasurface can achieve high conversion efficiency for the visible 

wavelength. A metasurface based on titanium dioxide with an efficiency of 60% has been 

demonstrated when the wavelength is 532nm [82]. 

 

Figure 2.7 Geometric phase metasurfaces for generating optical vortex beams. (a) A plasmonic 

interface consists of eight regions, each occupied by one constituent antenna [78]. (b) 

A metasurface hologram generates optical vortex beams and splits the beams 

simultaneously [81]. 

These devices based on the geometric phase can only permit the conversion of left-handed 

circularly polarized (LHCP) and right-handed circularly polarized (RHCP) beams into modes with 

opposite OAM states. A possible approach to generate arbitrary OAM states is combining a 

geometric phase plate and a dynamic phase plate. Figure 2.8(a) shows the combination of two 

discrete plates. For RHCP incident light, the output beam has the TC of 𝑙𝑙=0. For LHCP incident light, 
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the output beam has the TC of 𝑙𝑙=2 [83]. The combination of dynamic and geometric phase plates 

has been implemented on a metasurface recently. Figure 2.8(b) shows the metalens. The LHCP 

beam is converted to the OAM mode with the TC of 𝑙𝑙=3, while the RHCP beam is converted to the 

mode with 𝑙𝑙=4. Besides, arbitrary generation of OAM states has also been demonstrated by using 

orthogonal elliptical polarization states [84]. 

 

Figure 2.8 Arbitrary spin-to-orbital angular momentum conversion. (a) Schematic illustration of 

the independent spin-orbit conversion based on a geometric phase plate and a 

dynamic phase plate [83]. (b) Illustration of a hybrid metasurface plate for arbitrary 

OAM generation [84]. 

2.3.2 Active generation methods 

2.3.2.1 Free space OAM lasers 

Optical vortex beams can be directly generated from a laser. An approach based on the 

superposition of two orthogonal modes has been proposed [85]. However, this method requires 

sophisticated alignment procedures of intra-cavity absorbers and apertures for controlling the 

transverse modes. Techniques such as inserting Dove prism [86], spiral phase elements [87] inside 

laser cavities have been proposed to simplify the generation process. Figure 2.9(a) shows the laser 

using a spatial phase element for obtaining a pure and stable optical vortex beam. The spiral phase 

elements are used to discriminate and select a single high order LG mode [87]. Many approaches 

for mode selection inside laser cavity have been implemented, for example, using phase-only [88], 

amplitude-only [89] and phase-amplitude combination optical elements [90]. However, all these 

techniques require custom optics. It is challenging to achieve an on-demand selection of arbitrary 



Chapter 2 

15 

laser mode. A digital laser using intra-cavity digital holograms was proposed to overcome the 

limitation. Figure 2.9(b) shows the schematic of the digital laser [91]. Holograms are implemented 

on a reflective SLM to form a holographic mirror. The phase and amplitude of the holographic 

mirror can be controlled simply by writing a computer-generated hologram.  

 

Figure 2.9 Generation of OAM modes based on free-space lasers. (a) Laser resonator 

configuration based on a spatial phase element (SPE) [87]. (b) Schematic of the digital 

laser based on a spatial light modulator [91]. 

Recently, subwavelength nanostructures based on spin-orbit interaction have been used inside 

laser cavities for optical vortex generation. Figure 2.10(a) shows that a geometric phase 

metasurface is used inside a laser cavity. The metasurface based on silicon nanoantennas is 

combined with an Nd: YAG laser. The SAM of the incident light can control the TCs of generated 

OAM modes. For the LHCP incident light, the generated TC is 𝑙𝑙=1. On the contrary, the generated 

TC is 𝑙𝑙=-1 for the RHCP incident light [92]. This laser can only convert the LHCP and RHCP states into 

opposite OAM states. Breaking the symmetry of the spin and orbital states for arbitrary OAM 

generation at the source is still challenging. A laser with an intracavity metasurface provides a 

promising solution. Figure 2.10(b) shows the intracavity implementation. The J plate can convert 

any two orthogonal polarization states of the incident light into helical modes with any arbitrary 

values of OAM. The laser was demonstrated to produce simultaneously two vortex beams with TCs 

being 𝑙𝑙=100 and 10, respectively [93]. 
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Figure 2.10 Generation of OAM states using subwavelength nanostructures involves spin-orbit 

interaction inside laser cavities. (a) Illustration of a laser cavity based on a geometric 

phase plate. The TCs of the generated OAM beams can be controlled by the SAM of 

the incident light [92]. (b) Illustration of laser cavity based on a metasurface (J-plate) 

for generating an arbitrary OAM state [93].  

2.3.2.2 Integrated OAM lasers 

Photonic integration has attracted great attention recently due to advantages of reliability, 

miniaturization and scalability compared with bulk optics [5]. Recent advances in the fields of 

nanofabrication make the integrated OAM generator possible. A compact integrated OAM emitter 

was proposed based on a microring resonator [94]. Figure 2.11(a) shows the emitter with angular 

grating patterned along the inner wall of a microring resonator. The gating can extract light confined 

in WGMs with high OAM into free-space beams with controlled amounts of OAM. The amount of 

the OAM is determined by the difference between the azimuthal order of the WGM and the number 

of grating elements. This work is significant progress to achieving an integrated OAM generator. 

However, the emission efficiency is low as most of the emitted power leaks to the substrate. A 

vortex beam emitter was proposed to improve emission efficiency using a metal mirror underneath 

the silicon microring. The mirror reflects the propagating components emitting down to the 

substrate back to air. The emission efficiency of the emitter was up to 37% [95]. The mentioned 

devices can only operate in a narrow bandwidth as the high-quality factor of the WGMs. Recently, 

an ultra-broadband multiplexed OAM emitter was proposed [96]. Figure 2.11(b) shows that the 

emitter has a circular shape containing subwavelength structures and is connected to two single-

mode waveguides. The subwavelength structures enable joint phase control of the optical path and 

local resonances. The operating bandwidth is across the entire telecommunication band from 1450 

to 1650nm.  
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Figure 2.11 Integrated optical vortex beam emitters. (a) Schematic of integrated optical vortex 

emitters based on silicon waveguides. The angular grating patterns scatter OAM light 

into the free space [94]. (b) Schematic of a broadband OAM emitter that can be used 

for OAM multiplexing and demultiplexing [96].  

The mentioned integrated OAM emitters are passive devices and require external laser sources. 

The external sources would increase the complexity and decrease the stability of emitters. There is 

an increasing demand for the realization of vortex lasing based on an integrated chip. One type of 

vortex laser has been proposed by adding a micro-SPP at the output port of a vertical-cavity surface-

emitting laser, as shown in Figure 2.12(a) [97]. The SPP can impart a helical phase term to a Gaussian 

beam. The SPP is fabricated in a 1000 nm thick silicon nitride film and patterned using a focused ion 

beam etching technique. Another approach for eliminating the required external laser is using a 

microlaser that simultaneously generates light and the OAM mode. Figure 2.12(b) shows an OAM 

microlaser on an InP substrate [98]. A microring laser is used to provide a unidirectional WGM by 

introducing complex refractive-index modulations to form an exceptional point. The microlaser has 

been demonstrated to produce a single-mode OAM vortex lasing with the ability to define the TC 

precisely. The device is optically pumped, which limits its applications in telecommunications. 

Recently, an integrated electrically pumped OAM laser operating at telecom wavelengths has been 

demonstrated [99]. Figure 2.12(c) shows the structure of the laser. It contains a microring-based 

vortex emitter with a distributed feedback laser fabricated on an InGaAsP/InP epitaxial wafer. Light 

from the distributed feedback laser is unidirectionally coupled into the optical vortex beam emitter. 

The OAM-carrying beam will be emitted vertically once the light is in resonance within the 

microring. 
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Figure 2.12 Integrated optical vortex beam lasers. (a) Schematic of the vertical-cavity surface-

emitting laser with an integrated spiral phase plate at the output port [97]. (b) 

Schematic of an OAM microlaser on an InGaAsP/InP platform. The on-top Ge and 

Cr/Ge introduce different loss and gain modulations. So they form an exceptional point 

operation that allows for one-way light circulation in the microring cavity. It emits a 

vortex laser beam under optical pumping [98]. (c) Integrated OAM laser with shallow-

etched distributed feedback laser and deeply etched vortex emitter on InGaAsP/InP 

wafer [99]. The OAM laser is electrically pumped.  

The optical vortex beams generated by the mentioned integrated lasers remain static. The 

tunability of OAM modes is desired for the sensing and information-processing systems. In general, 

the switching of OAM generated by free-space bulk optical components is around a millisecond 

[100]. Fast electrical switching of OAM modes was proposed using ultra-compact integrated vortex 

emitters [101]. The emitter is tuned using electrically contacted thermo-optical control. On-off-

keying and OAM modes switching are achieved at rates of 10 μs and 20 μs, respectively. Recently, 

ultrafast control of vortex microlasers was demonstrated, as shown in Figure 2.13(a) [102]. The 

vortex microlaser is based on a perovskite metasurface. By exploiting both mode symmetry and far-

field properties, the vortex beam lasing can be switched to linearly polarized beam lasing with a 

switching time of 1 to 1.5 picoseconds. Dynamic tuning of TC has also been achieved based on a 

vortex microlaser, as shown in Figure 2.13(b) [103]. Using the properties of total momentum 

conservation, spin-orbit interaction, and optical non-Hermitian symmetry breaking, an OAM vortex 

microlaser provides variable TC at a single telecommunication wavelength. Tunable OAM states 
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ranging in 𝑙𝑙=-2, -1, 0 ,1 ,2 was demonstrated. Apart from the tunable TC, tailorable chirality of the 

OAM (clockwise or counterclockwise vortices) is also highly desired. An OAM laser with optically 

controllable chirality of the emission has been proposed [104]. The device is based on optically 

breaking time-reversal symmetry in a semiconductor microcavity. By exploiting the spin-orbit 

coupling of photons confined in planar microcavities, the chirality of the emitted vortex beam can 

be controlled by tunning the polarization of the pump. 

 

Figure 2.13 Generation of tunable OAM modes. (a) Schematic of the designed perovskite 

metasurface for ultrafast controlling vortex beams. The metasurface is pumped by 

blue laser light, producing a green vortex beam in the vertical direction [102]. (b) 

Schematic of non–Hermitian controlled vortex microlaser. It can emit a vortex beam 

with a tunable topological charge at a single telecommunication wavelength [103]. 

2.4 Vector vortex beams 

In the previous sections, applications and generation methods of OAM of vortex beams have been 

described. The SOP provides another degree of freedom for applications based on the optical vortex 

beam. The solution to the paraxial wave equation in section 2.1 has a spatially homogeneous state 

of polarization, such as linear, elliptical and circular polarizations [105]. The polarization pattern 

does not depend on the spatial location in the vortex beam. A vortex beam can possess SOPs varying 

with the location with respect to the beam axis. Such a vortex beam is called the vector vortex (VV) 

beam [3, 10, 105]. It was discovered that a radial polarized VV beam exhibits an intriguing property 

of tight focusing [106]. Since then, there has been an increasing interest in studying VV beams. The 

spatially inhomogeneous polarization of vector vortex beam has benefited optical sensing. The tight 

focusing property of a radially polarized beam can be used for determining the three-dimensional 
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orientation of a molecular [107] and for high-precision positioning sensing [108]. Recently, VV 

beams have been used to determine a moving particle's velocity and motion direction without using 

an additional reference light [109]. The polarization degree of freedom can be further explored to 

monitor universal motion vectors in the natural world. Besides the sensing applications, microscopy 

techniques have utilized the tight focusing property to enhance the resolution limited by the 

diffractive property of light [110, 111]. Optical trapping efficiency [112, 113], laser machining 

efficiency [114, 115] and optical communication's transmission date rate and stability [116-118] 

can be improved by the unique polarization states of VV beams.  

The VV beams can be generated as coaxial superpositions of scalar fields with orthogonal 

polarization states in the LG basis as [119] 

 1 1 2 2

1 2
ˆ ˆ( ) l i l i

p pU LG e LG eδ δ= + eL Rr e   (2.10) 

where the unitary vectors 𝒆𝒆�𝑳𝑳 and 𝒆𝒆�𝑹𝑹 represent the left and right circular polarization states with 

corresponding amplitudes 𝐿𝐿𝐿𝐿𝑝𝑝1
𝑙𝑙1  and 𝐿𝐿𝐿𝐿𝑝𝑝2

𝑙𝑙2 , respectively. 𝛿𝛿 represents the wave phase.  

Figure 2.14 shows the vector beams produced based on Eq. (2.10). The parameters are  𝑙𝑙1=-1, 𝑙𝑙2=1, 

𝑝𝑝1=0, 𝑝𝑝2=0, 𝛿𝛿1=0, 𝛿𝛿2=0 in Figure 2.14(a), 𝑙𝑙1=-1, 𝑙𝑙2=1, 𝑝𝑝1=0, 𝑝𝑝2=0, 𝛿𝛿1=𝜋𝜋, 𝛿𝛿2=0 in Figure 2.14(b) and 

𝑙𝑙1=-2, 𝑙𝑙2=2, 𝑝𝑝1=0, 𝑝𝑝2=0, 𝛿𝛿1=0, 𝛿𝛿2=0 in Figure 2.14(c). The distribution of field intensity is shown in 

colour maps. All the intensity distributions are doughnut-shaped because the LG modes are the 

basis for generating the desired vector beams. The polarization is presented with white lines. In 

each plot, the polarization states vary across the beam profile. It can be observed that the different 

sets of the parameters (𝑙𝑙1, 𝑙𝑙2, 𝑝𝑝1, 𝑝𝑝2, 𝛿𝛿1 and 𝛿𝛿2) lead to different space-variant polarization states. 

As the combination of the parameters is infinite, the number of vector vortex beams formed using 

Eq. (2.10) would be infinite. 

 

Figure 2.14 Distributions of intensity and polarization states of vector vortex beams generated 

with the parameters (a) 𝑙𝑙1=-1, 𝑙𝑙2=1, 𝑝𝑝1=0, 𝑝𝑝2=0, 𝛿𝛿1=0, 𝛿𝛿2=0. (b) 𝑙𝑙1=-1, 𝑙𝑙2=1, 𝑝𝑝1=0, 𝑝𝑝2=0, 

𝛿𝛿1=𝜋𝜋, 𝛿𝛿2=0 and (c) 𝑙𝑙1=-2, 𝑙𝑙2=2, 𝑝𝑝1=0, 𝑝𝑝2=0, 𝛿𝛿1=0, 𝛿𝛿2=0.  
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Figure 2.14(a)(b) show that SOPs follow radial and azimuthal direction at any point on the beam, 

respectively. They are named as the radial and azimuthal polarization states, respectively. The two 

polarization states are two special examples of the well-known cylindrical vector beams (CVBs), 

whose state of polarization possesses rotational symmetry [10].  

Poincaré, in 1892 proposed to describe a polarization state of light as a point on the surface of a 

unit sphere known as the Poincaré sphere. The geometry characterization provides a simple way to 

represent any polarization state. However, the Poincaré sphere is limited to the homogeneous 

plane wave. In 2011, a higher-order Poincaré (HOP) sphere was proposed to describe the spatially 

inhomogeneous SOPs of VV beams [120]. This geometric representation provides an intuitive 

interpretation of SOPs and is useful for complex polarization problems. The north and south poles 

of the HOP sphere represent the opposite spin states and orbital states. Equatorial points represent 

linearly polarized VV beams. Intermediate points between the poles and equator represent the 

elliptically polarized VV beam. Any state on the HOP sphere can be realized by a superposition of 

any two orthogonal states. A mathematical expression that describes all the states of polarization 

as a two dimensional Jones vector for a given 𝑙𝑙 value can be given by [120]  

 l l
l L l R lL Rψ ψ ψ= +   (2.11) 

where l
Lψ  is the coefficient for the left circular polarized vortex beam, which has an amplitude of 

l
Lψ  and a phase of arg( l

Lψ ). l
Rψ  is that for the right circular polarized vortex beam. 𝐿𝐿𝑙𝑙  And 𝑅𝑅𝑙𝑙 

are the orthogonal circular polarization basis, which can be expressed as 

 exp( )( ) / 2lL il iφ= − +x y   (2.12) 

 exp( )( ) / 2lR il iφ= −x y   (2.13) 

The SOP described by Eq. (2.11) can be mapped onto the surface of a HOP sphere through the 

Stokes parameters (SPs) as the sphere’s Cartesian coordinates. Normalized high-order SPs in the 

circular basis are given by 

 
2 2

0
l l l

R LS ψ ψ= +   (2.14) 

 *
1 2 Re ( ) ( ) 2 cosl l l l l

L R R LS ψ ψ ψ ψ φ = =    (2.15) 

 *
2 2 Im ( ) ( ) 2 sinl l l l l

L R R LS ψ ψ ψ ψ φ = =    (2.16) 
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R LS ψ ψ= −   (2.17) 

where 𝜙𝜙 = arg � l
Rψ � − arg � l

Lψ � and �𝑆𝑆0𝑙𝑙�
2 = �𝑆𝑆1𝑙𝑙�

2 + �𝑆𝑆2𝑙𝑙�
2 + �𝑆𝑆3𝑙𝑙�

2
. The total intensity 𝑆𝑆0𝑙𝑙  is 

set as 𝑆𝑆0𝑙𝑙 = 1 for a fully polarized beam. The value of 𝑙𝑙 represents the order of the HOP sphere. 

Figure 2.15 illustrates the +1st-order HOP sphere when 𝑙𝑙=+1. The handednesses of the optical vortex 

and circular polarization at each pole are opposite, according to Eqs (2.12)(2.13). The equator 

presents the CVBs, including the radial and azimuthal polarization states. Intermediate points 

between the poles and the equator represent elliptically polarized CVBs.  

 

Figure 2.15 Higher-order Poincaré sphere representation for 𝑙𝑙=+1. 

Figure 2.16 illustrates the -1st-order HOP sphere when 𝑙𝑙= -1. The handednesses of the optical vortex 

and circular polarization at each pole are the same, according to Eqs (2.12)(2.13). The equator 

presents the π-vector beams, including the π-radial and π-azimuthal polarization states. 

Intermediate points between the poles and the equator represent elliptically polarized π-vector 

beams. 
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Figure 2.16 Higher-order Poincaré sphere representation for 𝑙𝑙=-1. 

According to Eqs. (2.11)(2.12)(2.13), the modes located at the poles of a HOP sphere carry the same 

TC differing only in their signs. When the TCs are different in Eqs. (2.12)(2.13), Eq. (2.11) will 

represent a hybrid-order Poincaré sphere [121]. This sphere is a more general form that can present 

complex polarization states of VV beams.   

2.5 Generation methods 

Various approaches have been reported to create VV beams. They can be classified into intracavity 

and extracavity methods. The former involves laser resonators or optical fibres. The extracavity 

methods include interferometric methods, direction conversion and photonic chips. 

2.5.1 Intracavity methods 

2.5.1.1 Laser resonators 

The intracavity generation technique is based on a customized intracavity device to force the laser 

to oscillate in the desired polarization modes [10]. A calcite crystal was used inside a laser to 

generate azimuthally polarized light [122]. This element has different refractive indices for the 

azimuthally and radially polarized light, causing differences in the transverse dimensions of the two 

modes. A conical Brewster prism [123] was applied for the generation of a radially polarized laser 

beam. The radial polarized light will pass through the prism without loss, while the azimuthally 

polarized light will suffer a significant loss. Figure 2.17(a) shows a schematic of the laser. The 
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polarization selection devices are based on bulk optics, which increases the complexity of the laser 

systems. In order to achieve a simpler and compact laser design for CVBs generation, mirrors for 

polarization selection were fabricated based on micro-nano fabrication technology [124-126]. 

Figure 2.17(b) shows the laser configuration.  

 

Figure 2.17 Generation of vector vortex beams with customized intracavity devices. (a) Illustration 

of a laser that generates radially polarized beam by using a conical Brewster prism 

(CBP) [123]. (b) A thin-disk laser resonator is used to generate radially polarized 

radiation based on a multilayer polarizing grating mirror [124]. 

The methods mentioned above use customized and additional elements, which increase the 

complexity of the lasers. A laser was demonstrated to produce radially or azimuthally polarized 

beams without using special optical elements. This method is based on the different focusing 

between radially and azimuthally polarized light in thermally stressed isotropic laser rods [127, 

128]. Later, an ultimately simple method for the generation of the radially polarized laser beam was 

proposed. Figure 2.18 shows the schematic of the laser resonator. A c-cut Nd: YVO4 crystal was used 

as the laser medium. This crystal possesses cylindrically symmetric birefringence that can 

distinguish a radially polarized beam from an azimuthally polarized one. By simply adjusting the 

distance between two cavity mirrors, only the extraordinary ray became stable for the oscillation, 

resulting in the generation of a radially polarized beam without using any additional optical element 

[129]. 
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Figure 2.18 Schematic of a simple laser resonator for generating a radially polarized beam. It is 

shown that the ordinary and extraordinary rays take different optical paths in the Nd: 

YVO4 rod because of the different refractive indices [129]. 

The lasers mentioned above can only generate azimuthal or radial polarization states depending on 

the customized designs. The two polarization states are two specific points on the equator of a HOP 

sphere, according to section 2.4. The laser to create an arbitrary HOP sphere beam on demand is 

highly desired. Recently, the controlled generation of HOP sphere beams from a laser was 

demonstrated [130]. Figure 2.19 shows the schematic of the HOP sphere laser. The desired 

polarization states are generated by the superposition of LHCP and RHCP vortex beams. The 

intensity ratio and phase contrast between the two uniform polarized vortex beams are controlled 

by the relative angles between the wave-plate and q-plate. The wave-plate is used to select a pure 

SAM state by transmitting linearly polarized light. The q-plate acts as a SAM-OAM converter. By 

exploiting different q-plates, polarization states on the +1st- and +10th-order Poincaré spheres were 

demonstrated. 

 

Figure 2.19 Illustration of a laser for the controlled generation of higher-order Poincaré sphere 

beams by the intracavity coupling of SAM to OAM [130]. 
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2.5.1.2 Optical fibres 

Among the active generation methods, fibre lasers have attracted much attention considering their 

potential advantages in high efficiency, high power, flexibility and compactness [105]. For a fibre 

laser, the critical point is to find an appropriate mechanism to control and select the desired 

vectorial mode in the laser cavity. Intracavity devices such as dual conical prism [131], spatial 

variable retarder [132] and calcite crystal [133] have been utilized to select the desired polarization. 

However, these devices are based on bulk optical elements, increasing the complexity of the 

systems. A fully integrated all-fibre laser generating CVBs has been demonstrated [134, 135]. Figure 

2.20 shows the schematic of the design of the fibre laser. A lateral offset splicing is used in the laser 

cavity for efficient coupling from the fundamental mode to the desired high-order cylindrically 

polarized modes. Radially and azimuthally polarized modes can be switched by simply adjusting the 

polarization controller built in the fibre laser cavity.  

 

Figure 2.20 Schematic illustration of the fibre laser for generation cylindrical vector beams based 

on an offset splicing spot (OSS) [134]. 

Apart from using the lateral offset splicing spot, desired polarization states can be converted within 

fibres by using a mode-selective converter [136], photonic lantern [137] and fibre grating [138]. 

However, those methods can only generate specific cylindrical vector modes. It is desirable to 

produce controllable polarization states on a HOP sphere. Recently, an all-fibre system was 

proposed to generate arbitrary VV beams on the FOPS [139]. Figure 2.21 shows the experimental 

setup. The system cascades a photonic lantern and a two-segment few-mode fibre with different 

stresses. During the process of mode switching, the states of the two-segment few-mode fibres are 

fixed. All CV modes on FOPS can be generated by adjusting the polarization of the fundamental 

mode, which implies that this system has the potential for fast switching with an electronic 

polarization controller. 
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Figure 2.21 Experimental setup to generate arbitrary cylindrical vector beams on the first-order 

Poincaré sphere in fibre [139]. 

2.5.2 Extracavity methods 

Extracavity methods have been used to convert the homogeneous polarization into spatially 

inhomogeneous polarization based on the devices with spatially variant polarization properties. The 

methods contain the interferometric combination of orthogonally polarized beams, direct 

conversion using polarization-sensitive optical elements and photonic chips. 

2.5.2.1 Interferometric methods 

Interferometric methods generate VV beams based on the combination of orthogonally polarized 

beams. Mach-Zehnder interferometer configurations have been exploited to produce radially 

polarized beams [140]. Orthogonally polarized beams with tailored intensity and phase profiles are 

linearly combined. The generated polarization state cannot be easily tailored due to the customized 

spiral phase delay plate. A more flexible way is to use an SLM to generate various VV beams. A 

Wollaston prism splits an incoming laser beam into two orthogonally polarized beams. The two 

beams are modulated by binary holograms displayed at the SLM and were then superposed in one 

diffraction direction. Azimuthally and radially polarized beams have been produced [141]. However, 

the diffraction efficiency is low due to the binary phase structures. A nematic liquid crystal SLM was 

introduced to increase mode conversion efficiency [142]. Figure 2.22 shows the schematic of the 

setup. Two incident beams are diffracted from two adjacent holograms that are displayed at the 

same SLM. It provides great flexibility to control the spatial amplitude distribution and phase of the 

diffracted beams. The versatility of this new approach allows the creation of arbitrary vector beams 

with high diffraction efficiency.  
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Figure 2.22 Interferometric method generates arbitrary vector beam modes by diffracting a 

Gaussian laser beam from a spatial light modulator [142]. 

Interferometric approaches have also been proposed to generate arbitrary cylindrical vector beams 

on the HOP sphere [143]. Two orthogonal circular polarized lights with opposite TCs are collinearly 

superposed. Each light's amplitude and phase factors can be modified by using cascaded Glan laser 

polarizers and half-wave plates, respectively. The mentioned interferometric methods can only 

produce a single VV beam at a time. Recently, simultaneous generation of multiple vector beams 

using a single SLM has been demonstrated [144], as shown in Figure 2.23. On the SLM, a set of 

holograms were multiplexed to generate two sets of scalar fields. One set of fields travels along 

with path A, and another travels along path B. The phase and amplitude, and shape of each set of 

fields can be digitally manipulated independently. Multiple vector beams can be produced 

simultaneously once the two sets of fields are combined. Simultaneous generation of sixteen CVBs 

has been demonstrated.  

 

Figure 2.23 Schematic representation of an interferometric method to generate multiple 

cylindrical vector beams based on a spatial light modulator [144]. 

A compact and simple VV beam generator based on the interferometric method is desired, which 

possesses advantages of miniaturization and reliability. A generator has been proposed by 

integrating commonly used optical elements [145]. It can convert the input beam carrying OAM 

into a VV beam. However, a lot of optical elements are required by this device, which increases the 



Chapter 2 

29 

complexity of the generator. Recently, a simple and compact method has been proposed based on 

a two-element interferometer [146]. A beam displacer and a cube beamsplitter were utilized. The 

device can transform a homogeneously polarized vortex beam into a cylindrical vector beam.  

2.5.2.2 Direction conversion 

The direct conversion is based on vector beams generators which can convert a Gaussian beam to 

a vector beam. An azimuthally polarized beam was converted from a circularly polarized light based 

on space-variant polarization control. The control is achieved using subwavelength metal stripe 

gratings with its local subwavelength groove orientation continuously varying [147]. However, this 

device lacks the flexibility to produce different VV beams. Liquid crystals that can be dynamically 

controlled have been exploited to generate radially and azimuthally polarized beams [148]. In 2006, 

q-plates were proposed based on birefringent liquid crystals. The plates have an azimuthal pattern 

of the liquid crystal molecular director around a central point. The polarization pattern of the output 

beam can be easily changed by adjusting the polarization state of the incident light [77]. Q-plates 

have been utilized extensively due to their simple operation for generating and controlling VV 

beams [149, 150]. Figure 2.24 shows a setup to generate tunable VV beams by a q-plate [151]. The 

polarization of the generated VV beams depends on the input laser beam’s polarization states 

which can be controlled by rotating the plates in the QHQH set. The TC of the q-plate can be 

electrically controlled. 

 

Figure 2.24 Setup to generate and analyze different polarization generated by a q-plate. The 

polarization state of the input laser beam was prepared by rotating the two half-wave 

plates in the QHQH set [151]. 

Alternative to the liquid crystal-based q-plate, compact metasurfaces have been utilized to achieve 

the direct generation of VV beams. A metasurface has been proposed to generate radially and 

azimuthally polarized beams [152]. Switching between the two polarization states can be achieved 

by controlling the handedness of incident circular polarization. The device is fabricated by 

femtosecond laser writing of self-assembled nanostructures in silica glass. Dielectric metasurfaces 

with silicon elliptical posts with different sizes and orientations have also been demonstrated to 

generate VV beams. Generation and focusing of radially and azimuthally polarized beams can be 
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performed based on a single device [153]. The vortex beams generated by the mentioned 

metasurfaces are limited. Two cascaded metasurfaces are proposed to generate any cylindrical VV 

beams. Figure 2.25 shows the experimental setup. The first metasurface is used to switch the sign 

of the TC associated to vortex beams by controlling the handedness of the incident polarization. 

The second metasurface can manipulate the local polarization orientation of the vector beam [154]. 

 

Figure 2.25 Experimental setup for generating arbitrary CVV beams based on two cascaded 

metasurfaces [154]. 

The applications of metasurfaces have also been extended for generating broadband VV beams. 

Nanostructured holograms have been proposed to generate radially polarized vortex beams in a 

wavelength range from 633 to 850 nm. The device can be viewed as a hologram with each of its 

apertures filled with nanoscale structures only to transmit the desired state of polarization [155]. 

Another metasurface was demonstrated to generate vector vortex beams from 1000 to 2500 nm. 

It consists of two concentric rings in gold film, and each ring is composed of subwavelength 

rectangular apertures serving as a localized spatial polarizer. Generation of VV beams with 

polarization order varying from -3 to +3 has been demonstrated [156]. 

2.5.2.3 Photonic chips 

Integrated photonic devices with advantages of compactness and reliability are attracting much 

attention for generating VV beams. The optical vortex beam emitter [94] and microlasers [98] have 

been explored to generate radially polarized vortex beams. The grating elements are located at the 

sidewall of the microring and can only interact with the radial polarized component in the 

microring. Apart from the gratings at the sidewall, azimuthally distributed grating on the ring 

waveguide is also proposed to generate radial polarized OAM beams [157]. However, all the 

generated polarization states cannot be changed. The tunability of polarization states has been 

studied by using a microring-based vortex beam emitter [158]. By changing the geometry of the 

ring waveguide, the spin-orbit interaction can be engineered. As a result, the power ratio between 

the left and right circularly polarized beams can be tuned. Recently, antenna-decorated microdisk 

resonators have been proposed to generate OAM beams with a pure circular polarization state. The 

design is shown in Figure 2.26(a) [159]. The plasmonic antennas emit both the LHCP and RHCP 
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beams. By setting the antennas to be V or Λ shapes, pure left- or right-handed polarization can be 

generated.  

The polarization states generated by the mentioned integrated approaches are not adjustable once 

the devices are fabricated. An integrated device was demonstrated to generate switchable radially 

and azimuthally polarized vortex beams. The device is shown in Figure 2.26(b) [160]. It contains a 

microring resonator with shallow-etched periodic angular grating placed on top of the ring 

waveguide. The radiated vortex beam's polarization is determined by the SOP of the local optical 

field being scattered at each grating element. Switching the injected light from the TE to TM mode 

can change the radially polarized vortex beam to the azimuthally polarized beam. The wavelengths 

of the generated radially and azimuthally polarized VV beams are different due to the different 

resonant wavelengths for TE and TM modes in the microring. The radial and azimuthal polarization 

are only two specific points on a HOP sphere. So far, there is still no work to generate HOP sphere 

beams via a single integrated device.  

 

 

Figure 2.26 Integrated vector vortex beam emitters. (a) A microdisk resonator is decorated with 

antennas to generate OAM beams with a pure circular polarization state [159]. (b) A 

microring resonator with shallow-etched periodic angular grating placed on top of the 

ring waveguide to generate switchable radially and azimuthally polarized vortex beams 

[160]. 

Much progress has been made in the emission of VV beams from a chip surface into free space. A 

VV beam emitter embedded in a photonic chip was studied, as shown in Figure 2.27. This device 

was fabricated by using femtosecond laser direct writing. This device consists of a coupled 

structure, including a single-mode waveguide and a doughnut-shaped waveguide. Gaussian beams 

in the single-mode waveguide are evanescently coupled to the adjacent OAM waveguide and 

converted into VV beams. The generated VV beam inside the device is useful for further 

transmission, manipulation without any additional interconnection [161]. 
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Figure 2.27 A vector vortex beam emitter embedded in a photonic chip. The device, consisting of 

a standard single-mode waveguide and an OAM waveguide, is employed to generate 

different order vortex beams based on phase matching [161]. 

2.6 Conclusion 

In this chapter, the OAM and SOP of optical vortex beams are described. The two properties of an 

optical vortex beam have been exploited for various applications, including optical sensing, optical 

communication, manipulation and imaging. Although numerous applications have benefited from 

the vortex beams, the development of this field is advancing more potential applications. For 

example, vortex beams could be explored for improving the performance of current LiDAR 

technologies. The unique properties of vortex beams, unbounded OAM states and spatially variant 

SOPs, could provide two new degrees of freedom for obtaining more object’s information and 

enhancing resolution [4, 26, 109]. Creating the desired vortex beam is the first crucial step for these 

fascinating applications. Various methods for generating desired OAM and polarization states have 

been proposed, including intracavity and extracavity techniques. Each technique is developed with 

the desired features of tunability, compactness, simplicity. Particularly, the integrated photonic 

devices are attracting increasing attention with the advantage of compactness and reliability.  

For the OAM generation, current integrated devices mainly radiate light in the near-infrared 

regime. The spectral range is restricted by the transmission window of the integrated photonic 

platforms. THz waves, with unique properties such as low photon energy and high penetrability, 

can be used in a wide range of applications, such as sensing, imagining and communication [162-

165]. Recently, LiDAR systems using THz waves have been proposed to work in dust clouds and 

atmospheric turbulence where the absorption of infrared light is high [166]. However, an integrated 
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THz light source that allows for both the generation and tuning of the OAM is not yet available. For 

the generation of the VV beam, current integrated devices can only generate specific points on a 

HOP sphere. The controlled arbitrary HOP sphere beams would improve the performance of 

communications and objects’ motion sensing [109, 119]. However, there is still no integrated device 

that can generate arbitrary HOP sphere beams. The following chapters will describe our proposed 

solutions to address the challenges of the integrated vortex beam emitters.
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Chapter 3 Integrated vortex beam emitter in the THz 

frequency range 

In the previous chapter, OAM and its generating methods have been described. Integrated OAM 

generators have attracted increasing attention. These compact devices can generate OAM at the 

stage of light emission, eliminating the need for any subsequent light-conversion element. 

However, most of these emitters radiate light in the near-infrared regime. There is still no 

integrated THz vortex beam emitter that allows for both the generation and tuning of OAM. Recent 

advances in THz sensing and wireless communication have made the development of a compact, 

surface-emitting THz vortex beam source highly desirable [165-168]. For example, the integrated 

THz vortex beam emitter providing tunable OAM modes can be combined with LiDAR systems to 

improve the spatial resolution [26]. 

In this chapter, an integrated THz vortex beam emitter is proposed. The design is based on a LiNbO3 

microring, a Si microdisk, and an Au second-order top grating. Two infrared pumps in the LiNbO3 

microring are converted into a freely propagating THz beam via a difference-frequency generation 

(DFG) process. The emitted THz beam carries a TC that can be tuned by changing the wavelengths 

of the incident light. Three devices are evaluated in a test frequency range from 9 THz to 13.5 THz, 

and the TC can vary from −2 to 4. Most results in this chapter have been published by the journal 

“APL Photonics”. 

3.1 Introduction 

3.1.1 THz generation based on the difference-frequency generation process 

Before introducing the integrated THz vortex source based on a DFG process, the theory of DFG and 

its integrated implementations are covered first. A simple illustration of DFG is shown in Figure 3.1 

[169].  

 

Figure 3.1 Schematic diagram of the difference frequency generation process. 
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DFG process is a second-order nonlinear optical process based on a nonlinear crystal. The following 

part shows the derivation of the expression of a generated THz wave based on DFG [169, 170]. The 

optical input field consists of two distinct frequency components, which can be expressed as 

 1 2
1 2( , ) . .i t i tE z t E e E e c cω ω− −= + +   

 1 1 2 2( ) ( )
1 2 . .ik z i t ik z i tA e A c cω ω− −= + +   (3.1) 

where 1,2A  are amplitudes of optical input fields, 1,2k  are the wavenumbers, 1,2ω  are the angular 

frequencies of the two input fields, ‘c.c.’ denotes complex conjugate.  

The two laser fields can cause the nonlinear polarization of the medium. For a fixed propagation 

direction, the amplitude of the nonlinear polarization describing the DFG process can be expressed 

as  

1 2( )(2) (2) *
0 1 2( , ) 2 . .i tP z t E E e c cω ωε χ − −= +  

 1 2 1 2( ) ( )(2) *
0 1 22 . .i k k z i tA A e e c cω ωε χ − − −= +   (3.2) 

where 0ε  is the permittivity of free space, (2)χ  is the second-order nonlinear optical susceptibility. 

The ∗ denotes the conjugated complex value. 

The time-varying polarization acts as a source for generating the desired THz wave. The wave 

equation for the DFG process can be deduced from Maxwell’s equations which are 

 ρ∇⋅ =D   (3.3) 

 0∇⋅ =B   (3.4) 

 
t

∂
∇× = −

∂
BE  (3.5) 

 
t

∂
∇× = +

∂
DH J   (3.6) 

where the electric quantities 𝑫𝑫 and 𝑬𝑬 are the electric displacement field and the electric field, 

respectively. 𝑩𝑩 and 𝑯𝑯 are the magnetic flux density and the magnetic field, respectively. 𝜌𝜌 is the 

free charge density, and 𝑱𝑱 is the free current density.  

We assume that the material is nonmagnetic, so 

 0µ=B H   (3.7) 
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where 0µ  is the vacuum permeability. 

Assuming there is no free charges and no free currents in the nonmagnetic material, we take the 

curl of ∇ × 𝑬𝑬 and obtain the equation 

 
2

2
0 2 0

t
µ ∂

∇ + =
∂

DE   (3.8) 

D and E are related by 

 (2)
0rε ε= +D E P   (3.9) 

where rε  is the relative permittivity of the material. So Eq. (3.8) can be rewritten as  

 
2 2 (2)

2
2 2 2 2

0

1r

c t c t
ε

ε
∂ ∂

∇ − =
∂ ∂

E PE   (3.10) 

where 1/(ε0c2) is used to replace μ0. 

We assume that a linearly polarized THz wave propagates in the z-direction. So Eq. (3.10) can be 

written as 

 
2 2 2 (2)

2 2 2 2 2
0

1T r TE E P
z c t c t

ε
ε

∂ ∂ ∂
− =

∂ ∂ ∂
  (3.11) 

where 𝐸𝐸𝑇𝑇 = 𝐴𝐴𝑇𝑇 exp(𝑖𝑖𝑘𝑘𝑇𝑇𝑧𝑧 − 𝑖𝑖𝑖𝑖𝑇𝑇𝑡𝑡) + 𝑐𝑐. 𝑐𝑐. is the THz field with 𝑘𝑘𝑇𝑇 = 𝑛𝑛𝑇𝑇𝜔𝜔𝑇𝑇/𝑐𝑐. T rn ε=  is the 

refractive index at the THz wavelength. 

Eq. (3.11) can be rewritten as 

 1 2

2 (2) 2
( )*

1 22 2

22 Ti k k k zT T T
T

A Aik A A e
z z c

χ ω − −∂ ∂
+ = −

∂ ∂
  (3.12) 

The amplitude 𝐴𝐴𝑇𝑇 varies slowly, so the first term in Eq. (3.12) can be neglected. The wave equation 

is reduced to 

 
(2)

*
1 2

i kzT T

T

dA i A A e
dz n c

χ ω ∆=   (3.13) 

where ∆𝑘𝑘 = 𝑘𝑘1 − 𝑘𝑘2 − 𝑘𝑘𝑇𝑇 is the momentum mismatch. 
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Under the approximation that the nonlinear conversion process does not deplete the pumps, the 

integration of Eq. (3.13) for a propagation distance L is  

 
(2)

*
1 2

1i kL
T

T
T

i eA A A
n c i k
χ ω ∆ −

=
∆

  (3.14) 

In order to achieve the miniaturised THz sources based on the DFG process, various nonlinear 

waveguides such as GaAs/GaP waveguides [171] and LiNbO3 waveguides [172] have been 

investigated. Figure 3.2 (a) shows a LiNbO3 embedded waveguide structure for THz generation. The 

pump waveguide consists of a standard Ti-diffused channel waveguide in a LiNbO3 film. The single-

mode THz waveguide core is the LiNbO3 film. The cladding layers of the THz waveguide are the 

quartz substrate and a high-density polyethylene ridge, which also provides lateral confinement. 

This structure provides a long interaction length and well-confined collinear propagation of pumps 

and THz waves [172]. In order to achieve better confinement of generated THz, metallic waveguides 

have been studied [173]. However, the metallic part of waveguides would introduce extra 

propagation loss for the THz wave. Thus, there would exist a trade-off between modal confinement 

and propagation loss. Micro-resonators with high-quality factors have been reported for efficient 

THz generation based on the DFG process. A THz source based on Au/AlAs/GaAs/AlAs/Au 

microcylinder has been developed [174]. Two near-IR pump modes are excited by InAs quantum 

dots embedded in a resonator. The tunability of this source is limited. Then, tunable and compact 

THz emitters were proposed based on nonlinear microring resonators and microdisk resonators. 

Figure 3.2(b) shows a THz emitter based on a nonlinear microdisk and a THz disk resonator [175, 

176]. The nonlinear microdisk is used to confine infrared pumps and generate THz waves. The THz 

disk resonator is used for confining the generated THz wave. The frequency of generated THz wave 

is tunable with the input frequencies. 

 

Figure 3.2 Generation of THz waves in waveguides via the DFG process. (a) Schematic of LiNbO3 

embedded waveguide for THz generation [172]. (b) Schematic of the THz emitter 

consisting of nonlinear and THz microdisk resonators [175]. 
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In the mentioned methods, the generated THz waves propagate in the THz waveguides and suffer 

from the loss due to the absorption and momentum mismatch. This problem can be avoided by 

extracting the generated THz wave from the whole length of the waveguides. Cherenkov phase-

matching scheme was proposed to enable the extraction [177]. Figure 3.3(a) shows the proposed 

device. Two optical modes are guided in the folded silicon waveguide. DFG process takes place in 

the nonlinear cladding material and generates THz waves. A high-index lens, placed on top of the 

waveguide, couples the THz radiation to free space under a defined emission angle. An alternative 

method to outcouple THz radiation is to use a surface grating on top of the waveguide [178, 179]. 

Figure 3.3(b) shows a surface-emitting THz source based on intracavity DFG [179]. The THz wave is 

generated by the two mid-infrared pumps in the nonlinear active region. A second-order grating is 

utilized for THz emission. 

 

Figure 3.3 Radiating generated THz waves in waveguides. (a) A high-index lens, placed on top of 

the waveguides, couples the THz radiation to free space under a defined emission 

angle [177]. (b) Surface-emitting terahertz quantum cascade laser source with gold 

grating on top [179]. 

3.1.2 Theory of microring resonator 

The integrated THz emitter is based on a nonlinear microring resonator for THz wave generation. 

The fundamentals of microring will be introduced in this part. A basic configuration of a single 

microring resonator consists of a microring evanescently coupled to a bus waveguide, as shown in 

Figure 3.4. When the wave in the loop builds up a round trip phase shift that equals an integer times 

2π, the waves interfere constructively, and the microring is in resonance. The condition determining 

the resonant wavelengths is that the round-trip optical path length is equal to an integral number 

of wavelengths [180], 

 2res effm n Rλ π=  (3.15) 
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where m is the azimuthal mode number, λres is the resonant wavelength, R is the radius of the ring, 

and neff is the effective index of the optical mode in the ring waveguide. 

 

Figure 3.4 Schematic of a single ring resonator with one waveguide. 

The transfer function of this microring can be analysed using coupled-mode theory (CMT) either in 

the time [181-183] or space approach [180, 184-186]. Here we analyse the resonator in the space 

approach. 

We assume that the coupling is lossless, and only a single unidirectional mode in the resonator is 

excited, and only single polarization is considered. The coupling region, where many important 

properties of the ring resonator are determined, could be described as a four-port network. The 

fields at the ports are related as  

 1 1
* *

2 2

t i

t i

E Er k
E Ek r

    
=    −    

  (3.16) 

where E is the amplitude of the electric field, r is the effective field transmission coefficient, k is the 

effective field coupling coefficient. * denotes the conjugated complex value. 

The coupling region is lossless, therefore 

 2 2 1k r+ =   (3.17) 

The electric field in the ring could be expressed as  

 2 2
j

i tE a e Eθ= ⋅   (3.18) 

where 𝑎𝑎 and 𝜃𝜃 = 𝜔𝜔𝜔𝜔 𝑐𝑐⁄  are both real numbers representing the loss coefficient of the ring and the 

phase shift per round-trip, respectively. L is the circumference of the ring, and c is the phase velocity 

of ring mode (𝑐𝑐 = 𝑐𝑐0 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒⁄ ), and 𝜔𝜔 is the angular frequency. 

By combining Eqs. (3.16)-(3.18), we could obtain 
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kE E
ar e θ

−
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−
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So the transmission power 𝑃𝑃𝑡𝑡1 and circulating power 𝑃𝑃𝑖𝑖2 can be expressed as 

 
22

1 1 22

2 cos( )
1 2 cos( )

t
t i

t

a r a r
P P

a r a r
θ ϕ

θ ϕ

+ − ⋅ +
= ⋅

+ − ⋅ +
  (3.22) 

where 𝑟𝑟 = |𝑟𝑟|𝑒𝑒𝑗𝑗𝜑𝜑𝑡𝑡 , |𝑟𝑟|  represents the magnitude of the field transmission coefficient, 𝜑𝜑𝑡𝑡 

represents the phase change of field in the coupling region. 

The intensity transmission of the microring T can be expressed as  

 
22

22

2 cos( )
1 2 cos( )

t

t

a r a r
T

a r a r
θ ϕ

θ ϕ

+ − ⋅ +
=

+ − ⋅ +
  (3.23) 

The transmission spectrum of a microring is shown in Figure 3.5. The radius of the microring is 10 

µm. Field transmission coefficient |r| is 0.9, and loss coefficient 𝑎𝑎 is 0.9.  

 

Figure 3.5 The transmission spectrum of a single ring resonator with a radius of 10 μm. Field 

transmission coefficient |r| is 0.9, and loss coefficient a is 0.9. 

 



Chapter 3 

42 

The spacing between two consecutive resonances is the free spectral range (FSR) of the resonator. 

The FSR is equal to the wavelength change required for the round-phase of the resonator to 

undergo a 2π shift. Based on Eq. (3.15), the round-trip phase of the microring is  

 (2 / )2r effn Rφ π λ π=   (3.24) 

We take the derivative with respect to the wavelength to get 

2 2eff effr dn nd R
d d
φ π π
λ λ λ λ

 
= − 
 

 

 2

2 2gn Rπ π
λ

= −   (3.25) 

where ng is the group index of the microring waveguide.  

So the FSR can be expressed as  

 
22

/ 2FSR
r gd d n R
π λλ

φ λ π
∆ = =   (3.26) 

The next important parameter is the resonance width, defined as the full width at the half maximum 

of the resonance lineshape. The FWHM can be expressed as 

 
2(1 ) res

g

raFWHM
n L ra

λ
π
−

=   (3.27) 

where L=2πR.The FWHM can be used to calculate the quality factor (Q-factor), which represents 

the ability of a resonator to store energy. The Q-factor can be expressed as the ratio of the resonant 

wavelength to the bandwidth 

 
(1 )

gres

res

n L ra
Q

FWHM ra
πλ

λ
= =

−
  (3.28) 

The Q-factor can also be regarded as the stored energy divided by the power lost per optical cycle. 

3.2 Design of the vortex beam emitter 

In this section, the proposed integrated THz vortex beam emitter will be presented. Figure 3.6 

illustrates the microstructures of the emitter. The emitter is a waveguide-coupled, multi-layered 

microdisk that converts two infrared waveguide modes into free-space THz light through the 
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nonlinear process of DFG. LiNbO3 is chosen as the waveguide material because of its high nonlinear 

coefficient [172, 187-189] and increasing importance in integrated photonic circuits [190, 191]. The 

waveguides have two segments, a straight bus waveguide and a microring resonator. They are in 

the same plane and have the same rectangular cross-section that is 1 µm in width and 800 nm in 

height. The microring has a bend radius, defined as being from the inner boundary of the 

waveguide, of 18.68 µm, and a gap with the straight waveguide of 200 nm. The LiNbO3 waveguides 

are embedded in a SiO2 cladding layer, a common configuration of lithium niobate on insulator 

(LNOI) platforms [190, 191]. The thickness of the cladding layer is 4.6 µm in total and 2 µm beneath 

the LiNbO3 waveguides. The bottom of the SiO2 layer is fully covered by an unstructured Au base 

film, which has a thickness of 1 µm. A Si microdisk and an Au angular grating, which are concentric 

to the LiNbO3 microring, are on top of the SiO2 layer. The Si microdisk has a radius of 22 µm and a 

thickness of 3 µm. The Au angular grating on top of it has 8 periodic elements, an outer radius of 

22 µm, and a thickness of 1 µm. Each of the 8 notches has a depth of 10 µm, an open angle of 200°, 

and a flat base with a width of 4 µm.  

 

Figure 3.6 Schematic of the proposed THz light source. (a) Two infrared pump waves with angular 

frequencies ω1 and ω2 are coupled into a LiNbO3 microring resonator via a LiNbO3 bus 

waveguide. Both the microring and the bus waveguide are embedded in a SiO2 

cladding film, which is on top of a planar Au base film. A Si microdisk and an Au circular 

grating are on top of the microring, and these three components are concentric. The 

device converts the two waveguide-confined pump waves into a freely propagating 

THz wave. The THz wave is radiated outwards from the Au grating output-coupler, 

carrying a tuneable topological charge. (b) Device cross-section bisecting the 

microdisk. (c) Device cross-section outside the microdisk, with the edges of the Si 

microdisk and the Au grating shown in dashed lines. 
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The THz emitter is pumped by two infrared light beams with angular frequencies of ω1 and ω2. The 

infrared light is evanescently coupled from the straight waveguide into the ring waveguide, where 

it forms WGM resonances. Due to the resonance enhancement, the microring has an enhanced 

nonlinear efficiency [180, 192] in the generation of the THz light ωTHz, where ωTHz = ω1 - ω2. It is 

worth noting that the microring configuration can be used to enhance many different nonlinear 

processes, among which difference-frequency generation is the only second-order nonlinear 

process that generates THz light. As shown below, similar to the pump light circulating along the 

LiNbO3 microring, the THz light can form a WGM that traces the circumference of the Si microdisk. 

The THz light is further confined by the Au angular grating at the top, and the unstructured Au base 

film at the bottom, and leaky radiation from this subwavelength-thick cavity forms the output 

beam. As the unstructured Au base film, a closed-end of the leaky cavity, blocks any emission 

downwards, only the radiation above the emitter is studied. 

A key aspect of the design in the generation of TC is the Au top grating. Top gratings have been 

used on a variety of light sources, such as light-emitting diodes [193], vertical-cavity surface-

emitting lasers [194] and quantum cascade lasers [195, 196]. These gratings can control both the 

local optical density of states and the flow of light and are adopted mainly for improving the 

efficiency and the directionality of light emission. More recently, second-order surface gratings with 

rotational symmetry have been used to create vortex beams in linear light emitters [94, 98, 101, 

104, 197, 198]. In contrast to these recent works, which are all in the near-infrared regime, this 

work adopts a different type of surface grating for use in the THz regime: it is metallic and covers a 

large area of the top surface of the light emitter. This approach benefits from the low ohmic loss in 

metals in the THz regime as compared to the near-infrared regime. It can also suppress direct light 

emission (i.e. emission that bypasses any interactions with a top grating) that can hinder the 

generation of pure vortex modes. 

The performance of the device was numerically evaluated by using a commercial FDTD (finite-

difference time-domain) solver (Lumerical FDTD Solutions). For linear properties, the permittivity 

of the materials, including LiNbO3, SiO2, Si and Au, was fitted based on experimental values [199, 

200]. The fitting covered the whole range from the infrared to the THz and satisfied the Kramers-

Kronig relations as required by the FDTD method. The representative values of all the materials 

used in the numerical simulation are presented in Table 3.1. 
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Table 3.1 Representative permittivity values of all the materials used in the numerical 

simulation. Both LiNbO3 and SiO2 are absorptive at λTHz, which is a limiting factor for 

the output efficiency. 

Material λ1 (1488.56 nm) λ2 (1582.75 nm) λTHz (25.0 µm) 

LiNbO3 3.54+i4.47×10-4 3.53+i5.38×10-4 -2.40+i1.38 

SiO2 2.13+i2.55×10-4 2.13+i3.08×10-4 7.37+i2.11 

Si 12.11+i1.02×10-4 12.06+i6.71×10-5 11.70+i6.09×10-4 

Au -103.30+i6.68 -118.79+i8.03 -17934.8+i15706.9 

LiNbO3 was the only nonlinear material in the device, and its nonlinear coefficient [172, 187-189] 

was set as d33 = 170 pm/V. The two input infrared waves had equal power and were launched 40 

µm away from the 200 nm gap (i.e. the location where the microring and the straight waveguide 

were the closest). Both waves were polarized in the same direction (TM polarization, magnetic field 

parallel to the substrate) in the z-cut LiNbO3 waveguides in order to access this coefficient. Although 

this polarisation configuration forbids birefringence phase matching, quasi-phase matching could 

be used in future works to boost nonlinear efficiency (e.g. via decorating the microring with 

nanostructures).  

3.3 Input properties of the device 

Figure 3.7 shows the properties of the device at the pump wavelengths, i.e. in the infrared regime. 

To maximise the nonlinear conversion efficiency, the cross-section of the waveguide is designed to 

create a TM mode profile with most of the energy confined inside the waveguide (Figure 3.7(a)). 

Figure 3.7(b) shows light transmission through the straight waveguide after passing by the 

microring resonator. A series of sharp dips are observed in the transmission spectrum, each 

corresponding to the formation of a whispering gallery resonance mode in the microring. The 

quality factor of the resonances is ~2.2 × 103 at λ1 = 1488.56 nm, with the material loss attributed 

as the main limiting factor. The average transmission is -8.3 dB at λ1 and λ2, and the average coupling 

efficiency is 85% under the assumption of zero scattering loss at the coupling section [180]. The 

wavelengths of the two input light beams are set at these resonances in order to benefit from the 

resonance enhancement of nonlinear effects in the microring. 
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Figure 3.7 Properties of the straight waveguide at input wavelengths. (a) Electric field profile of 

the waveguide mode in the LiNbO3 waveguide (black rectangle) and the SiO2 layer. The 

field magnitude is normalised against its maximum value. The map shows the 

distribution at wavelength λ1 = 1488.56 nm and remains almost unchanged over the 

entire spectral range of panel (b). (b) Transmission spectrum of the waveguide. One of 

the input wavelengths is fixed (λ1, green arrow), while the other input wavelength λ2 

is tuned (red arrows) in order to change the topological charge of the radiated THz 

light. 

3.4  Generation of topological charges 

3.4.1 Angular phase-matching condition 

The input light is confined by the LiNbO3 waveguide and the SiO2 embedding layer, which dictate 

the input properties of the device. In contrast, the THz light generated inside the LiNbO3 microring 

has a much longer wavelength (~25 μm in free space) and penetrates into the Si microdisk. As 

shown in Figure 3.8, a Si microdisk with proper dimensions supports a WGM for the THz light. The 

conservation of orbital momentum [192, 201] in DFG requires the confined THz light to obey the 

condition of 

 1 2THzm m m= −   (3.29) 

where mTHz is the azimuthal order of the generated THz light, and m1 and m2 are those of the pump 

light.  
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Figure 3.8 The z component of the THz electric field in the middle plane of the Si microdisk. 

The Au grating on top of the Si microdisk out-couples the confined THz light into free space when 

an angular phase-matching condition is satisfied. The following part shows the derivation of the 

angular phase matching condition [94, 202]. For a small section of the microdisk, the waveguide is 

approximately straight. The phase-matching condition of the grating is  

 
2

rad WGM g πβ β= −
Λ

  (3.30) 

where 𝛽𝛽𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(𝜃𝜃) is the propagation constant for the radiating wave over the microdisk, 𝑘𝑘 =

2𝜋𝜋/𝜆𝜆 is the light wavevector in the vacuum and 𝜃𝜃 is the angle relative to the surface normal of the 

chip. 𝛽𝛽𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑘𝑘 ∙ 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is the propagation constant for the mode in the microdisk, neff is the effective 

refractive index of the mode in the microdisk. g is the diffraction order, and Λ is the grating period.  

When the light goes along the microdisk starting at 𝜙𝜙 = 0, Eq. (3.30) becomes  

 
2

rad WGM
RR R g πβ φ β φ φ= −

Λ
  (3.31) 

Here we use 𝜈𝜈 = 𝛽𝛽𝛽𝛽 to present angular propagation constant. So Eq. (3.31) can be expressed as  

 rad WGMv v gq= −   (3.32) 

where 𝜈𝜈𝑟𝑟𝑟𝑟𝑟𝑟  is the angular propagation constant for the radiating wave over the microdisk. 𝜈𝜈𝑊𝑊𝑊𝑊𝑊𝑊 is 

the angular propagation constant for the mode in the microdisk. 𝑞𝑞 = 2𝜋𝜋𝜋𝜋/Λ is the number of 

grating elements.  

The radiated light has an azimuthal phase dependence of exp (𝑖𝑖𝜈𝜈𝑟𝑟𝑟𝑟𝑟𝑟𝜙𝜙). So 𝜈𝜈𝑟𝑟𝑟𝑟𝑟𝑟  is corresponding 

to the radiated OAM order. For convenience, we use 𝑙𝑙 to present 𝜈𝜈𝑟𝑟𝑟𝑟𝑟𝑟. 𝜈𝜈𝑊𝑊𝑊𝑊𝑊𝑊 = 2𝜋𝜋𝜋𝜋𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒/𝜆𝜆 is the 

azimuthal order (mTHz) of the THz wave in the microdisk. Therefore, Eq. (3.32) can be written as 

 THZl m gq= −   (3.33) 
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Since 𝛽𝛽𝑟𝑟𝑟𝑟𝑟𝑟  is one component of the wavevector 𝒌𝒌𝑟𝑟𝑟𝑟𝑟𝑟 = 𝛽𝛽𝑟𝑟𝑟𝑟𝑟𝑟𝝓𝝓�+𝑘𝑘𝜌𝜌𝝆𝝆�+𝑘𝑘𝑧𝑧𝒛𝒛�, the magnitude of the 

angular propagation constant is restricted by  

 
2

rad rad
Rv k R π

λ
≤ =   (3.34) 

Eq (3.34) means that  

 
2

THz
Rl m gq π

λ
= − ≤   (3.35) 

So the possible g can be expressed as 

 THz THzm mg
q qλ λ

Λ Λ
− ≤ ≤ +   (3.36) 

In the device, mTHz is 10, q is 8, λ is around 25 μm, Λ is around 13.35 μm. g is in the order of 0.70 to 

1.80. The only possible value for integer g is 1. Therefore, the angular phase matching condition Eq. 

(3.33) can be rewritten as [94] 

 THzl m q= −   (3.37) 

Substituting Eq. (3.29) into Eq. (3.37) leads to  

 1 2l m m q= − −   (3.38) 

Eq. (3.38) provides the basis for controlling the TC 𝑙𝑙 in this work. For a given device where q is fixed, 

𝑙𝑙 can be tuned by adjusting the value of m1–m2. As indicated in Figure 3.7, this work chooses to 

demonstrate the tuning of 𝑙𝑙 by fixing m1 (i.e. fixing λ1) and changing m2 (i.e. changing λ2). 

3.4.2 Output properties of the device 

To numerically verify the analysis above, Figure 3.9 shows the output properties of the device, with 

it functioning at 𝑙𝑙 = 2. The input light waves are set at two microring resonances, with wavelengths 

of λ1 = 1488.56 nm and λ2 = 1582.75 nm. They generate a THz wave at ωTHz = 11.99 THz (wavelength 

λTHz = 25.0 μm) based on the energy conservation in the nonlinear process. They also have m1 – m2 

= 10, the number of FSRs between them in Figure 3.7. As predicted by Eq. (3.29), this value is also 

the azimuthal order of the WGM for the generated THz light. This prediction is confirmed by the 

results in Figure 3.8, where the near-field distribution in the Si microdisk shows ten cycles along the 

circumference of the microdisk. Figure 3.9(a) and Figure 3.9(b) show the intensity and phase of the 

THz light in the far-field, respectively. Every point on these two maps has a radial distance of one 



Chapter 3 

49 

meter from the centre of the microdisk. Typical features of vortex beams are clearly revealed in the 

two figures: the intensity has a shape of a doughnut, and the phase has azimuthal dependence. 

Because of the side-pumping configuration, the intensity distribution in Figure 3.9(a) deviates from 

having perfect rotational symmetry, but the deviation is very small. Along a circle enclosing the 

centre of the map in Figure 3.9(b), the total phase evolves by twice of 2π, confirming that 𝑙𝑙 = 2. 

 

Figure 3.9 THz generation with topological charge 𝑙𝑙 = 2. (a) The intensity and (b) phase of the THz 

radiation in the far-field, covering the whole upper hemisphere with the polar angle 

ranging from 0° to 90° and the azimuthal angle from 0° to 360°. The origin of the polar 

coordinates is at the centre of the Si microdisk. The in-plane directions of +x (i.e. the 

light propagation direction in the straight waveguide) and +y correspond to azimuthal 

angles of 0° to 90°, respectively. 

For further verification of Eq. (3.38), Figure 3.10 compares four different operation modes of the 

emitter. As indicated in Figure 3.7, λ1 is fixed at λ1 = 1488.56 nm, while λ2 chooses the value of 

1562.89 nm, 1572.76 nm, 1582.75 nm and 1592.89 nm in Figure 3.10(a), (b), (c) and (d), 

respectively. The TC is predicted to range from 0 to 3 based on Eq. (3.38) , and it is confirmed by 

the results in Figure 3.10. For each value of 𝑙𝑙, the azimuthal components of the radiated THz field 

are plotted at three different planes. The inter-plane distance is λTHz/4, where λTHz varies with the 

value of 𝑙𝑙. 
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Figure 3.10 Azimuthal components of the emitted THz light with the device producing topological 

charges of (a) 0, (b) 1, (c) 2 and (d) 3. For each operation mode, the left and the right 

columns show the phase and the amplitude of the field, respectively. Each map 

occupies an area of 40 µm × 40 µm. The distance between adjacent maps is λTHz/4, and 

the lowest plane is 30 µm above the centre of the microdisk. The amplitude in each 

map is normalised against the maximal value of the corresponding set of three maps. 

A profound contrast is observed between the non-vortex beam (Figure 3.10(a)) and the vortex 

beams (Figure 3.10(b)-(d)): both the phase and the amplitude are twisted in the latter, while no 

such feature is discernible in the former. The small features very close to the centre of the phase 

maps of Figure 3.10(a) are attributed to numerical errors, as the local field intensity is almost zero. 

It is worth noting that the doughnut-shaped amplitude profile seen in Figure 3.10(a) does not imply 

the existence of a finite TC, and similar features have been reported previously in non-vortex beams 

produced by linear vortex beam emitters [197]. 

In contrast to Figure 3.10(a), the beams in Figure 3.10(b)-(d) all carry a finite value of TC 𝑙𝑙. The value 

of 𝑙𝑙 is related to the twist of the fields and can be retrieved from the maps by using two different 

methods. The first method is to trace the rotation of the field in a xy plane: along a circle centred 

on the beam axis, the absolute value |𝑙𝑙| equals the cycle number of the phase or the amplitude, 

and the sign of 𝑙𝑙  determines the direction (either clockwise or anti-clockwise) that the phase 

increases. The second method is to trace the rotation of the field along the z-direction: the field 
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rotates by 2π/|𝑙𝑙| for a distance of λ, and the sign of 𝑙𝑙 determines the rotation direction for both 

the phase and the amplitude.  

3.5  Output spectra of three different designs 

Figure 3.11 shows the output spectra of the device in the frequency range from 9 THz to 13.5 THz.  

 

Figure 3.11 Influences of planar microstructures on the output spectra for three different designs. 

The diameter of the Si microdisk r and the number of grating elements q are (a) r = 22 

μm, q = 8 (the design discussed in previous figures), (b) r = 33 μm, q = 13, and (c) r = 44 

μm, q = 18. In panel (a), central peak positions calculated using energy conservation in 

the difference-frequency generation are indicated by vertical dashed lines. In panel (c), 

the peak of 𝑙𝑙= -3 is slightly outside the spectral range presented here, with its central 

frequency at 8.98 THz. In all the panels, a frequency shift Δf accompanies a unit change 

in the topological charge. The spectra in each panel are normalised against the highest 

output power of the corresponding design. For all the designs, the straight waveguide 

is along the x-direction. 
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As 𝑙𝑙 changes from 0 to 3, the peak frequency changes by 3.61 THz, from 9.58 THz at 𝑙𝑙= 0 to 13.19 

THz at 𝑙𝑙= 3. This change originates from the energy conservation in the DFG and follows the change 

of λ2. The output power also depends on 𝑙𝑙. With both input light set at a test value of 10 W, the 

output reaches the highest value of 2.0 × 10-5 W at 𝑙𝑙= 2, and drops to 14% of this value at 𝑙𝑙 = -1 and 

8% at 𝑙𝑙= 3. This change in output power is directly related to the change in frequency, as the latter 

affects key characteristics such as light confinement of the microdisk and phase matching of the 

nonlinear process. All the peaks show a finite width, and some have small but discernible side 

bands. These features are artefacts associated with the FDTD method; both the peak width and the 

sidebands become smaller with increasing the simulation time (i.e. with waves better 

approximating perfect, monochromatic waves). 

For this design architecture, a change in output frequency always accompanies a change in the TC 

due to the DFG. Nevertheless, the magnitude of the frequency change can be controlled by 

modifying the planar size of the design. As long as the pump wavelengths (λ1 and λ2, both ~1.5 μm 

in the current design) are significantly larger than the FSR (~10 nm in the current design), the 

frequency change Δf that accompanies a unit change in 𝑙𝑙 (i.e. Δ𝑙𝑙 = ±1) is approximately 

 2
1 1/ ( ) /f c FSR c FSRλ λ λ∆ ≈ × × ≈ ×   (3.39) 

where c is the speed of light, and λ is the average of λ1 and λ2. For a microring resonator, the FSR is 

inversely proportional to the round trip length along the microring [180]. If the radius r is 

significantly larger than the width of the waveguide, the FSR can be approximated as  

 2 / ( 2 )gFSR n rλ π= × × ×   (3.40) 

where ng is the group velocity. This leads to the conclusion that by adjusting the radius of the 

microring, Δf can be controlled as 

 / ( 2 )gf c n rπ∆ ≈ × × ×   (3.41) 

The value of Δf scales inversely with the radius of the microring r. 

To numerically verify this conclusion, the planar dimensions of the emitter are modified and the 

output spectra are shown in Figure 3.11. From the current design (Figure 3.11(a)), the radii of the 

microring, defined from the middle of the waveguide, and the Si microdisk are increased by 50% in 

Figure 3.11(b), reaching 28.77 μm and 33 μm, respectively. For the third design in Figure 3.11(c), 

the increase is 100%, and the radii of the microring and the Si microdisk are 38.36 μm and 44 μm, 

respectively. In order to create similar values of 𝑙𝑙 in the same frequency range for the three designs, 
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the element number of the Au grating is increased from q =8 in Figure 3.11(a) to 13 and 18 in Figure 

3.11(b) and (c), respectively. All the other dimensions are the same for these three designs. 

Figure 3.11 compares the three designs in the same frequency range from 9 THz to 13.5 THz. The 

number of peaks is 4, 5 and 7 in Figure 3.11(a), (b), (c), respectively, increasing with the planar size 

of the emitter. The frequency difference between adjacent peaks Δf shows the opposite trend of 

change, which is 1.20 THz, 0.80 THz and 0.60 THz in Figure 3.11(a), (b), (c), respectively. To compare 

these values with results obtained from Eq. (3.41), the group velocity ng is calculated at a 

representative wavelength of 1550 nm. The value shows a very small variation with the design, and 

it is 2.07, 2.06 and 2.09 for the designs in Figure 3.11(a), (b), (c), respectively. The analytical values 

of Δf obtained from Eq. (3.41) are consequently 1.20 THz, 0.80 THz and 0.60 THz for the three 

designs, matching very well with the values obtained directly from Figure 3.11. 

3.6  Conclusion 

To conclude, we have demonstrated a THz vortex beam emitter via numerical simulation. The 

emitter consists of a LiNbO3 microring for DFG, a Si microdisk for near-field confinement of the 

generated THz, and an Au second-order top grating for the creation of TC. The device is pumped by 

two infrared light beams from a coupling waveguide and emits THz light vertically into free space. 

The value of the TC can be tuned by changing the wavelengths of the incident light and ranges from 

-2 to 4 in the simulated frequency range from 9 THz to 13.5 THz for one of the three designs. The 

output spectra, in particular the frequency change that is associated with the change in TC, can be 

adjusted by tuning the planar dimensions of the emitter. As a proof-of-principle demonstration, 

this work concentrates on the TC and the frequency shift, while parameters such as conversion 

efficiency, including its balance among multiple output spectra peaks, could be further improved 

by exploring the vertical dimensions (e.g. via creating high-quality THz WGMs) [203]. The emitter 

has a planar dimension that is comparable to its functional wavelengths and has the capability to 

impart a tunable TC on a freely propagating THz light beam. These features can prove useful in a 

range of emerging THz applications, such as THz sensing and wireless communications. 

.
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Chapter 4 Coherent generation of arbitrary first-order 

Poincaré sphere beams on a Si chip 

In the previous chapter, an integrated THz vortex beam emitter is demonstrated based on microring 

resonators. It provides a compact method allowing for both the generation and tuning of OAM in 

the THz range. This chapter explores the controlled generation of SOPs of VV beams, which could 

be utilized for sensing and communications. For example, the spatially variant polarization of VV 

beams provides a new degree of freedom for detecting targets’ motion vectors, which is useful for 

LiDAR applications [109]. In this chapter, we present the first on-chip light emitter that allows for 

the controllable generation of all points on a first-order Poincaré sphere (FOPS).  

The FOPS beam generator consists of a Si microring resonator with azimuthally distributed 

cylindrical holes etched on top of the ring waveguide. The confined waves in the microring can be 

converted into freely propagating output light. By matching the WGMs with the nanoholes, the 

fundamental TE and TM modes in the microring can produce radial and azimuthal polarization 

patterns, respectively. The two orthogonal polarization patterns can be the basis for the FOPS. 

Tuning the phase contrast and the intensity ratio of these two coherent inputs allows for generating 

an arbitrary point on the FOPS. Most results in this chapter have been published by the journal 

“Optics Express”. 

4.1 Design schematic of the FOPS beam emitter 

Figure 4.1 schematically illustrates the FOPS beam emitter. The device utilizes a silicon-on-insulator 

(SOI) platform, a common choice for on-chip light sources and photonic integrated circuits [6, 180]. 

It consists of a Si microring resonator and a Si bus waveguide embedded inside a 4.3-µm thick layer 

of SiO2, with the bottom of these two embedded components 2 µm above the Si substrate. Both 

components have a square cross-section with a side length of 300 nm. The microring has a bend 

radius, defined as being from the inner boundary of the waveguide, of 5 µm, and a gap with the 

straight waveguide of 300 nm. The top of the microring is decorated with 35 shallow, cylindrical 

holes that distribute uniformly along the centre of the waveguide. These holes have a depth of 100 

nm and a diameter of 100 nm. They function as the grating elements for light out-coupling, 

converting confined waveguide modes to freely propagating output light. 
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Figure 4.1 Schematic of the FOPS beam emitter. (a) The emitter consists of a Si microring 

resonator evanescently coupled to a straight bus waveguide. Driven by the 

fundamental TE and TM modes fed into the bus waveguide, the microring radiates light 

into free space in the vertical direction. The polarization state of the output light is 

modulated by tuning the phase contrast and the intensity ratio of the two input modes, 

and it can sweep over the whole FOPS. (b) The microring is decorated on top with 35 

uniformly distributed, shallow nano-holes that function as an angular grating for light 

out-coupling. The inset is a zoomed-in view of a section of the microring. The TE and 

TM input modes, which have the same wavelength, produce radially and azimuthally 

polarized components in the output beam. (c) Cross-sectional view of the device at the 

plane bisecting the microring. 

The performance of the FOPS beam emitter was numerically evaluated by using a commercial FDTD 

solver (Lumerical FDTD Solutions). A free-space wavelength range from 1658 nm to 1722 nm was 

simulated. The device was assumed to have zero light absorption in the whole range. The 

permittivity of Si and SiO2 was obtained by fitting experimental measurement [200], and the values 

were 12.03 and 2.08, respectively, at the emitter working wavelength of λ = 1685.59 nm. The device 

was driven by the fundamental TE and TM modes of the bus waveguide, which were launched 6 µm 

away from the 300 nm gap (i.e. the location where the microring and the straight waveguide were 

the closest). In the following discussions, the phase contrast between the two coherent input 

modes always refers to this specific input plane. Nevertheless, as the TE and TM modes have almost 

identical effective indices (1.846068 versus 1.846072) due to the square shape of the cross-section, 

the phase contrast in the straight waveguide is almost invariant as the two modes propagate 

forward, and the location of the input plane has no significant influence on the device 

characteristics. 
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4.2  Input properties of the light emitter 

Figure 4.2 shows the transmission spectra of the fundamental TE and TM modes propagating in the 

bus waveguide. Both spectra contain a series of sharp resonance dips, each corresponding to a 

WGM in the microring. In both spectra, the two closely spaced resonance dips between 1680 nm 

and 1700 nm form a resonance doublet. These doublets are characteristics of mode splitting caused 

by the coupling between counter-propagating WGMs inside the ring [101]. Both the singlet and 

doublet resonances occur at similar wavelengths for the two input modes. This similarity originates 

from the highly symmetric shape of the waveguide cross-section (a square), as well as the 

uniformity of the embedding environment (i.e. both the straight and circular waveguides are fully 

covered with a SiO2 layer). The differences between these two spectra are attributed to the 

asymmetry introduced by the microring-waveguide coupling region and the nano-hole top grating. 

 

Figure 4.2 Transmission spectra of the TE and TM modes in the bus waveguide. The emitter 

working wavelength is λ=1685.59 nm (green cross). 

As will be discussed in detail below, the FOPS beam generation requires both the TE WGM and the 

TM WGM to have an azimuthal order of 35, the same as the number of the grating elements (i.e. 

the nano-holes). This condition is satisfied only in the resonance doublet. To simplify the analysis, 

we further require the TE and TM inputs to have similar waveguide transmission at the device's 

working wavelength. The wavelength is consequently chosen as λ = 1685.59 nm, a wavelength in 

the resonance doublet where the TE and TM transmission is approximately equal to 0.28. 

Figure 4.3 shows the electric near field at this wavelength for the two inputs. The results confirm 

that both inputs generate a WGM in the microring, and the WGM has an azimuthal order of the 

target value of 35. Despite this similarity in azimuthal order, the two WGMs are distinct in the 

details of field distribution. Most relevant to the light out-coupling is the field strength along the 

circumference passing the middle of the microring (i.e. the centres of the nano-holes). For the TE 

input, the field strength is almost zero for the azimuthal component. In contrast, for the TM input, 
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it is the radial component that has nearly zero strength. This contrast between the azimuthal and 

radial components underpins our technique of arbitrary FOPS beam generation. 

 

Figure 4.3 Near-field properties of the FOPS beam emitter. (a) The radial and (b) the azimuthal 

component of the electric field in the microring, with the microring driven only by the 

TE input mode. (c,d) Corresponding field components under the TM input. All four 

maps show the same xy plane that passes through the middle height of the nano-holes. 

4.3  Vortex beam generation using a single input mode 

Due to their different near-field distributions inside the microring, the TE and TM inputs generate 

two freely propagating light beams with distinct features. Figure 4.4 shows the intensity and phase 

distributions of these two output beams analyzed at a radial distance of one meter from the device 

centre.  
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Figure 4.4 Far-field radiation polar maps with the device driven by a single waveguide mode. (a-

c) The intensity and phase distributions under the TE mode excitation. At the same 

intensity scale, (a) the radial component is clearly visible, while (c) the azimuthal 

component is indiscernible. (b) The phase of the dominant component (i.e. the radial 

component). (d-f) The corresponding intensity and phase distributions under the TM 

mode excitation. The phase is still for the dominant component, which is now the 

azimuthal component. 

In the analysis, the radially (𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅) and azimuthally (𝐸𝐸𝐴𝐴𝐴𝐴) polarized components are extracted [204] 

using the Jones vectors as below, 
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where θ is the azimuthal angle and i is the imaginary unit number. 𝑙𝑙 is the TC, and it is an integer 

(i.e. 0, ±1, ±2 etc.). 𝜓𝜓𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙  is the coefficient for the radial component, which has an amplitude of 

�𝜓𝜓𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙 � and a phase of 𝜙𝜙𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙 , and 𝜓𝜓𝐴𝐴𝐴𝐴𝑙𝑙  is that for the azimuthal component. 

Figure 4.4(a)-(c) analyze the output generated by a single TE input beam. The field is predominantly 

radially polarized: while the radial component shows clearly a set of concentric rings in its intensity 

distribution [Figure 4.4(a)], the azimuthal component at the same intensity scale is not discernible 

[Figure 4.4(c)]. Further analysis leads to an intensity ratio between the radial and the azimuthal 

components �𝜓𝜓𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙 /𝜓𝜓𝐴𝐴𝐴𝐴𝑙𝑙 �2, which can be expressed alternatively as 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙 /𝐼𝐼𝐴𝐴𝐴𝐴𝑙𝑙 , of 98.56:1.44. The 

rings in Figure 4.4(a) are slightly distorted and lack perfect rotational symmetry. This imperfection 

is attributed to the inhomogeneous field distribution inside the microring: the near-field amplitude 

has a noticeable decrease as the light traces the ring in the anti-clockwise direction from the 
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microring-waveguide gap [Figure 4.3(a)], creating a small variation among the 35 nano-holes in their 

light scattering strength. For all the intensity rings in Figure 4.4(a), the phase stays constant [Figure 

4.4(b)], implying that the vortex beam carries no TC. These results of Figure 4.4(a)-(c) lead to the 

conclusion that the output beam is a radially polarized cylindrical vector beam, which corresponds 

to a point on the equator of the FOPS.  

Changing the input light from the TE mode to the TM mode profoundly changes the output [Figure 

4.4(d)-(f)], and the azimuthally polarized component becomes the dominant component. The 

intensity ratio between the radial and the azimuthal components |𝜓𝜓𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙 /𝜓𝜓𝐴𝐴𝐴𝐴𝑙𝑙 |2  (equivalently 

𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙 /𝐼𝐼𝐴𝐴𝐴𝐴𝑙𝑙 ) now becomes 0.98:99.02. Despite this reverse in the dominant component, many key 

features in the output are retained: the intensity distribution consists of a set of concentric rings 

[Figure 4.4(d)], and the phase is invariant in each ring [Figure 4.4(e)]. We can draw a similar 

conclusion here that the output beam is now an azimuthally polarized cylindrical vector beam, 

which also corresponds to a point on the equator of the FOPS. 

The phase distributions shown in Figure 4.4(b) and (e) indicate that, both 𝜓𝜓𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙  and 𝜓𝜓𝐴𝐴𝐴𝐴𝑙𝑙  are 

dominated by the term of 𝑙𝑙 = 0 . For this reason, in the following discussions, we omit the 

annotation of 𝑙𝑙  unless it may cause confusion; 𝜓𝜓𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙 , 𝜓𝜓𝐴𝐴𝐴𝐴𝑙𝑙 ,  𝜙𝜙𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙 , 𝜙𝜙𝐴𝐴𝐴𝐴𝑙𝑙 , 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙  and 𝐼𝐼𝐴𝐴𝐴𝐴𝑙𝑙  are simply 

written as 𝜓𝜓𝑅𝑅𝑅𝑅𝑅𝑅, 𝜓𝜓𝐴𝐴𝐴𝐴, 𝜙𝜙𝑅𝑅𝑅𝑅𝑅𝑅, 𝜙𝜙𝐴𝐴𝐴𝐴, 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅  and 𝐼𝐼𝐴𝐴𝐴𝐴, respectively. 

The results in Figure 4.4 can be interpreted based on the near-field distribution inside the microring 

(Figure 4.3). Each nano-hole on the microring functions as a nano-antenna that radiates the wave 

confined inside the microring into free space. For highly symmetric configurations, such as the 

azimuthally polarized and radially polarized waveguide modes scattered by a cylindrical nano-hole, 

the symmetry has to be preserved in light scattering [98]. This constraint implies that radial and 

azimuthal polarization components dominate the output for TE and TM inputs, respectively. 

Although its polarization varies with the input, the output beam has a TC 𝑙𝑙 that stays invariant 

between the TE and TM input modes. Regardless of the input mode, the output beam is always 

formed by the constructive interference of light scattered by all the nano-holes. Its TC 𝑙𝑙 can be 

calculated by using the angular phase-matching condition [94] presented in section 3.4.1 

 l m q= −   (4.2) 

Here m is the azimuthal order of the resonance mode inside the microring (i.e. the cycle number of 

the WGM), and q is the number of the grating elements (i.e. the number of nano-holes). At the 

working wavelength of 1685.59 nm, the TC 𝑙𝑙  is 0, as 𝑚𝑚 = 𝑞𝑞 = 35  (Figure 4.3). Based on the 

symmetry constraint specified above, along with the zero TC, we can conclude that TE and TM 
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inputs produce radially and azimuthally polarized cylindrical vector beams, respectively. This 

analytical conclusion fits with the numerical results in Figure 4.4. 

4.4 Vortex beam generation using two input modes 

4.4.1 Stokes parameters for the FOPS 

With two specific points (i.e. polarization states) on the FOPS equator produced, we discuss in the 

following sections the method to reach an arbitrary point on the FOPS. For any HOP sphere, the 

most common method of using two coherent beams to conduct such scans is to use circularly 

polarized light beams with opposite helicity (i.e. the two poles of the sphere) [93, 130, 139, 143, 

146, 154, 205, 206]. As far as we know, this is the only method that has been used in FOPS analysis. 

In contrast, here we highlight the fact that such superposition can utilize any orthogonal set of 

polarization states (i.e. any antipodal points on a sphere). This includes the radial and azimuthal 

polarization states shown in Figure 4.4. 

Figure 4.5 shows the generation of VV beams using both TE and TM input modes. According to 

section 4.3, TE and TM input modes can generate radially and azimuthally polarized vector beams, 

respectively. The input intensity of the TE and TM modes (𝐼𝐼𝑇𝑇𝑇𝑇  and 𝐼𝐼𝑇𝑇𝑇𝑇 ) dominates the output 

intensity 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅 and 𝐼𝐼𝐴𝐴𝐴𝐴, respectively, and their phase contrast 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇 determines the value of 

𝜙𝜙𝐴𝐴𝐴𝐴 − 𝜙𝜙𝑅𝑅𝑅𝑅𝑅𝑅. When the input contains both the TE and TM modes, the output polarization state is 

the coherent interference of the azimuthally and radially polarized components. This implies that 

𝐼𝐼𝑇𝑇𝑇𝑇, 𝐼𝐼𝑇𝑇𝑇𝑇, 𝜙𝜙𝑇𝑇𝑇𝑇  and 𝜙𝜙𝑇𝑇𝑇𝑇 all influence the output. 

 

Figure 4.5 Illustration of the vector vortex beam generation using TE and TM input modes. 
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By using the radial and azimuthal polarizations as the basis (i.e. a set of orthonormal eigenstates) 

for the FOPS, the higher-order Stokes parameters (SPs) are expressed as 

 
2 2

0 RAD AZ RAD AZS I Iψ ψ= + = +   (4.3) 

 
2 2

1 RAD AZ RAD AZS I Iψ ψ= − = −   (4.4) 

 2 2 cos( ) 2 cos( )RAD AZ AZ RAD RAD AZ AZ RADS I Iψ ψ φ φ φ φ= − = −   (4.5) 

 3 2 sin( ) 2 sin( )RAD AZ AZ RAD RAD AZ AZ RADS I Iψ ψ φ φ φ φ= − = −   (4.6) 

It is worth noting that these expressions are derived based on the SPs of a conventional Poincaré 

sphere using the linear polarization basis [207]; they are consequently different from the SPs of a 

FOPS using the circular polarization basis. It is always true that |𝑆𝑆1|2 + |𝑆𝑆2|2 + |𝑆𝑆3|2 = |𝑆𝑆0|2. For 

simplicity, we set the total intensity 𝑆𝑆0 as unity value in the following analysis, as all the beams are 

fully polarized. This implies that every point on the FOPS can be identified using a unique set of 𝑆𝑆1, 

𝑆𝑆2 and 𝑆𝑆3. 

The analysis above shows the relationship between the output polarization states and the input 

parameters (𝐼𝐼𝑇𝑇𝑇𝑇, 𝐼𝐼𝑇𝑇𝑇𝑇, 𝜙𝜙𝑇𝑇𝑇𝑇  and 𝜙𝜙𝑇𝑇𝑇𝑇). The sections below will numerically evaluate the relationship. 

4.4.2 Longitudinal scan on the FOPS 

Figure 4.6 shows the evolution of the output beam as the phase contrast of the two inputs 𝜙𝜙𝑇𝑇𝑇𝑇 −

𝜙𝜙𝑇𝑇𝑇𝑇  scans a full cycle of 360°. During the phase scan, the intensity ratio of the two inputs 𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑀𝑀 

is set as a constant of 2.53. This value is identified by matching the total output intensity in Figure 

4.4(a) and (d), and is very close to creating the condition that the TE input and the TM input 

generate an equal amount of total output power. This ratio is not unity as might be predicted 

intuitively from Figure 4.2, and it originates from the different field distributions of the two modes 

inside the waveguide [Figure 4.3].  
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Figure 4.6 Phase-controlled polarization evolution on the FOPS. (a) The output light is 

decomposed into radially and azimuthally polarized components, and alternatively 

into left-handed circularly polarized (LHCP) and right-handed circularly polarized 

(RHCP) components, as the input phase contrast 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇  changes from 0 to 360°. 

Six representative 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇  values (40°, 90°, 130°, 210°, 260° and 310°) are specified 

using numbers I to VI. (b) Polarization evolution on the FOPS beam (green dots) in the 

scan of the input phase contrast, with the six representative values specified. (c) The 

distributions of field intensity (colour maps) and polarization (white ellipses and lines) 

for the six representative states. Each map corresponds to an area of 14 µm × 14 µm 

in the plane 20 µm above the top surface of the emitter. The intensity of each map is 

normalized against its respective maximum. 

At every phase contrast 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇 , the output field is decomposed into the radially and 

azimuthally polarized components following Eq (4.1), as well as into the left-handed and right-

handed circularly polarized components (i.e. the two poles of the FOPS, here as 𝐸𝐸𝐿𝐿 and 𝐸𝐸𝑅𝑅). The 

second type of decomposition is expressed as [94, 204] 
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 1 11 11 1exp( ) exp( ))
2 2L R L RE E E i i

i i
ψ θ ψ θ− +   

= + = − +   + −   
  (4.7) 

where 𝜓𝜓𝐿𝐿−1 and 𝜓𝜓𝑅𝑅+1 are the coefficients for the left-handed circularly polarized (LHCP) and right-

handed circularly polarized (RHCP) components, respectively. It is worth highlighting that the two 

circular components have finite and opposite TCs (i.e. -1 and +1), which is different from the linear 

components. 

Figure 4.6(a) shows the results of these two types of decomposition. As the TE and TM input modes 

generate predominantly radially and azimuthally polarized output light, respectively, the total 

output intensity is shared roughly equally between the radial and the azimuthal components 

throughout the 360° phase scan. Meanwhile, as the output is neither purely radial nor purely 

azimuthal for a single input mode (as discussed above, 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅/𝐼𝐼𝐴𝐴𝐴𝐴 is 98.56:1.44 and 0.98:99.02 for 

purely TE and TM input, respectively), a low level of intensity interference exists in the output. It 

induces a small fluctuation in 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅, 𝐼𝐼𝐴𝐴𝐴𝐴 and 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅+𝐼𝐼𝐴𝐴𝐴𝐴 in scanning 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇. In comparison to the 

linear basis, decomposing the output into circular polarizations shows a much bigger dependence 

on 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇: the ouput oscillates between almost purely left-handed (at 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ≈ 0) to almost 

purely right-handed (at 𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 ≈ 0). 

The characteristics of 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅, 𝐼𝐼𝐴𝐴𝐴𝐴, 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 and 𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 identified above lead to these two features related 

to the FOPS: (1) 𝑆𝑆1 = 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅 − 𝐼𝐼𝐴𝐴𝐴𝐴 ≈ 0 as 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇  scans by 360°; (2) the two poles of the FOPS, 

which correspond to two pure circular polarization states, are reached in the scan. Based on these 

two features, we can predict that, the output polarization produced by a full 360° scan of 𝜙𝜙𝑇𝑇𝑇𝑇 −

𝜙𝜙𝑇𝑇𝑇𝑇  traces the great circle normal to the 𝑆𝑆1 axis. This prediction is confirmed in the more detailed 

analysis shown in Figure 4.6(b) and (c).  

At each 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇, the intensity distribution of the output light is similar to Figure 4.4(a) and (d): 

it is a set of concentric rings, with most intensity concentrated in the smallest ring. As opposed to 

Figure 4.6(a), which is based on the analysis of the total output intensity, we concentrate on the 

smallest ring for Figure 4.6(b) and (c). Figure 4.6(c) shows both the intensity and the polarization 

distributions of this ring, with 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇  taking six representative values of 40°, 90°, 130°, 210°, 

260° and 310°. The doughnut-shaped intensity distribution lacks perfect rotational symmetry, 

similar to the results shown in Figure 4.4, and this imperfection is also present in the polarization 

distribution. To link these polarization maps with points on the FOPS, for each map, we compute 

the averaged polarization state along the circle that centres on the beam axis and passes the 

maximal intensity. This averaged polarization state is then identified on the FOPS in Figure 4.6(b). 

This exercise is conducted for 36 values of 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇, from 0° to 360° at a step of 10°. Consistent 
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with our prediction above, the polarization traces a great circle on the FOPS that is normal to the 

𝑆𝑆1 axis. 

The great circle intersects with the equator at two points as seen in Figure 4.6(b). As every point on 

the equator contains an equal amount of the polarization states at the two poles [120], these two 

points can be identified as the two points in Figure 4.6(a) where the LHCP and the RHCP lines 

intersect. They correspond to 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇 of 38° and 212°. These two values are important to the 

FOPS beam generation, and are to be used for the numerical simulation shown in Figure 4.7. 

Before concluding the analysis on the phase-based (i.e. tuning 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇) scan and starting that 

on the intensity-based (i.e. tuning 𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇 ) scan (Figure 4.7), it is worth analyzing briefly the 

imperfection seen in Figure 4.6. In an ideal, perfect device that allows for the most straightforward 

control over the output polarization, as 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇  changes steadily from 0° to 360°, the point on 

the FOPS would move longitudinally at a constant speed on a great circle. The device analyzed here 

slightly deviates from this ideal scenario, and the degree of deviation can be roughly gauged using 

a particular phase difference. As a numerical indication, here we use the two points where the great 

circle intersects the FOPS equator, which are discussed above. In the perfect device, the phase 

difference between these two points is 180°. The discussion above shows that these two points 

correspond to 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇  of 38° and 212° in Figure 4.6(a), which have a difference of 174°. As 

benchmarked against the ideal device with regard to this parameter, our device drifts by a small 

value of 6°, or 3.3% in relative magnitude. 

4.4.3 Latitudinal scan along the FOPS equator 

In addition to the longitudinal scan on the FOPS shown in Figure 4.6, it is also possible to conduct a 

horizontal scan along its equator (Figure 4.7). Based on Eqs. (4.4)-(4.6), such polarization evolution 

can be achieved by adjusting 𝑆𝑆1 and 𝑆𝑆2, while maintaining 𝑆𝑆3 = 0. The constraint on 𝑆𝑆3 leads to 

two possible values of 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇, which are 38° and 212° as discussed above. Further analysis 

based on Eqs. (4.4)-(4.6) show that the value of arctan (|𝜓𝜓𝐴𝐴𝐴𝐴/𝜓𝜓𝑅𝑅𝑅𝑅𝑅𝑅|), or expressed equivalently as 

arctan (�𝐼𝐼𝐴𝐴𝐴𝐴/𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅), is associated with the azimuthal position of the corresponding polarization 

state on the FOPS equator. This observation implies that the latitudinal scan can be achieved by 

tuning the input intensity ratio 𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇, as it is proportional to the output ratio 𝐼𝐼𝐴𝐴𝐴𝐴/𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅. Figure 

4.7 analyzes this intensity-controlled FOPS scan.  
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Figure 4.7 Intensity-controlled polarized evolution on the FOPS. (a,b) Intensity decomposition 

using the linear basis (for the Azimuthal and Radial curves) and the circular polarization 

basis (for the RHCP and LHCP curves), as arctan (�𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇) scans from 0° to 90°. The 

input phase contrast 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇  is (a) 212° and (b) 38°. (c) The scan of 

arctan (�𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇) shown in (a) and (b) produces polarization states that trace the 

equator. The green and red dots correspond to 𝜙𝜙𝑇𝑇𝑀𝑀 − 𝜙𝜙𝑇𝑇𝑇𝑇  at 212° and 38°, 

respectively. (c) The intensity and polarization distribution for the six representative 

states from I to VI. All the six panels are produced following the same method 

described in Figure 4.6. 

Figure 4.7(a) and (b) show the influence of the input intensity ratio on the four output components 

(azimuthal and radial components as a pair, and the two circular components as the other pair). 

Here the input variable is expressed as angle arctan(�𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇), which ranges from 0° to 90°. Figure 

4.7(c) shows that, as arctan(�𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇) scans twice from 0° to 90°, with 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇  first at 212° 

[Figure 4.7(a)] and then at 38° [Figure 4.7(b)], the polarization of the output beam evolves along 

the FOPS equator and eventually completes a full great circle of 360°. The two boundary 
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arctan(�𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇) values of 0° and 90° correspond to purely TE and purely TM inputs, respectively, 

which are first analyzed in Figure 4.4. Their polarization distributions shown in Figure 4.7(d) fit well 

with the results derived from Figure 4.4. Figure 4.7(d) also shows that, the four intermediate 

arctan(�𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇)  values (i.e. points II, III, V and VI) produce spiral polarizations. For these 

polarizations, the direction of twist is reversed once 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇 changes between the two values 

of 212° (points II and III) and 38° (points V and VI). 

4.4.4 Equations for arbitrary FOPS beam generation 

The longitudinal and latitudinal scans shown respectively in Figure 4.6 and Figure 4.7 can be 

generalized to create any polarization state on the FOPS. This arbitrary FOPS beam generation relies 

on adjusting both input parameters, the intensity ratio 𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇  and the phase contrast 𝜙𝜙𝑇𝑇𝑇𝑇 −

𝜙𝜙𝑇𝑇𝑇𝑇, simultaneously. Based on Eqs. (4.3)-(4.6), further assuming that TE and TM inputs generate 

respectively pure radial and azimuthal polarizations, these two input parameters can be derived 

from the three SPs as below 
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φ φ φ φ− = − +Ω = + − × °+Ω   (4.9) 

Here, 𝜂𝜂 = 1/2.53 is the coefficient addressing the difference in the out-coupling efficiency of the 

TE and TM input modes (i.e. the TE input has to be 2.53 times as strong as the TM input, for the 

radially polarized output and the azimuthally polarized output to be equal in intensity). 𝛺𝛺 = 212° 

is one of the two angles used in the equator scan in Figure 4.7. The term of (1 − 𝑆𝑆2/|𝑆𝑆2|) × 90° is 

incorporated to create a 180° phase flip, so a single phase coefficient 𝛺𝛺  is sufficient here, as 

opposed to the use of two values (i.e. 212° and 38°) in Figure 4.7. This term takes the value of zero 

at the singularity point of 𝑆𝑆2 = 0. A key conclusion can be drawn here based on Eqs. (4.8) and (4.9) 

that, there exists a one-to-one correspondence between a pair of 𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇  and 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇 values 

and a point on the FOPS.  

Equations (4.8) and (4.9) are tested numerically using three sets of SPs that are chosen arbitrarily 

and listed in Table 4.1. The target SPs are inserted into the two equations to calculate the required 

input intensity ratio 𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇 and the phase contrast 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇. These two parameters are then 

used to conduct the numerical simulation, from which the output SPs are extracted. As seen in 

Table 4.1, the output SPs well reproduce the target values, with the maximal deviation as small as 

0.09. 
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Table 4.1 Three points on the FOPS for testing the two equations on arbitrary FOPS beam 

generation. The two input parameters lead to output Stokes parameters that aim to 

replicate the target Stokes parameters. The term Intensity refers to the intensity ratio 

of 𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇, and Phase to the phase contrast of 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇. 

Test 
 Target  Coherent input  Output 

 S1 S2 S3  Intensity Phase (°)  S1 S2 S3 

I  0.707 0 0.707  0.068:1 302.00  0.661 0.004 0.749 

II  -0.5 -0.707 0.5  1.186:1 356.73  -0.507 -0.653 0.561 

III  0.577 0.577 -0.577  0.106:1 167.00  0.574 0.487 -0.655 

Figure 4.8 shows the numerically simulated output at the three pairs of 𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇𝑇𝑇 and 𝜙𝜙𝑇𝑇𝑇𝑇 − 𝜙𝜙𝑇𝑇𝑇𝑇, 

from which the output SPs listed in Table 4.1 are extracted. To provide a further comparison against 

the target polarization states and identify the source of the discrepancy, Figure 4.8(a) shows 

corresponding analytical results derived from an ideal device. 

 

Figure 4.8 Intensity and polarization distributions for the three test FOPS points listed in Table 

4.1 with (a) the analytical results compared against (b) the numerical results. All the 

panels are produced following the same method described in Figure 4.6. 

In the ideal device, the 35 nano-holes are assumed to be 35 identical, infinitesimal electric dipoles 

[208]. Regardless of the input, these dipoles always oscillate in phase to satisfy the angular phase-

matching condition specified in Eq. (4.2). Each dipole has a radial component and an azimuthal 
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component, with their relative intensity and phase contrast determined by Eqs. (4.8) and (4.9). As 

the analytical calculation leads to the ideal output beams seen in Figure 4.8(a), we conclude here 

that the discrepancy between Figure 4.8(a) and (b) mainly comes from the deviation of the nano-

holes from ideal electric dipoles. It is expected that nano-holes with smaller dimensions can better 

approximate the ideal electric dipoles, albeit at the expense of reduced output efficiency. 

For future optimization of this design, as well as for designs that can be derived from this work, we 

would like to highlight the scope of Eqs. (4.8) and (4.9). The only assumption used in their derivation 

is that the two fundamental input modes generate pure radial and azimuthal polarizations. 

Consequently, we believe that these two equations can be applied on any FOPS beam emitter that 

shares the basic configuration of our device (i.e. any FOPS beam emitter with an angular grating-

integrated microring). The matching between the target and the actual polarization states depends 

on the matching between the grating element and the ideal electric dipole. If the embedded angular 

grating can be well approximated by a loop of identical, ideal electric dipoles, Eqs. (4.8) and (4.9) 

can lead to output polarizations that well match the target. For any specific design, the only free 

parameters are the two coefficients 𝜂𝜂 and 𝛺𝛺, which can be determined following the approach 

described in Figure 4.4 and Figure 4.6. 

4.5 Conclusion 

To conclude, we have proposed and numerically analyzed a Si microring resonator-based FOPS 

beam emitter. The microring is decorated on top with an angular grating of 35 nano-holes, and it 

evanescently couples to a Si bus waveguide. The nano-hole grating converts TE and TM waveguide 

modes into free space, as radially and azimuthally polarized cylindrical vector beams, respectively. 

By using these two linear polarizations as the basis, the SPs of the FOPS are derived. Based on these 

SPs, a method of producing arbitrary FOPS beams is established. The method utilizes simultaneous 

control over the relative phase and strength of the two input waveguide modes, and it is 

underpinned by the fact that there exists a one-to-one correspondence between a pair of these 

two input parameters and a point on the FOPS. 

This work demonstrates that it is possible to produce any FOPS beam with high fidelity on a Si 

photonics platform. The equations derived from the specific design analyzed in detail here can be 

applied to any design of FOPS beam emitters, if it shares the generic feature of a microring 

resonator integrated with an angular grating of dipolar antennas. 
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Chapter 5 Positive and negative pull-back instabilities 

from mode splitting in a nano-optomechanical 

actuator 

The vortex beam emitter proposed in Chapter 3 provides a compact solution to obtain tunable OAM 

modes in the THz frequency range. However, the wavelengths of the emitted OAM modes are 

predefined and can not be tuned. The wavelength of the emitted VV beam in Chapter 4 is 

predefined as well. The limitations are because the resonant wavelengths of the microring 

resonators are fixed. Flexible tunability of the wavelengths of vortex beams is highly desired for 

high-resolution sensing [21, 26, 209] and high-capacity optical communication [28, 32, 210, 211]. 

For example, the emitted wave with frequency modulation can enable LiDAR systems to detect the 

distance and velocity of a moving target simultaneously [7]. In this chapter, we proposed an all-

optical wavelength tuning method based on microring resonators. The resonant wavelengths of the 

device can be tuned by adjusting the pumping wavelength. The approach of wavelength tuning may 

be combined with the proposed vortex beam emitters in Chapters 3 and 4  to achieve vortex beams 

with tunable wavelengths.  

The device consists of two coupled free-standing waveguides in two identical microrings, fabricated 

in the silicon-on-insulator process. The coupling between the two microrings results in the 

symmetric (S-) and antisymmetric (AS-) resonances showing in the transmission spectrum of the 

device. Pumping the S- and AS-modes can induce attractive and repulsive optical gradient forces, 

respectively. The optical gradient forces deflect the suspended structures and tune the resonances 

of the device.  

The optical gradient force is related to the pumping wavelength. At some specific pumping 

wavelengths, a small variation of the wavelengths would significantly change the deflection of the 

suspended waveguides and pull them back towards their initial positions. The phenomenon is 

named pull back instability (PBI) [212]. We theoretically and experimentally studied, for the first 

time, positive and negative pull-back instabilities originating from attractive and repulsive optical 

gradient forces, respectively. Measuring the wavelength difference between the self-reference S- 

and AS-resonances can decouple the wavelength tuning due to the optomechanical actuation from 

the tuning due to the thermo-optical effect. The positive pull-back instability originates from the 

attractive optical gradient force and results in a significant increase in wavelength difference 

between the S- and AS-resonances. In contrast, the negative pull-back instability originates from 
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the repulsive optical gradient force and significantly decreases the wavelength difference. Most 

results in this chapter have been published by the journal “ACS Photonics”. 

5.1 Optomechanical device based on two coupled microresonators 

The device provides a simple actuation scheme for tuning optical resonance, which is useful for 

optical information processing, such as optical filters. The device consists of two free-standing 

waveguides in two identical racetrack microrings and a bus waveguide, as shown in Figure 5.1. Each 

microring has a free-standing waveguide with a length of 50 µm. An air gap between the two 

suspended waveguides is 190 nm. The air gap between the suspended waveguide and the substrate 

is about 1.6 µm. The height and width of the suspended waveguides are 220 nm and 450 nm, 

respectively. Outside the released regions, the waveguides are rib waveguides and have the same 

cross-section with an overall height of 220 nm, a waveguide width of 450 nm, and an etch depth of 

170 nm. The thickness of the Si slab layer is 50 nm. The rib waveguides are used to prevent 

hydrofluoric acid (HF) vapour etching of the SiO2 layer outside the released region when releasing 

the suspended waveguides. The bending radius of the microrings is 30 µm, defined from the middle 

of the waveguides. The coupling gap between the bus waveguide and the left ring is 210 nm. The 

coupling length is 2.2 µm for the coupling between the bus waveguide and the left microring. 

 

Figure 5.1 Schematic of the optomechanical device. (a) The device contains two laterally coupled 

microrings and a bus waveguide. Each microring has a free-standing waveguide. The 

pump light generates optical gradient forces. The probe light detects resonance shifts 

of the device. (b) Top view of the device. The dimensions of the device are specified. 

(c) The cross-sectional view of the device. The dimensions of the rib waveguide are 

shown in the inset. 
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5.2 Properties of the device 

5.2.1 Coupling coefficients 

The two microrings are coupled via two parallel waveguides. There are two types of couplers in the 

coupling region. One is between two suspended waveguides, and another is between two slab 

waveguides. In the coupling region, the evanescent mode of one waveguide overlaps with the mode 

of another waveguide. The light transfers back and forth between the two waveguides. The coupled 

waveguides can support two modes: S- and AS-modes [213]. Figure 5.2 show the S- and AS-modes 

in the suspended waveguides. The coupling coefficient of the coupling area can be calculated by 

the effective indices of the two modes [214, 215]. 

 ( )K n nπ
λ + −= −   (5.1) 

where n+ and n- are the effective indices of the S- and AS-modes, respectively. We use Ks and Kc to 

present coupling coefficients of coupled suspended waveguides and slab waveguides, respectively.  

 

Figure 5.2 Colour map showing the x-component of the electric field for (a) symmetric and (b) 

antisymmetric modes of the coupled suspended waveguides. 

The gap between the two coupled slab waveguides is constant as 190 nm. The effective indices of 

the S- and AS-modes at λ=1545nm are 2.402 and 2.359, respectively. Therefore, the coupling 

coefficient Kc is 0.087 rad/µm at λ=1545 nm. The gap between the two suspended waveguides 

varies when optical gradient forces deflect the waveguides. Figure 5.3 (a) shows the waveguide 

displacement of the couplers when each waveguide is deflected. The results are simulated using 

finite-element analysis (FEA) software COMSOL. In the simulation, the exerted forces on the two 

coupled waveguides are equal but opposite. Each force is uniformly distributed. The maximum 

displacement of xmax=10 nm is shown at the midpoint of each waveguide. Figure 5.3 (b) shows the  
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effective indices of the S- and AS-modes in the suspended waveguides at different gaps. Based on 

the two effective indices and Eq. (5.1), the coupling coefficient varying with the gap can be 

obtained, as shown in Figure 5.3(c). The effective coupling coefficient Kseff can be obtained by 

averaging the total coefficient Ks along the whole length of the suspended waveguides (from 5 μm 

to 55μm in Figure 5.3(a)). Figure 5.3(d) shows the coupling coefficient as a function of the gap 

between the midpoints of the two suspended waveguides. 

 

Figure 5.3 Calculation of the coupling coefficiency between the two suspended waveguides. (a) 

Displacement of each waveguide as a function of position along the waveguide. (b) The 

effective index of S- and AS-modes in coupled suspended waveguides as gap is varied. 

(c) The coupling coefficiency as a function of the gap. (d) The effective coupling 

coefficiency as a function of the gap g. 

5.2.2 Transmission of the device 

The transmission function of the device can be obtained from the device’s transfer function that is 

calculated based on two coupling matrices [216]. One is the coupling matrix to represent the 

coupling between the bus waveguide and the left microring [217]. Another matrix represents the 

coupling between the two microrings and is calculated based on the CMT in space [182, 213]. 
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The dotted rectangle shown in Figure 5.4 shows the coupling area containing the suspended 

waveguides and slab waveguides. 

 

Figure 5.4 Structure of the optomechanical device based on two coupled microrings. 

The coupling matrix is  

 0 0 01
0 0

0 0 01

cos( ) sin( )
exp( )

sin( ) cos( )
KL i KL aa

i L L
i KL KL bb

β α
    

= −     
     

  (5.2) 

where a1, b1, a0 and b0 are the signals at the ports of the coupler. L0 is the length of the coupling 

region. β is the effective wave propagation constant in the coupling area. α is the propagation 

loss. 

 0 seff s c cKL K L K L= +   (5.3) 

where kseff and kc are the coupling coefficients in the suspended waveguide and slab waveguide, 

respectively. Ls and Lc are the lengths of the suspended waveguide and slab waveguide, 

respectively.  

In addition, the following relation between a1, a2, b1 and b0 exist, 

 2 1 1 1exp( )a a i L Lβ α= −   (5.4) 

 0 1 2 2exp( )b b i L Lβ α= −   (5.5) 

The dashed line shown in Figure 5.4 shows the coupling area between the bus waveguide and the 

left microring. the coupling matrix can be expressed as 

 3 2

t in

a ajk
E Ejk

τ
τ

    
=    
    

  (5.6) 
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where τ is the effective field transmission coefficient and k the effective field coupling coefficient.  

In addition, the following relation between a0 and a3 exists, 

 0 3 3 3exp( )a a i L Lβ α= −   (5.7) 

Based on the above equations, the signal a0 can be expressed as 

 
[ ]0 0 0 2 2

0

cos( ) exp( ) exp( )
det in

jk KL i L L i L L
a E
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β α β α− − − − +

=   (5.8) 

where 
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a KL i L L i L L

τ β α β α
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β α β α
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By combining Eqs. (5.6)(5.7)(5.8), the field transmission through the bus waveguide can be 

expressed as  

 
[ ]0 3 3exp 1

in

jka i L L
t

E
β α

τ τ
− +

= +   (5.9) 

The squared magnitude of the transmission with different gap g is shown in Figure 5.5(a). The value 

of kseff corresponding to each gap can be obtained from Figure 5.3(d). According to the CMT [218], 

the left mode is the S-mode, whose resonant wavelength increases with Kseff. On the contrary, the 

right mode is AS-mode, whose resonant wavelength decreases with Kseff. Figure 5.5(b) shows the 

variation of the S- and AS-resonances when the gap g changes. 
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Figure 5.5 Transmission properties of the optomechanical device. (a) Transmission spectra with 

different gap g. (b) Variation of the two resonances (S- and AS-resonances) as the gap 

g changes. 

5.2.3 Stored energy in the device 

The energy stored in the device can be analysed by using the CMT in the time domain. Here, we 

treat the two coupled resonators as a resonator. The coupling of the mode in the bus waveguide 

and the mode in the resonator can be expressed as [181, 183]  

 0( 1/ 1/ )i c in
da j a jkS
dt

ω τ τ= − − −   (5.10) 

 out inS S jka= −   (5.11) 

where a denotes the amplitude of the travelling mode in the resonator. ω0 is the resonator 

frequency for the mode a. 1/τi denotes the intrinsic loss of the resonator. 1/τc is the decay rate of 

the coupling between the bus waveguide and the resonator. The waveguide/ring coupling 

coefficient and the power decay rate are related by |k|2 = 2/τc. Sin is the incident mode amplitude 

in the bus waveguide. 

The amplitude of the travelling mode in the resonator can be expressed as 

 
0( ) 1/ 1/

in

i c

jkSa
j ω ω τ τ

−
=

− + +
  (5.12) 

The transfer function can be given as  

 0 0

0 0

2( ) / 1/ 1/
2( ) / 1/ 1/

out i c

in i c

S j Q Qt
S j Q Q

ω ω ω
ω ω ω
− + −

= =
− + +

  (5.13) 
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where Qi=w0τi/2 is the intrinsic Q factor of the device, Qc=w0τc/2 is the Q factor for the waveguide-

resonator coupling. The quality factor can be obtained by fitting experimental data with Eq. (5.13). 

Figure 5.6(a) shows that the intrinsic quality factor Qi is 35310, and the coupling quality factor Qc is 

28660. In Figure 5.6 (b), the intrinsic quality factor Qi is 25120, the coupling quality factor Qc is 

25120. 

The energy stored in the resonator can be represented by |𝑎𝑎|2, 

 
2

2 2 2 2 2 2
0 0 0

2 / 2 /
( ) (1/ 1/ ) ( ) (2 ) ( ) (1/ 1/ )

c c
in in

i c i c

a P P
c

τ τ
ω ω τ τ λ λ π λ τ τ−= =
− + + − + +

  (5.14) 

where |𝑆𝑆𝑖𝑖𝑖𝑖|2 = 𝑃𝑃𝑖𝑖𝑖𝑖 is the pump power in the bus waveguide.  

Figure 5.6(c)(d) shows the calculated results for the energy spectrum of the resonator around the 

resonant wavelengths of 1.54558 and 1.54621 μm, respectively. The pump power is 7.5 dBm.  

 

Figure 5.6 Calculation of stored energy in the optomechanical device when pump power is 7.5 

dBm. (a) Curve fitting using Eq. (5.13) for one measured notch around 1.5458 μm. (b) 

Curve fitting using Eq. (5.13) for one measured notch around 1.5462 μm. (c) Calculated 

energy of the resonator when the pump is from 1.5452 μm to 1.5459 μm. (d) 

Calculated energy of the resonator when the pump is from 1.5459 μm to 1.5466 μm. 
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5.2.4 Thermal effect of the device 

In this section, the heat dissipation characteristics of the optomechanical device will be studied by 

using COMSOL. At room temperature, the thermal conductivity of bulk Si is 148 W/(m∙K). However, 

the thermal conductivity of a silicon layer is a function of thickness at room temperature [219]. 

Figure 5.7(a) shows the thermal conductivity for different thicknesses of a Si layer. In the designed 

device, Si layers with thicknesses of 50 nm and 220 nm are used. According to Figure 5.7(a), we 

choose the thermal conductivities as 44 W/(m∙K) and 99 W/(m∙K), respectively. The thermal 

conductivities of SiO2 and air are 1.4 W/(m∙K) and 0.026 W/(m∙K), respectively. It can be seen that 

the Si material is a better thermal conductor than SiO2 and air. The steady-state distribution of the 

temperature over a microring is shown in Figure 5.7(b). 

 

Figure 5.7 Thermal property of the optomechanical devices. (a) Thermal conductivity of silicon 

layers as a function of thickness [219]. (b) Steady-state distribution of the temperature 

change over a microring. The left inset is a zoomed-in view of the temperature change 

in the straight slab waveguide. The right inset shows the zoomed-in view of the 

temperature change in the suspended waveguide. A heat source with a uniform 

density of 1013 W/m3 is used in the microring core. 

In the simulation, we set a constant uniform heat source with a density of 1013 W/m3 in the Si 

waveguides. The heat source represents the thermal effect of the optical absorption when the 

device is pumped. Only one microring is simulated, considering the memory requirement for the 

3D simulation. The other microring will have the same temperature distribution because the two 

microrings are the same. It can be seen that the temperature change of the free-standing 

waveguide is larger than that of the slab waveguide. The average temperature change of the whole 
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Si microring is 4.72 K. The total heat flux is 6.19×10-4 W for the two Si microrings. Therefore, the 

thermal resistance of the coupled Si microrings is about 7625 K/W. 

5.2.5 Mechanical spring constant of the suspended waveguides 

The mechanical spring constants of the suspended waveguides are calculated by using 3D solid 

mechanical simulation of COMSOL. For simplicity, we assume that the force exerted on each 

waveguide is uniformly distributed. Figure 5.3(a) shows the deflection of the two suspended 

waveguides when applying 6.6 nN on each suspended waveguide. The forces on the two 

waveguides have equal magnitude but opposite directions. The maximum deflection of each 

waveguide xmax is 10 nm. Figure 5.8 shows the variation of xmax when the exerted forces are 

changing. It can be observed that xmax is proportional to the force. The mechanical spring constant 

of each waveguide is kmech=F/xmax=0.66 N/m. 

 

Figure 5.8 Maximum waveguide deflection versus the total force exerted on the waveguide. 

5.3 Calculation of optical gradient forces and resonance shifts of the 

device 

In this section, the wavelength tuning of the optomechanical device will be theoretically analyzed. 

The two microrings of the designed device are identical and coupled. The degeneracy of the 

resonator modes is broken, and the mode pairs (S- and AS-modes) appear [218, 220]. Figure 5.9 

shows the variation of S- and AS-resonances with the air gap between the two suspended 

waveguides. The insets show the electric field profiles for the S- and AS-modes. The S- and AS-

resonances depend on the gap of the two rings. The difference between the two resonant 

wavelengths is defined as the splitting width, which increases when the gap increases. Strictly 

speaking, the splitting width is the wavelength difference between the S- and AS-resonances with 

the same azimuthal order. Here, we use the splitting width to present the wavelength difference 
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between two neighbouring modes without considering the requirement of the same azimuthal 

order. It is worth noting that the two neighbouring modes shown in Figure 5.9 have different 

azimuthal orders due to the strong coupling causing the splitting spanning more than one free 

spectral range of the device. The calculated resonances shown in Figure 5.9 are obtained from 

Figure 5.5.  

 

Figure 5.9 Simulated variation of the S- and AS-resonances as the air gap between two suspended 

waveguides is changed. The coupling between the two microrings is so strong that the 

wavelength splitting spans more than one free spectral range of the device. So the two 

neighbouring modes (S- and AS-modes) shown in the figure have different azimuthal 

orders. The insets show the electric field profiles for the S- and AS-modes. 

The overlapping modes of the two coupled waveguides give rise to optical gradient forces. Each 

waveguide provides a strong field gradient in the near-field. A waveguide can be considered as a 

collection of individual microscopic dipolar subunits. The dipoles’ positively and negatively charged 

sides will experience slightly different forces in the strongly varying electromagnetic field. 

Consequently, the waveguide is accelerated and displaced [221]. The optical gradient forces can be 

calculated by integrating the Maxwell stress tensor over a closed surface surrounding the 

waveguide [207, 221]. Alternatively, the optical gradient force can be derived from the change in 

the eigenmode frequency of the waveguide system when the two waveguides move [222]. The 

change in eigenmode frequency causes a change in the total system energy, which is equal to the 

work done by the beams. Therefore the optical gradient force can be expressed as  

 
1dU dF U

dx dx
ω

ω
= − = −k k   (5.15) 

where x is the distance between the beams, U is the total system energy, and k is the wave vector, 

which is conserved. 
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Combining Eq. (5.14) and Eq. (5.15), the optical gradient forces can be expressed as [212] 
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where U is the optical energy stored in microrings, 𝜕𝜕𝜕𝜕 represents the variation of the gap when the 

two suspended waveguides bend. The gap is between the midpoints of the two suspended 

waveguides. Pin is the power of the control light in the bus waveguide, λin is the wavelength of the 

control light, λr is the resonant wavelength, τi is the decay rate due to the internal loss, τe is the 

decay rate due to the coupling between the microring and the bus waveguide, ∂λr/∂g is the 

optomechanical tuning efficiency. The superscript ± stands for either the S- (+) or AS- (-) optical 

mode.  

The resonant wavelengths in Eq. (5.16) are given by 

 0r r om toλ λ δλ δλ± ± ± ±= + +   (5.17) 

where λr0 is the unshifted resonant wavelength, δλom is the resonance shift due to the 

optomechanical actuation. δλto is the resonance shift induced by the thermo-optical effect. The 

resonance shift due to the optomechanical actuation can be written as  

 /om rg gδλ λ± ±= ∆ ⋅∂ ∂   (5.18) 

where ∆g is the change of the gap due to the optical gradient force. The gap is between the 

midpoints of the two suspended waveguides. The resonance shift due to the thermo-optical effect 

can be expressed as [223-225] 

 0 /to r g thn k Tδλ λ± ±= ⋅ ∆   (5.19) 

where ng is the group index, and kth=1.86×10-4 K-1 is the silicon thermo-optic coefficient. ∆T is the 

steady-state temperature change in the microrings. It can be expressed as [226, 227] ∆T=ΓabsRthU±, 

where Γabs is the total optical absorption rate, Rth is the thermal resistance of the microrings. 

The optomechanical tuning coefficient ∂λr/∂g in Eq. (5.16) can be obtained from Figure 5.9. In the 

device, the initial gap is 190 nm, 𝜕𝜕𝜆𝜆𝑟𝑟±/𝜕𝜕𝜕𝜕 = ∓3.8 × 10−3. Based on Eq. (5.16), Pumping the S-mode 

can generate the attractive optical gradient force that pulls the two suspended waveguides towards 

each other. On the contrary, pumping the AS-mode can generate the repulsive optical gradient 

force that pushes the two waveguides away from each other. 
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The deflection of the two waveguides gives rise to a mechanical force Fmech=kmech·∆g/2. kmech is the 

spring constant of a suspended waveguide. The mechanical spring constant is simulated to be 0.66 

N/m in Section 5.2.5. Compared to the optical gradient forces, the mechanical force tends to pull 

the waveguides to their original positions. The optical force and the mechanical force balance each 

other at the equilibrium point, 

 ( ) / 2 0opt mechF g k g∆ + ⋅∆ =   (5.20) 

The balance between the mechanical forces and the optical gradient forces are numerically 

analyzed. The pump power in the simulation is Pin=7.5 dBm. The parameters for calculating the 

stored energy U are described in Section 5.2.3. For the S-mode, the resonant wavelength is 

𝜆𝜆𝑟𝑟0+ =1545.58 nm, the intrinsic Q factor of the coupled microrings is Qi=𝜔𝜔𝑟𝑟0
+ τi/2=35310, and the Q 

factor for the waveguide-resonator coupling is Qe=𝜔𝜔𝑟𝑟0
+ τe/2=28660. For the AS-mode, the resonant 

wavelength is 𝜆𝜆𝑟𝑟0− =1546.21 nm, the intrinsic Q factor of the coupled microrings is 

Qi=𝜔𝜔𝑟𝑟0
− τi/2=25120, and the Q factor for the waveguide-resonator coupling is Qe=𝜔𝜔𝑟𝑟0

− τe/2=25120. 

The thermal resistance between the coupled microrings and the surroundings is Rth=7625 K/W, 

described in 5.2.4. The optical absorption rate Γabs is estimated using the absorption limited quality 

factor Qabs=ω/Γabs [226], where Qabs=106 [228, 229]. 

Figure 5.10(a) shows the balance between the mechanical force and the attractive optical gradient 

force. The detuning Δ is defined as the difference between the pump laser wavelength and the 

unshifted S-resonance 𝜆𝜆𝑟𝑟0+ =1545.58 nm. Δ= λin-1545.58 nm. The gap change in Figure 5.10 means 

the change in the gap between the midpoints of the two suspended waveguides when the 

waveguides are deflected from their initial positions. The initial gap is 190 nm. When Δ increases, 

the equilibrium point changes from point a to point c, and the gap decreases with the pump laser 

wavelength. It is because the pump laser approaches the S-resonance(𝜆𝜆𝑟𝑟+), more power is stored in 

the microrings, increasing the generated attractive force. At point c, the deflection is the largest. 

This means the pump laser wavelength is the same as the S-resonance 𝜆𝜆𝑟𝑟+. When Δ increases, the 

equilibrium point changes from point c to d. The gap significantly increases, and the suspended 

waveguides are pulled back towards the initial positions. This phenomenon is called PBI [212]. We 

name it positive PBI (pPBI) to distinguish it from the one caused by the repulsive optical gradient 

force. 

Figure 5.10(b) shows the balance between the repulsive optical gradient force and the mechanical 

force. The detuning is defined as the difference between the pump laser wavelength and the 

unshifted AS-resonance 𝜆𝜆𝑟𝑟0− =1546.21 nm. Δ= λin-1546.21 nm. It is observed that the gap increases 

with the pump laser wavelength when the equilibrium point changes from e to g. At point g, the 

gap is the largest. When Δ increases, the equilibrium point changes from g to h. The gap decreases 
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significantly, and the two suspended waveguides are pulled back towards their initial positions. 

Here, we use negative PBI (nPBI) to describe the significant decrease of the gap. 

 

Figure 5.10 Calculation of optical gradient forces of the device. (a) Comparison of the simulated 

mechanical force and attractive optical gradient force. Δ= λin-1545.58 nm. 1545.58 nm 

is the measured S-resonance (𝜆𝜆𝑟𝑟0+ ). (b) Comparison of the simulated mechanical force 

and repulsive optical gradient force. Δ= λin-1546.21 nm. 1546.21 nm is the measured 

AS-resonance (𝜆𝜆𝑟𝑟0− ). 

Figure 5.11 presents the nonlinear variation of the gap as the pump wavelength increases from 

1545.35 nm to 1546.45 nm. The range of the pump laser wavelength covers an S-resonance 

(𝜆𝜆𝑟𝑟0+ =1545.58 nm) and an AS-resonance (𝜆𝜆𝑟𝑟0− =1546.21 nm). It is observed that there are four main 

changes (Indicated using Region I, II, III and IV) of the gap. Region I and II show that the gap changes 

when the S-mode is pumped. In Region I, The gap decreases when the pump wavelength increases. 

In region II, a small increase in the pump laser wavelength induces a significant increase in the gap, 

indicating the occurrence of pPBI. Region III and IV show that the gap changes when the AS-mode 

is pumped. In region III, the gap increases with the pump laser wavelength. In region IV, a significant 

decrease in the gap is caused by a small increase in the pump laser wavelength, showing the 

occurrence of the nPBI.  

According to Figure 5.9, the variation of the gap shown in Figure 5.11 gives rise to changes in the 

splitting width. Figure 5.11 also shows the nonlinear changes of the splitting width when the pump 

wavelength increases. 
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Figure 5.11 Simulated nonlinear variations of the air gap between the two suspended waveguides. 

The pump laser wavelength increases from 1545.35 nm to 1546.45 nm. The range 

(1545.35-1546.45 nm) covers an S-resonance ( 𝜆𝜆𝑟𝑟0+ =1545.58 nm) and an AS-resonance 

(𝜆𝜆𝑟𝑟0− =1546.21 nm). The simulated nonlinear changes of the splitting width between the 

S- (𝜆𝜆𝑟𝑟0+ ) and AS- (𝜆𝜆𝑟𝑟0− ) resonances are also presented. 

5.4 Fabricated device and experimental setup 

5.4.1 Fabrication process 

The optomechanical device shown in Figure 5.1 is fabricated in an SOI process to demonstrate the 

wavelength tuning and PBIs induced by the attractive and repulsive optical gradient forces. The 

fabrication is processed at the Southampton Nanofabrication Centre. The whole fabrication 

consists of four parts, including the fabrication of rib waveguides, the fabrication of strip 

waveguides, the fabrication of grating couplers and the fabrication of suspended waveguides. The 

detailed process will be described in the following sections. 

5.4.1.1 Fabrication of the rib waveguides 

The slab waveguides contain the structures of the coupled microrings and bus waveguides. Figure 

5.12 shows the fabrication process. Step (a) is the preparation of an SOI wafer. This wafer has a 220 

nm thick silicon layer with a 2-μm-thick buried oxide layer. Step (b) is the deposition of a thin silicon 

oxide layer (40 nm) as a hard mask on top of the silicon layer using plasma-enhanced chemical 

vapour deposition (PECVD). This hard mask is to ensure the waveguides has a good profile and 

reduce optical loss. Step (iii) contains lithography steps. The resist of ZEP520A (300nm) is coated on 

the surface of the wafer. Electron beam lithography (EBL) is used to transfer the designs to the 

resist layer. In step (iv), the resist pattern is used as a maks for inductively coupled plasma (ICP) 

etching. The etching thickness of the Si layer is 170nm. The gases used for etching are sulfur 
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hexafluoride and octafluorocyclobutane. After etching, the resist left on top of the structure is 

removed using a Plasma asher at step (v). 

 

Figure 5.12 Fabrication process of the rib waveguides of the optomechanical device. 

5.4.1.2 Fabrication of the strip waveguides 

This fabrication is to obtain the strip waveguides, which will be used as suspended waveguides. 

Figure 5.13 shows the detailed fabrication process. In step (i), EBL is used to define the patterns on 

the resist layer. Then the patterned resist layer is used as a mask for the ICP etching in step (ii). The 

etching depth into Si is 50nm. So the buried oxide layer is exposed. In step (iii), a Plasma asher is 

used to strip the left resist on the surface of the SOI wafer.  

 

Figure 5.13 Fabrication process of the strip waveguides of the optomechanical device. 

5.4.1.3 Fabrication of the grating couplers 

Grating couplers of the devices are obtained in this fabrication process. In experiments, the light 

will be coupled in and out of the waveguides by the couplers. Figure 5.14 shows the detailed 

fabrication process. In step (i), EBL is used to define the patterns on the resist layer. Then the 

patterned resist layer is used as a mask for the ICP etching in step (ii). The etching depth into Si is 

70nm. A Plasma asher is used to strip the left resist on the surface of the SOI wafer in step (iii).  
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Figure 5.14 Fabrication process of the grating couplers of the optomechanical device. 

5.4.1.4 Fabrication of the suspended waveguides.  

The last fabrication process, shown in Figure 5.15, releases the strip waveguides and obtains the 

suspended waveguides. The oxide under the striped waveguides is removed by HF vapour. 

Meanwhile, the hard mask of SiO2 is removed as well. The concentration of HF solutions is 40%, and 

the temperature for etching is 48°C.  

 

Figure 5.15 Fabrication process of the suspended waveguides of the optomechanical device. 

The SEM image of the fabricated device after HF vapour etching is shown in Figure 5.16(a). In the 

coupling region between the bus waveguide and the left microring, two arrows in Figure 5.16(a) 

show that light couples in and out of the microring with the power coupling efficiency k. The 

efficiency is 27% when the wavelength is 1545.58 nm. The dashed rectangles indicate the regions 

shown in Figure 5.16(b)(c). Figure 5.16(b) shows the connection between the suspended 

waveguides and the rib waveguides. Figure 5.16(c) shows the central region of the two coupled 

suspended waveguides. 
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Figure 5.16 SEM image of the fabricated nano-optomechanical device. (a) This device includes two 

coupled microrings and a bus waveguide. Each microring has a free-standing 

waveguide. The two dashed rectangles indicate the regions shown in (b) and (c). (b) 

SEM image of the connections between the rib waveguides and the suspended 

waveguides. (c) SEM image of the centre region of the suspended waveguides. 

5.4.2 Experimental setup 

The schematic of the experimental setup used to measure the transmission spectra of the coupled 

microrings is illustrated in Figure 5.17.  

 

Figure 5.17 Schematic of the experimental setup. The pump light is used to control optical forces, 

and the probe light is used to read out shifts of the device’s resonances. The pump and 

probe are coupled using an optical coupler and launched into the bus waveguide. A 

wavelength division multiplexer is used to filter the pump light. The optical 

transmission spectrum is obtained from the photodetector that is synchronized with 

the probe light source. 

The pump laser is high-power and utilized to induce optical gradient forces to deflect the two 

suspended waveguides. The low-power probe laser sweeps in wavelength to read out the 

resonance shift of the device. An attenuator (ATT) is used to reduce the power of the probe laser. 

A polarization controller (PC) is used after each laser to excite transverse electric mode in the 
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device. The pump and probe are coupled using an optical coupler (OC) and launched into the bus 

waveguide. The output pump and probe are separated by a wavelength division multiplexer 

(WDM). A photodetector (PD) is synchronized with the probe laser to record the probe 

transmission. 

The photo of the experimental setup is shown in Figure 5.18. The pump light is from Pure Photonics 

PPCL550 laser, and the probe light is from the Keysight 81940A laser. The optical coupler is Thorlabs 

10202A-50-APC. The microscope is utilized to check the positions of fibres and grating couplers. The 

3-axis stages are used to achieve the alignment between the fibres and grating couplers. So the 

pump and probe can be coupled in and out of the device. The WDM is Thorlabs WD1525A. The 

probe light is detected by Keysight 81634B power sensor. 

 

Figure 5.18 Picture of the experimental setup. 
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5.5 Experimental results 

5.5.1 Shifts of split resonances when the device is pumped 

Figure 5.19 presents the transmission spectrum of the device using the probe laser in the bus 

waveguide. The split notches in the transmission indicate the occurrence of mode splitting. The S- 

and AS-modes can be identified based on FSR [226]. The measured FSRs for the split modes are 

shown in Figure 5.19. The FSR for the left mode in the pump scan region (Orange region) is 1.814 

nm, and the FSR for the right mode in the region is 1.804 nm. The larger FSR indicates that the left 

mode in the region is S-mode and the right mode in the region is AS-mode. The theoretical values 

of the FSRs of the S- (1545.58 nm) and AS- (1546.21 nm) resonances are 1.800 nm and 1.790 nm, 

respectively, [180] matching well with the FSRs obtained directly from Figure 5.19. For the two 

modes in the probe scan region (Blue region), the left mode with the FSR of 1.853 nm is recognized 

as the S-mode. The right mode with the FSR of 1.842 nm is the AS-mode. In the experiments, the 

pump wavelength is increased in the pump scan region and induces optical gradient forces. In the 

probe scan region, the probe transmission is recorded to measure the resonance shifts.  

 

Figure 5.19 The transmission spectrum when only the probe light is used. The orange region 

highlights the pump scan region (1545.35-1546.45 nm). The blue region (1563.3-1565 

nm) highlights the probe scan region. 

Pumping the device will induce the optomechanical actuation and thermo-optical effect. The S- and 

AS-resonances will be shifted by the two effects. The optomechanical actuation changes the gap 

between the two microrings. The optical coupling coefficient between the two microrings depends 

exponentially on the gap. According to Figure 5.9, increasing the gap will blue shift the S-mode and 

red-shift the AS-modes while decreasing the gap will red-shift the S-mode and blue-shift the AS-

mode. For the shifts of the S-and AS-resonances due to the thermo-optical effect, their ratio can be 

calculated based on Eq. (5.19). The ratio is 𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡+ /𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡− = (𝜆𝜆𝑟𝑟0+ /𝑛𝑛𝑔𝑔+)/(𝜆𝜆𝑟𝑟0− /𝑛𝑛𝑔𝑔−) = 1 , where 
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𝜆𝜆𝑟𝑟0+ =1545.58 nm, 𝜆𝜆𝑟𝑟0− =1546.21 nm. 𝑛𝑛𝑔𝑔+/𝑛𝑛𝑔𝑔−  is calculated based on the FSRs (1.814 nm for the S-

mode and 1.804 nm for the AS-mode) [180]. The ratio of 1 means the thermo-optical effect lead to 

the same shifts of the S-and AS-resonances. 

In Figure 5.20(a), the S-mode in the pump scan region is pumped. The transmission with pump laser 

wavelength of 1545.35 nm is for reference as no pump power drops into the microrings. When the 

pump laser wavelength changes by 310 pm from 1545.35 nm to 1545.66 nm, It is measured that 

the S-resonance is red-shifted by 97 pm, and the AS-resonance is red-shifted by 51 pm. The red-

shifts of the S- and AS-resonances indicate that the thermo-optical effect dominates the wavelength 

tuning. If the optomechanical actuation dominates, one resonance will be red-shifted, and another 

will be blue-shifted. It is also observed that the S-resonance has a larger shift compared to the AS-

resonance. This is because the attractive optical gradient force is induced by pumping the S-mode 

in the pump scan region, decreasing the gap between two microrings and causing the red-shift of 

the S-resonance and the blue-shift of the AS-resonance. When the pump laser wavelength increases 

by 20 pm from 1545.66 nm to 1545.68 nm, both the S- and AS-resonances experience significant 

decreases. When the pump laser wavelength is 1545.68 nm, the resonances in the probe scan 

region are very close to the reference resonances with no pump power dropping into the 

microrings. This means the two suspended waveguides are almost pulled back to their initial 

positions, and the pPBI occurs. 

In Figure 5.20(b), the AS-mode in the pump scan region is pumped. The transmission with pump 

laser wavelength of 1546 nm is for reference as no pump power drops into the microrings. When 

the pump laser wavelength increases from 1546 nm to 1546.29 nm, both the S- and AS-resonances 

are red-shifted, indicating that the thermo-optical effect dominates the wavelength tuning. 

Compared to the S-resonance, the AS-resonance has a larger wavelength shift. This is because the 

repulsive optical gradient force increases the gap between the microrings. When the pump laser 

wavelength increases from 1546.29 nm to 1546.31 nm, the S- and AS-resonances experience 

significant decreases and are close to the reference resonances. This indicates the occurrence of 

the nPBI. 
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Figure 5.20 Shifts of split resonances when the device is pumped.  (a) Measured transmission 

spectra when the pump laser wavelength increases and pumps the left notch in the 

pump region. The inset shows the wavelengths of the pump laser. (b) Measured 

transmission spectra when the pump laser wavelength increases and pumps the right 

notch in the pump region. The inset shows the wavelengths of the pump laser. 

Figure 5.21 summarises the shifts of the S- and AS-resonances in the probe scan region. The pump 

laser wavelength increases in the pump scan region from 1545.35 nm to 1546.45 nm. The 

measurement is carried out with the pump power of 7.5 dBm and 5.5 dBm, respectively.  

 

Figure 5.21  Shifts of the S- and AS-resonances in the probe scan region when the pump laser 

wavelength increases in the pump scan region.  The resonant wavelengths are 

measured using the probe laser. 

It is observed that each resonance experiences four main changes. Region I, II, III and IV are shown 

to present the four changes when the pump power is 7.5 dBm. Region I and II show the shifts of the 

S- and AS-resonances when the S-mode in the pump scan region is pumped. The significant change 

of the resonances in region II is due to pPBI. Regions III and IV present the shifts of the S- and AS-
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resonances when the pump the AS-mode in the pump scan region is pumped. The significant 

change of the resonances in region IV is due to nPBI. 

5.5.2 Variation of mode splitting width when the device is pumped 

The shifts of split resonances shown in Figure 5.21 result from the optomechanical actuation and 

the thermo-optical effect. It is necessary to decouple the thermo-optical effect in order to obtain 

the wavelength tuning due to optomechanical actuation. As discussed above, the thermo-optical 

effect leads to the same shifts of the S- and AS-resonances. Therefore, the variation of the splitting 

width between the S- and AS-resonances presents the contribution from optomechanical actuation. 

Figure 5.22 shows the measured variations of the splitting width between the S- and AS-resonances 

in the probe scan region. The pump laser wavelength increases in the pump scan region from 

1545.35 nm to 1546.45 nm.  

 

Figure 5.22 Measured splitting width between the S- and AS-resonances in the probe scan region. 

The pump wavelength is increased in the pump scan region. 

The splitting width experience four main changes when the pump laser wavelength increases. 

Regions I, II, III and IV are plotted to present the four changes when the pump power is 7.5 dBm. 

The regions are the same as the regions in Figure 5.21. It clearly shows that the splitting width 

experiences a significant increase in Region II where the pPBI occurs, and a significant decrease in 

Region IV where the nPBI occurs. It can also be observed that the difference between the blue (7.5 

dBm) and red (5.5 dBm) lines change nonlinearly with the pump wavelength. The significant 

differences appear in regions II and IV where the PBIs occur. 

Figure 5.23 shows the simulation and experimental results of the mode splitting width between the 

S- and AS-resonances. The pump power is 7.5 dBm in Figure 5.23(a) and is 5.5 dBm in Figure 5.23(b). 

In the simulation, the absorption limited quality factors, Qabs=1.4×106 for the S-mode and 1.2×106 



Chapter 5 

94 

for the AS-mode, are used to fit the experimental results. Figure 5.23(a)(b) shows that the 

simulation results agree well with the experimental results, which verifies the theoretical analysis 

of PBIs. 

 

Figure 5.23 Comparison between the simulation and experimental results of the splitting width. 

The splitting width is between the S- and AS-resonances in the probe scan region. (a) 

The pump power is 7.5 dBm, and the pump wavelength is increased in the pump scan 

region. (b) Comparison between the simulation and experimental results of the 

splitting width when the pump power is 5.5 dBm. 

5.6 Potential applications of the devices 

The pPBI and nPBI have been theoretically and experimentally studied in an optomechanical device 

based on two coupled microrings. The pPBI originates from the attractive optical gradient force 

generated by pumping the S-optical mode. The occurrence of pPBI induces a significant increase in 

the splitting width between the S- and AS-resonances. On the contrary, the nPBI originates from 

the repulsive optical gradient force generated by pumping the AS-optical mode. The nPBI induces 

a significant decrease in the splitting width. 

The PBIs are physically similar to the optomechanical buckling transitions [230]. The stable positions 

of moveable nanostructures in the optomechanical systems are determined by the points where 

the optical forces balance the mechanical force. When the PBIs or the buckling transitions occur, 

the positions of the nanostructures experience significant changes. The PBIs will pull the 

nanostructures back towards their initial positions. On the contrary, the buckling transitions push 

the nanostructures away from their initial positions. 

Figure 5.21 and Figure 5.22 show the changing of the splitting width between the S- and AS-

resonances by adjusting the pump wavelength. The tuning of mode splitting width can be applied 
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in the design described in Chapter 3. Two input light beams pump the S- and AS-resonances, 

respectively, for THz generation. An additional pump laser will be required for controlling the 

optical gradient forces. For a specific OAM state, the wavelength of the generated THz vortex beam 

can be tuned by changing the wavelength of the pump laser. Particularly, when PBI occurs, a great 

change in THz wavelength can be achieved by a small variation of the wavelength of the pump laser.  

Figure 5.21 shows that the shifts of the S- and AS-resonances are due to the optomechanical-tuning 

and thermal effects. The wavelength tuning can be combined with the VV beam emitter proposed 

in Chapter 4. A pump is used to induce the optical gradient force and the thermal effect. Controlling 

the wavelength of the pump laser can adjust the resonant wavelength of the device. Two light 

beams, TE and TM waveguide modes, pump the tunable resonance can generate the FOPS beam 

with the desired wavelength.  

The wavelength tuning based on the optomechanical-tuning effect and the thermal effect can also 

be explored for optical information processing. The optomechanical-tuning effect can be adjusted 

by changing the dimensions of the suspended waveguides or the gap between them. When the 

wavelength tuning due to the optomechanical actuation is balanced by the tuning due to the 

thermal effect, the S- and AS-resonances can be controlled individually. The selective control can 

benefit the reconfigurable optical filter and optical router. 

Figure 5.22 shows the significant changes in the mode splitting width when PBIs occur. The changes 

can be utilized for ultra-sensitive sensing. For example, it can be used to measure the variations in 

the refractive index of the coupled microrings. The variations cause the resonance shift and induce 

the PBIs. The information of variations can be extracted from the significant change in the splitting 

width between S- and AS-resonances. 

5.7 Conclusion 

We have demonstrated an on-chip optomechanical device based on two coupled microring 

resonators. The coupled resonators possess positive and negative PBIs originating from the 

attractive and repulsive optical gradient forces, respectively. By measuring the splitting width 

between the self-referenced S- and AS-resonances, the wavelength tuning by optomechanical 

actuation is decoupled from the tuning by the thermo-optical effect. The splitting width experiences 

a significant increase when the pPBI occurs and experience a significant decrease when the nPBI 

occurs. The nonlinear changes of the splitting width are studied by combining the numerical 

calculation and experimental results. 
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The tuning of mode splitting width based on optical gradient forces could be applied in the design 

of the vortex beam emitters proposed in Chapters 3 and 4. The wavelength of the vortex beam can 

be adjusted, which would be useful for potential applications such as LiDAR systems based on the 

frequency-modulated continuous-wave approach. Besides, the optomechanical actuation and 

thermo-optical effect of the Si optomechanical device can be used to design all-optical photonic 

devices for optical information processing, such as optical filters. The device can also be utilized for 

ultrasensitive sensing, based on the significant change of the mode splitting width induced by the 

PBIs. The design can be further explored for achieving phonon lasing [231, 232], light delaying [233, 

234], exceptional points in parity-time symmetric systems [235, 236] or extending the mode 

localization effects from MEMS coupled resonant sensors [237] to the optomechanical domain to 

achieve ultrasensitive optomechanical mode-localized sensors. 
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Chapter 6 Conclusion and outlook 

6.1 Conclusion  

A vortex beam possesses theoretically unbounded OAM and a spatially inhomogeneous state of 

polarization. The features have been exploited for optical sensing, communication, optical 

manipulation and imaging. The field is still developing and advancing many potential applications. 

For example, the performance of LiDAR systems may benefit from the two new degrees of freedom 

provided by the OAM states and SOPs of vortex beams. The generation of the desired vortex beam 

is the crucial first step. In this thesis, integrated vortex beam emitters based on microring 

resonators have been studied. 

A nonlinear vortex beam emitter that functions in the THz regime is proposed and evaluated based 

on simulation. The design utilises a LiNbO3 microring, a Si microdisk, and an Au second-order top 

grating. Two infrared light beams pump the device from a coupling waveguide. The THz wave is 

generated via a DFG process in the LiNbO3 and is confined by the Si microdisk. The confined THz 

wave can be vertically emitted into free space by the Au grating. The TC of the radiated THz vortex 

beam is determined by the azimuthal orders of the two pumps in the microring and the number of 

grating elements. 

This device has been demonstrated to generate an adjustable THz vortex beam by changing the 

wavelengths of the incident light. The TC ranges from -2 to 4 in the simulated frequency range from 

9 THz to 13.5 THz. A frequency shift accompanies the change in the TC, and the magnitude of the 

frequency change can be controlled by modifying the planar dimensions of the emitter. The 

proposed emitter has a planar dimension comparable to its functional wavelengths and can impart 

a tunable TC on a freely propagating THz light beam.  

Next, an on-chip light emitter for generating VV beams is studied via numerical simulation. It allows 

the controllable generation of all points on a FOPS. The generator consists of a waveguide-coupled 

Si microring resonator decorated with angularly distributed cylindrical holes. By designing the 

waveguides with the square shape of the cross-section, the waveguide's fundamental TE and TM 

modes can have almost identical effective indices. The fundamental TE and TM input modes 

produce radial and azimuthal polarization, respectively, when their azimuthal order of WGMs 

match with the number of cylindrical holes.  

The controlled generation of FOPS beams is demonstrated by utilizing the TE and TM input 

simultaneously. The generated radial and azimuthal polarization can form the basis to construct the 

SPs for the FOPS. The output polarization moves longitudinally on a great circle by tuning the phase 
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difference between the two polarized beams that possess the same intensity. By tuning the 

intensity ratio between the two polarized beams, the polarization can scan horizontally along the 

equator of the FOPS. We derived the relationship between the target polarization and the two input 

parameters, the intensity ratio and the phase contrast. Based on the relationship, arbitrary points 

on the FOPS can be generated. The only assumption used in the derivation is that the TE and TM 

input modes generate pure radial and azimuthal polarization, respectively. So the relationship can 

be applied to any FOPS beam emitter that shares the basic configuration of our device. 

The wavelength of a specific vortex beam generated by the proposed emitters is not tunable due 

to the fixed resonant wavelengths of the microring resonators. Applications, such as 

communications and LiDAR systems based on frequency-modulated continuous-wave approach, 

would require flexible frequency modulation. Next, a wavelength tuning approach based on an 

optomechanical device is demonstrated experimentally. The device consists of two coupled free-

standing waveguides in two identical microrings, fabricated in the SOI process. The coupling 

between the two microrings results in mode splitting with the S- and AS-resonances showing in the 

transmission spectrum of the device. The attractive or repulsive optical force arises when the S- or 

AS-modes are pumped, respectively. The device demonstrates that both the S- and AS-resonant 

wavelengths are red-shifted by the optical gradient force and the thermo-optical effect.  

Based on the optomechanical device, positive and negative PBIs are theoretically and 

experimentally studied for the first time. The PBIs originate from attractive and repulsive optical 

gradient forces, respectively. The wavelength tuning due to the optomechanical actuation can be 

decoupled from the tuning due to the thermo-optical effect by measuring the splitting width 

between the self-reference S- and AS-resonances. We demonstrated that the pPBI originates from 

the attractive optical gradient force. This instability significantly increases the splitting width 

between the S- and AS-resonances. On the contrary, the nPBI originates from the repulsive optical 

gradient force. This instability significantly decreases the splitting width. 

6.2 Future work 

For potential applications such as LiDAR applications and communications, the integrated vortex 

beam emitters need to be further studied. Some characteristics of the proposed emitters can be 

explored to improve the emitters’ performance. For the THz vortex beam emitter, the conversion 

efficiency of the DFG process could be improved. For the VV beam emitter, the controlled 

polarization states can be extended to higher-order Poincaré spheres. For the generation of vortex 

beams with flexible wavelength-modulation, the combination between the proposed vortex beam 
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emitters and the all-optical wavelength tuning should be considered. The following will describe 

the future work related to the desired improvement of the vortex beam emitters. 

The proposed integrated vortex beam emitter can produce adjustable vortex beams in the THz 

frequency range. Two infrared pumps generate the THz via a DFG process. With both input lights 

set at a test value of 10 W, the output reaches the value of 2.0 × 10-5 W at 𝑙𝑙= 2. High-efficient 

radiation sources are desired for the applications of sensing and communication. The conversion 

efficiency can be improved by increasing the Q-factor of the microring. According to Section 3.1.2, 

the Q-factor is related to the length of the microring and the coupling coefficient between the bus 

waveguide and the microring. Therefore, the radius of the LiNbO3 microring and the gap between 

the bus waveguide and microring can be optimized. Another method to increase the conversion 

efficiency is to reduce the momentum mismatch between the generated THz wave and the two 

infrared pumps. The quasi-phase-matching method can be explored. 

The proposed integrated VV beam emitter can generate controlled polarization states on the FOPS. 

Generation of controlled polarization on an arbitrary HOP sphere is highly desired to expand the 

applications of sensing and communications. According to section 2.4, SPs for a 𝑙𝑙th-order Poincaré 

sphere can be formed by the left and right circularly polarized vortex beams with TCs of +𝑙𝑙 and -𝑙𝑙, 

respectively. The two desired circularly polarized vortex beams can be generated based on the 

proposed VV beam emitter. For example, the TE and TM input modes, propagating along the x-

direction in the bus waveguide, can generate an LHCP vortex beam with TC of +𝑙𝑙 by optimizing the 

intensity ratio and phase contrast between the two input modes. When the same TE and TM input 

mode propagating along the -x-direction in the bus waveguide, an RHCP vortex beam with TC of -𝑙𝑙 

will be generated. So, by optimizing the intensity ratio and phase contrast between the LHCP and 

RHCP vortex beams, controlled polarization on a 𝑙𝑙th-order Poincaré sphere can be generated. 

Chapter 5 presents an integrated optomechanical device that can change the splitting width 

between the S- and AS-modes by adjusting the pumping wavelength. The device may be combined 

with the proposed THz vortex beam emitter to achieve a tunable wavelength at a specific TC. The 

material of the optomechanical device should be changed to be nonlinear for the THz generation 

via the DFG process. Three infrared pumps will be required. Two infrared pumps are used for the 

THz generation, and another infrared pump is used for inducing the optical gradient force and 

achieving the wavelength tuning. In order to achieve a large wavelength tuning, the optimization 

of the geometry of the two coupled microrings and the gap between them should be conducted. 

The optomechanical device can also be combined with the proposed VV beam emitter to achieve 

FOPS beams with tunable wavelength. Angularly distributed holes should be etched on the top of 

the waveguides of the optomechanical device for outcoupling light. The optomechanical actuation 
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and thermo-optical effect of the Si device can be utilised to tune the resonant wavelength. So, apart 

from the two infrared pumps for the generation of FOPS beams, another infrared pump for inducing 

optical gradient force and thermo-optical effect is required.  
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